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Preface

This book encourages an integrated understanding of 
endocrine physiology by examining the mechanisms 
of action of medical therapies. Relevant endocrine 
physiology is presented, followed by a review of the 
detailed mechanism of action of selected medical 
interventions.

Where applicable, emphasis is placed on clinical 
pharmacology pearls, such as side effects and 
therapeutic monitoring guidelines. Supplementary 
chapters address additional topics, including immune 
checkpoint inhibitor- related endocrinopathies, ana-
bolic steroid abuse, pseudo- endocrine conditions, and 
dynamic tests in clinical endocrinology.

As endocrinology is a rapidly evolving subdisci-
pline of internal medicine, this book avoids focusing 
on guideline- defined treatment protocols, instead 
highlighting the pathophysiological basis of endocrine 
therapies. While not exhaustive in its coverage of 

endocrine pathophysiology, I hope the discussion of 
the rationale for using various therapies will enable 
readers to appreciate complex concepts in a clinically 
relevant manner.

Endocrinology fellows and practicing physicians 
should be familiar with landmark clinical trials in the 
field, so an effort has been made to highlight some 
practice- changing trials where relevant. This should 
enrich the training of endocrinology fellows and 
internal medicine residents, medical students, and 
other allied health professionals such as pharmacists, 
nurse practitioners, and physician assistants. 
Infographics of landmark trials mentioned in this 
book can be found on this website https://myendo-
consult.com/learn/clinical- trials/

I welcome readers’ feedback regarding this first 
edition’s limitations and look forward to incorporating 
valuable suggestions in future editions.

https://myendoconsult.com/learn/clinical-trials/
https://myendoconsult.com/learn/clinical-trials/
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C H A P T E R  1
Pituitary Gland Therapies

1.1 CUSHING’S DISEASE

1.1.1 Pasireotide

1.1.1.1 Physiology

The Hypothalamic–Pituitary–Adrenal Axis
The hypothalamic–pituitary–adrenal (HPA) axis influ-
ences cortisol regulation through a complex balancing 
act between stimulatory and inhibitory factors. 
Corticotrophin-releasinghormone (CRH), produced in 
the paraventricular nucleus of the hypothalamus, is 
transmitted by the hypophyseal portal venous system 
to corticotroph cells in the anterior pituitary gland [1]. 
CRH subsequently binds to corticotrophin- releasing 
hormone type 1 receptor (CRH- R1) on the surface of 
corticotrophs. As a result, ACTH is released from 
secretory vesicles in corticotrophs. It should be noted 
that Arginine vasopressin (AVP) further potentiates 
the anterior pituitary effects of CRH by acting on its 
cognate Vasopressin subtype 1b receptor (V1b- R) pre-
sent on corticotrophs. Additionally, CRH promotes 
the expression of the pro- opiomelanocortin (POMC) 
gene in the anterior pituitary gland, a process that also 
increases adrenocorticotropin hormone (ACTH) pro-
duction as well [2] (see Section 3.1.1).

Subsequently, ACTH binds to the melanocortin- 2 
receptor (MCR- 2) on cells present in the zona fascicu-
lata of the adrenal cortex, leading to increased cortisol 

synthesis  [3]. Adrenal- derived cortisol inhibits the 
secretion of POMC and ACTH by anterior pituitary 
corticotrophs through a negative feedback loop  [4]. 
Additional negative feedback inhibition of CRH 
and  AVP synthesis by cortisol occurs at the level of 
the  hypothalamic paraventricular nucleus  [5] (see 
Figure 1.1).

Normal and adenomatous corticotrophs express 
two subclasses of somatostatin receptors (SSR), 
namely somatostatin receptor subtype 2 (SSR2) and 
somatostatin receptor subtype 5 (SSR5). Somatostatin, 
a hypothalamic peptide, inhibits ACTH production 
through an inhibitory pathway regulated by circulating 
cortisol. Indeed, SSR2 receptors are easily downregu-
lated by cortisol, compared to SSR5 (more resistant to 
negative feedback by cortisol). As a consequence, SSR2 
receptor modulators (e.g. octreotide) are less effective 
in Cushing’s disease compared to SSR5 modulators 
(e.g. pasireotide) [6].

Hypothalamic and pituitary processes: CRH is 
released under trophic stimulation by various factors, 
including catecholamines, angiotensin II, serotonin, 
stress, and cytokines [7]. On the contrary, GABA inhibits 
CRH release and ultimately ACTH production [8]. 
CRH from the hypothalamus stimulates anterior 
pituitary corticotrophs to release their preformed ACTH 
from secretory vesicles (fast response). Furthermore, 
CRH increases POMC gene expression by anterior 
pituitary corticotrophs (slow response).
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Furthermore, AVP binds to V1b receptors on corti-
cotrophs which further enhances the action of CRH at 
the level of the anterior pituitary gland [2]. Activation of 
dopamine D2 receptors (D2Rs) present on corticotroph 
cells by hypothalamic- derived dopamine inhibits ACTH 
synthesis and release (not shown)  [9]. Adrenal cortex
processes: The binding of ACTH to the MCR- 2 receptors 
present on cells in the zona fasciculata promotes the 
synthesis of cortisol from cholesterol  [3]. Feedback
Loops Negative feedback inhibition of POMC and 
ACTH release is mediated by adrenal- derived cor-
tisol [4]. Furthermore, cortisol inhibits the synthesis of 
CRH and AVP from paraventricular nuclei in the hypo-
thalamus  [5]. Cortisol- mediated inhibition of somato-
statin receptor expression on corticotrophs affects 
SSR2 more than it does SSR5 [6]. + = shows stimulatory 
factors and feedback loops, and − = shows inhibitory 
factors and feedback loops.

1.1.1.2  Mechanism of Action

Pasireotide is a near pan-somatostatin receptor 
analog because it binds to four of the five isoforms of 
the somatostatin receptor family, namely (SSR1, SSR2, 
SSR3, and SSR5). Indeed, pasireotide binds to the SSR5 
receptor subtype more avidly than the other SSR, thus 

its demonstrable efficacy in Cushing’s disease. 
Corticotroph tumors in the anterior pituitary gland 
express more SSR5 receptors than other somatostatin 
receptor subtypes. Furthermore, cortisol’s negative 
feedback inhibition of somatostatin receptor expres-
sion by corticotrophs tends to impact SSR2 receptors 
more than the SSR5 receptor subtype. Due to its affinity 
for SSR5 receptors, pasireotide is an ideal therapeutic 
option for Cushing’s disease [10]. Also, see Figure 1.1.

1.1.1.3 Practice Guide

Pasireotide (Signifor) causes hyperglycemia, gastroin-
testinal discomfort, and cholelithiasis. The reported 
prevalence of hyperglycemia in clinical trials involving 
patients with Cushing’s disease who received pasireo-
tide ranged from 68.4% to 73%  [11]. Therefore, it is 
reasonable to screen for diabetes before and during 
treatment with pasireotide  [12]. Incretin mimetics, 
metformin, or insulin are preferred for treating 
pasireotide- mediated hyperglycemia [13]. The proposed 
mechanisms of pasireotide- mediated hyperglycemia 
are shown in Table 1.1.

Somatostatin inhibits both hepatic biliary secre-
tions and contraction of the wall of the gallbladder in 
normal physiology. As a result, patients exposed to 

FIGURE 1.1  Schematic representation of the HPA axis, highlighting critical stimulatory and inhibitory feedback loops.
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somatostatin analogs (SSAs) are predisposed to form-
ing gallstones [16].

The typical dose range for immediate- release pasir-
eotide is 0.3–0.9 mg (300–900 mcg) as a subcutaneous 
injection (thigh, upper arm, or abdomen) twice daily. A 
long- acting release (LAR) formulation is administered 
once a month (10–30 mg) intramuscularly as a depot 
injection by a health worker [13]. In practice, the LAR 
formulation is introduced after patients have demon-
strated a response to immediate- release pasireotide.

The B2305 pasireotide study group evaluated the 
efficacy of pasireotide in Cushing’s disease. In this piv-
otal phase 3 trial, 162 subjects with persistent, recurrent, 
or newly diagnosed Cushing’s disease (not  considered 
suitable candidates for transsphenoidal surgery) with 
urinary- free cortisol (UFC) levels 1.5 times the upper 
limit of the normal reference range were randomized to 
subcutaneous pasireotide 600 mcg (n  = 82) or 900 mcg 
(n  = 80), twice daily. The  primary outcome was UFC 
levels below or at the upper limit of the normal refer-
ence range. There was approximately a 50% reduction in 
median UFC levels in the second month of the study, 
and UFC levels stabilized through to the end of the study 
for all participants [17].

1.1.2 Retinoic Acid

1.1.2.1 Physiology

Regulation of Corticotroph Physiology by 
Retinoic Acid
The normal corticotroph cell has a POMC promoter 
gene, which is critical in POMC synthesis and eventual 
ACTH secretion. In normal physiology, there are 
retinoid- sensitive mediators (transcription factors) 
required for the activation of the POMC promoter 
gene, namely, activator protein 1 (AP- 1) and nuclear
receptor77 (Nur77). Retinoic acid (RA), by binding to 
its nuclear RA receptors inhibits AP- 1 and Nur77 
expression, thus preventing the activation of the POMC 
promoter gene [18, 19]. It should be noted that chicken
ovoalbumin upstream promoter transcription factor 1 
(COUP- TF1) protects AP- 1 and Nur77 from direct inac-
tivation by RA [20]. See Figure 1.2.

The reduced expression of the “protective tran-
scription factor,” COUP- TF1 by some corticotroph 
tumor cells makes RA a reasonable therapeutic option 
in Cushing’s disease [18, 20].

1.1.2.2  Mechanism of Action

RA reduces cortisol synthesis in subjects with 
 Cushings disease through various observed mecha-
nistic pathways.

1. RA reduces the synthesis of ACTH and 
POMC in corticotroph tumors  [20]. This was 
reviewed earlier.

2. In addition, RA has direct tumoricidal effects 
on corticotroph tumors [20].

TABLE 1.1  Pathophysiological basis of pasireotide- 
mediated hyperglycemia.

Hormone Effects of pasireotide

Insulin The binding of pasireotide to SSR5 
receptors present on beta cells inhibits 
pancreatic insulin release [11].

Glucagon The activation of SSR2 receptors present 
on pancreatic alpha cells leads to the 
inhibition of pancreatic glucagon release. 
In essence, the reduced affinity of 
pasireotide for the SSR2 receptor subtype 
promotes glucagon- mediated 
hyperglycemia [11].

Incretins Pasireotide, through intestinal 
somatostatin receptors, inhibits the 
release of the glucagon- like peptide 
1(GLP- 1) and the glucose- dependent 
insulinotropic peptide (GIP) from K and L 
cells, respectively [14, 15]. See 
Section 4.1.7 for the role of incretins in 
insulin secretion.

Source: Adapted from refs. [11, 14, 15].

Clinical Trial Evidence

SSR5 receptors are abundant in corticotroph tumors, 
as has been previously mentioned. The Pasireotide
B2305 Study group trial investigated the efficacy 
of  pasireotide, a SSA with a profound affinity for 
the SSR5 receptor, in reducing corticotroph tumor 
growth [17].

Key Message
Pasireotide led to a halving of median urinary- free 
cortisol levels in a cohort of patients with confirmed 
Cushing’s disease (persistent, recurrent, or newly 
diagnosed).
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3. RA reduces adrenal cortisol production through 
its antiproliferative effects on hyperplastic 
adrenocortical cells [20].

4. RA also downregulates the expression of the 
MCR- 2 by adrenal cells (see Figure 1.1, [21]).

1.1.2.3 Practice Guide

• RA is teratogenic and should be used with extra 
 caution in women of reproductive age group. 
Other reported side effects of RA include photo-
sensitivity and mucositis [22].

• RA receptor activation increases the cortisol 
suppressive effects of dopaminergic agonists 
(DAs). Combining RA and DA is a suggested 
therapeutic option in patients with Cushing’s 
disease [23]. In this single- arm open- label prospective study 

over a 12- month period, 16 patients with persistent or 
recurrent Cushings disease after transsphenoidal sur-
gery were treated with isotretinoin monotherapy. All 
subjects received 20 mg of oral isotretinoin once daily. 
This was increased by 20 mg every 4 weeks to a 
maximum dose of 80 mg once daily. The primary out-
come was defined as normalization of UFC or > 50% 
reduction in UFC. At the end of the study, four patients 

FIGURE 1.2  The role of retinoic acid in anterior corticotroph pathophysiology. AP- 1 and Nur77 are critical transcription factors 
required for activation of the POMC promoter gene in a corticotroph cell. The COUP- TF1 transcription factor prevents RA’s 
inhibitory action on both AP- 1 and Nur77, allowing POMC transcription and ACTH secretion to proceed in normal physiology 
(imageA1) [18, p. 11]. On the contrary, corticotroph tumors have a reduced expression of COUP- TF1, which allows RA to inhibit 
AP- 1 and Nur77 (critical mediators of POMC promoter gene activation) (imageA2) [20]. Thethicknessofthedashedcircle = degree
ofexpressionofCOUP-TF1. AdaptedandmodifiedfromPecoriGFet al. [20].

Clinical Trial Evidence

The first proof- of- concept study of RA in humans 
with Cushing’s disease was carried out in 7 sub-
jects, with a variable decrease in UFC levels 

Key Message
Retinoic acid (a new treatment approach) was asso-
ciated with a greater than 50% reduction in urinary- 
free cortisol levels compared to baseline in this 
small study. Retinoic acid is a potential therapeutic 
option in patients with persistent or recurrent 
Cushings disease.

ranging from 22 to 73%  [20]. A recent open- label 
prospective trial evaluated the safety and efficacy 
of isotretinoin ( 13- cis RA isomer) in patients with 
persistent or recurrent Cushing’s disease [24].
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(25%) had sustained normalization of UFC [24]. The 
expression of COUP- TF1 (determinant of response to 
RA) by pituitary corticotrophs was not assessed in this 
study. This may explain the low response rate observed 
in the study (see Figure 1.2).

1.1.3 Dopaminergic Agonists

1.1.3.1 Physiology

The Hypothalamic–Pituitary–Adrenal Axis
Refer to Figure 1.1 to review the effects of hypothalamic- 
derived dopamine on ACTH- producing corticotrophs.

1.1.3.2  Mechanism of Action

Although approximately 80% of corticotroph ade-
nomas express D2 receptors, they have relatively low 
D2 receptor density, making DAs a less favorable 
therapeutic option  [25]. Bromocriptine and cabergo-
line reduce cortisol production by binding to D2 recep-
tors present on corticotrophs; however, they are not as 
effective as SSAs [9].

1.1.3.3 Practice Guide

• Patients taking DAs exhibit an “escape
phenomenon,” which is characterized by up to a 
third of patients who previously responded 
experiencing rebound hypercortisolemia [25].

• Cabergoline is associated with valvular heart 
disease, especially in patients exposed to doses 
close to the upper limit of the acceptable dose 
range  [26]. Therefore, serial echocardiograms 
are reasonable in patients who are taking high 
doses of cabergoline  [26] or are exposed to a 
cumulatively high lifetime dose [27].

• Common side effects of DAs include postural 
dizziness, nausea, and headaches [28].

• In contrast to the lower dose range of 0.5–
2.0 mg/week of cabergoline used in prolactino-
mas [29], a much higher dose range between 2.5 
and 5 mg/week is required to treat CD [30, 31]. 
See Section 1.3.1

This single- arm, retrospective study assessed the 
efficacy of cabergoline in Cushing’s disease. A total of 
30 patients received oral cabergoline 0.5–1.0 mg/week, 
uptitrated weekly. The primary outcome was defined 
as normalization of UFC levels or > 50% reduction in 
UFC (this occurred in 36.6% of subjects) [32].

1.1.4 Steroidogenesis Inhibitors

1.1.4.1  Physiology

Adrenal Steroidogenesis
Review of adrenal steroidogenesis (see Section 3.1.1). 
The role of various adrenal steroidogenic inhibitors, 
such as ketoconazole, metyrapone, and mitotane in 
Cushing’s syndrome, is shown in Figure 1.3 [37].

1.1.4.2  Mechanism of Action

See Figure 1.3 for a summary of various enzymatic tar-
gets of steroidogenic inhibitor therapies. The mecha-
nism of action of metyrapone, mitotane, ketoconazole, 
and the recently approved steroidogenesis inhibitor, 
osilodrostat, will be reviewed next.

Metyrapone: Metyrapone has a pyridine moiety, 
which allows it to alter the activity of 11beta- 
hydroxylase (critical in the final step of cortisol 
synthesis). Other metyrapone- inhibited ste-
roidogenic enzymes include the 17 alpha- 
hydroxylase(17α- OH) and 18- hydroxylase 
enzymes (less potent inhibition) [36].
Mitotane: Mitotane has both “adrenolytic” 
(adrenal cell death) and “adrenostatic” (enzymatic 
inhibition) properties. Mitotane is a chemother-
apeutic agent with a diphenylmethane moiety 
that causes mitochondrial dysfunction, lysis, and 
necrosis. Mitotane, as stated earlier, exerts its 
“adrenostatic” function by inhibiting the side- 
chain cleavage enzyme, 11beta hydroxylase, and 
3βHSD [36].
Ketoconazole: Ketoconazole has an imidazole 
group (confers its antifungal properties) with 
demonstrable inhibitory effects on various ste-
roidogenesis enzymes (in particular, the side 

Clinical Trial Evidence

In this study, the long- term effects of cabergoline 
therapy in patients with Cushing’s disease were 
explored [32].

Key Message
A third of patients with Cushing’s disease treated 
with cabergoline achieved either normalization or a 
significant reduction in urinary- free cortisol levels.
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chain cleavage complex, 17 alpha- hydroxylase 
and 11 beta- hydroxylase) in the adrenal cortex 
and gonads [36].
Osilodrostat: Osilodrostat, like metyrapone, 
inhibits 11- beta hydroxylase activity in the adrenal 
cortex. However, unlike metyrapone, osilodrostat 
has a relatively higher potency and a shorter 
plasma half- life; thus, it can be administered less 
frequently (two times daily instead of four times 
daily) [38].

1.1.4.3  Practice Guide

In practice, these agents are slowly titrated to achieve 
normal serum cortisol, which can be monitored using 
late- night salivary cortisol or 24- hour UFC. Overt 
hypoadrenalism is an inadvertent complication that 
should be anticipated in patients taking steroidogen-
esis inhibitors [13].

Metyrapone: Hypokalemia is a known compli-
cation of metyrapone treatment due to the 

accumulation of intermediate steroids with 
intrinsic mineralocorticoid activity (for example, 
11- DOC). Therefore, close  monitoring of 
serum  potassium is therefore required  [35]. 
Furthermore, hirsutism (shunting of  proximal 
steroids into androgenic precursors), hyper-
tension, and edema (mineralocorticoid effects 
of 11- deoxycorticosterone) can occur in patients 
on metyrapone. Unlike ketoconazole, metyra-
pone is comparatively safer in pregnancy [39].
Mitotane: Mitotane is lipophilic and, as a 
result,  is  stored in a large repository of adipose 
tissue. This increases the drug’s half- life, 
leading  to a delay in its onset of action. Most 
importantly, the dose of mitotane required to 
treat Cushing’s disease is much lower than the 
large tumoricidal dose used to treat adrenocor-
tical carcinomas  [40]. Mitotane has teratogenic 
effects and due to its large volume of distribution 
(stored in adipose tissue), it should be discon-
tinued for at least five years before potential 
conception [41].

FIGURE 1.3  Schematic representation of adrenal steroidogenesis pathways and the site of action of various enzyme inhibitors. 
Metyrapone primarily inhibits 11 beta- hydroxylase activity (11β- OH), which results in reduced cortisol production of cortisol [33]. 
Consequently, there is an accumulation of intermediate mineralocorticoid precursors (11- DOC) [34] and a shunting of 
progesterone and pregnenolone to androgen production [35]. Mitotane inhibits various adrenal steroidogenic enzymes, including 
the side chain cleavage enzyme complex(StAR/SCC), 11beta hydroxylase(11β- OH), and 3βHSD [36]. Ketoconazole similarly 
inhibits various steroidogenic enzymes, including the side chain cleavage enzyme complex, 17alpha hydroxylase (17α- OH), and 
11β- OH enzymes [36]. Source: Adapted from ref. [37].
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Ketoconazole: Ketoconazole is the recom-
mended first- line medical therapy for nonpreg-
nant adults with confirmed endogenous 
hyper cortisolemia. It is an FDA category C drug 
and  may interfere with androgen- dependent 
development of the sex organs of an unborn 
male baby. Despite these apparent antian-
drogenic effects, it has been inadvertently used 
in  expectant mothers without overt  deleterious 
fetal effects  [39, 41]. Side effects encountered in 
routine practice include gynecomastia,  hepatic 
injury, malehypogonadism, and  gastrointestinal 
discomfort. Electrolyteimbalance is usually due 
to either uncontrolled hypercortisolemia (min-
eralocorticoid receptor activation by cortisol) or 
hypoadrenalism [42].
Osilodrostat(isturisa): The most common adverse 
drug events include nausea, headaches, and the 
clinical effects of either the accumulation of pre-
cursor adrenal hormones or overt hypocorti-
solemia (adrenal insufficiency). Osilodrostat has 
clinical utility in persistent and recurrent 
Cushing’s disease [43].

Clinical Trial Evidence

This was a retrospective study to evaluate the efficacy 
of mitotane in Cushing’s disease. Seventy- six consec-
utive patients with proven Cushing’s disease report-
ing to a single facility were followed for a median 
period of 6.7 months (95% CI of 5.2–8.2 months). The 
patients received mitotane at a total daily dose of 4 g in 
three divided doses. Gradual de- escalation to a mini-
mally tolerable dose needed to maintain remission 
was allowed during the study. There was no placebo 
or active comparator arm. The primary outcome 
was defined as Cushing’s disease (normalization of 
24 hours of UFC). This occurred in 72% of patients [40].

Key Message
Mitotane leads to biochemical amelioration of 
Cushing’s disease (normalization of 24- hour 
urinary- free cortisol) in more than 70% of patients 
at doses much lower than required for the treatment 
of adrenal carcinoma.

Pathophysiology Pearl
Thecortisol-to-cortisoneshunt

FIGURE 1.4  The cortisol- to- cortisone shunt and the role of two isoforms of 11 beta- hydroxysteroid dehydrogenase (11β- HSD) 
enzymes. Cortisol and aldosterone bind to the nonselective renal mineralocorticoid receptor under normal physiologic 
conditions [44]. The 11- beta hydroxysteroid dehydrogenase type 2 (11β- HSD2) isoform converts cortisol to cortisone, thus 
protecting the renal MCR from direct activation by cortisol. The 11 beta- hydroxysteroid dehydrogenase type 1 (11β- HSD1) 
isoform converts inactive cortisone to cortisol [45].
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1.1.5 Mifepristone

1.1.5.1  Physiology

Glucocorticoid Receptor Physiology
There are two isoforms of the glucocorticoid receptor 
(GR), namely, the GRα and GRβ glucocorticoid 
receptor. The GRα isoform is the proverbial “classic 
glucocorticoid receptor” in the cytosol, while the GRβ 
isoform resides in the nucleus. The GRβ receptor 
exerts a mainly modulatory role by inhibiting the 
function of GRα  [46]. Figure  1.5 shows the mecha-
nism of action of cortisol in normal physiology.

1.1.5.2  Mechanism of Action

Mifepristone, also known as RU486 (Roussel- Uclaf 
38 486), has antiglucocorticoid and anti- progesterone 
effects. RU486 binds to the ligand-binding domain 
(LBD) of the cytosolic glucocorticoid receptor without 
directly promoting its downstream effects, such as 
activation of hormone response elements and tran-
scription factors involved in glucocorticoid- mediated 
gene function [49].

1.1.5.3  Practice Guide

• Patients taking mifepristone (Korlym) may 
develop significant hypercortisolemia (with 
 elevated ACTH levels), which can increase their 
risk of hypokalemia and hypertension (cortisol

activating renal MCR)  [50]. Antiprogestin 
effects predispose female patients to endome-
trialhyperplasia(unopposedestrogenaction).

• Monitor patients for symptoms and signs 
of  adrenal insufficiency. It is worth noting 
that  cortisol levels are unreliable in patients 
on   mifepristone. Indeed, patients may be 
“adrenally insufficient” despite high cortisol 
levels (blockade of the GR) [51].

• Mifepristone is approved by the FDA of the 
United States (Food and Drug Administration) to 
manage endogenous hypercortisolemia associ-
ated with hyperglycemia [52]. Glycemic control 
improves in up to 60% of patients treated with 
mifepristone. Thus, doses of  antihyperglycemic 
agents may need to be adjusted [53].

• It is also an abortifacient due to its antiproges-
terone effects. Table 1.2 shows the therapeutic 
sites of action of medical- directed therapies of 
Cushing’s disease.

Clinical Pearl
Ketoconazole-inducedapparentmineralocorticoid
excess

There is a reported case of apparentmineralocorticoid
excess (AME) in a patient treated with ketoconazole. 
The patient developed hypokalemia and hypertension 
in a manner that simulated a “non-glucocorticoid-
mediated” AME. Unlike metyrapone, which mainly 
inhibits 11- beta hydroxylase (not to be  confused 
with 11β- HSD), ketoconazole inhibits 11- beta hydrox-
ylase and proximal side- chain cleavage enzymes (see 
Figure 1.3). This conventionally results in a relatively
lower concentration of 11- Deoxycorticosterone 
(a potent mineralocorticoid) in patients treated with 

ketoconazole compared to metyrapone. Therefore, 
hypertension and hypokalemia may be inadvertently 
attributed to refractory hypercortisolemia (effects of 
excess cortisol overwhelming 11β- HSD2 and acti-
vating the renal MCR) rather than accumulation of 
DOC (see Figure 1.4). In this scenario, an increase in 
the dose of ketoconazole due to the presumed uncon-
trolled hypercortisolemia would exacerbate hyperten-
sion and hypokalemia (mineralocorticoid effects of 
DOC). Although DOC- mediated hypertension is 
more common in patients treated with metyrapone, 
this rare case report highlights the possibility of 
ketoconazole- mediated hypertension due to DOC 
accumulation of DOC in Cushing’s syndrome [42].

Clinical Trial Evidence

The Study of the Efficacy and Safety of Mifepristone 
in the Treatment of Endogenous Cushing’s 
Syndrome (SEISMIC) and its extension sub- study 
assessed the effects of long- term mifepristone on 
neuroimaging findings in patients with Cushing’s 
disease [55].

ALGrawany
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The SEISMIC trial was an open- label, multicenter 
prospective study that evaluated the effects of mife-
pristone on tumor size and ACTH levels in Cushing’s 
disease over a 24- week period. Subjects received a 
starting dose of oral mifepristone (300 mg) once daily, 
steadily increasing to a maximum daily dose of 
1200 mg. The primary outcome was defined as a 
change in ACTH (compared to baseline) and MRI 
changes (volumetric changes in tumor size). 72% of 
the subjects had a twofold increase in ACTH compared 

TABLE 1.2  Summary of therapeutic targets 
in Cushing’s disease.

Therapy The primary site of action

Pasireotide Anterior pituitary gland (SSR1, SSR2, 
SSR3, and SSR5 receptors)

Retinoic acid Anterior pituitary gland (Retinoic acid 
receptors)

Cabergoline Anterior pituitary gland 
(Dopaminergic receptors)

Ketoconazole Adrenal steroidogenesis inhibitor

Metyrapone Adrenal steroidogenesis inhibitor

Mitotane Adrenal steroidogenesis inhibitor

Mifepristone Glucocorticoid receptor antagonist

Source: Adapted from Hinojosa- Amaya et al. [54].

FIGURE 1.5  Glucocorticoid receptor physiology. Cortisol (glucocorticoid), a steroid hormone, diffuses through the plasma 
membrane to bind to the ligand- binding domain (LBD) of the cytosolic glucocorticoid receptor (Step 1). The hormone–receptor 
complex undergoes a conformational change and is then translocated from the cytosol into the nucleus to exert its genomic effects 
(step 2). The glucocorticoid receptor’s DNA binding domain (DBD) binds to its assigned hormone response sequence, the 
Glucocorticoid Response Element (GRE), to exert its intranuclear effects. This leads to the activation of transcription factors, 
which can activate or inactivate gene expression [46, 47]. Glucocorticoids may also exert nongenomic effects through various 
kinases (step 3). This typically occurs minutes after ligand–receptor interaction in the cytosol [46]. The nongenomic effects of 
glucocorticoids include inflammatory and noninflammatory processes (calcium mobilization and muscle function) [48]. GRβ 
inhibits the intranuclear effects of GRα [46]. Source: Adapted from ref. [46].

Key Message
Although mifepristone causes an increase in ACTH 
among patients with Cushing’s disease, it does not 
significantly increase the size of the pituitary tumor.
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to baseline. ACTH returned to baseline after discon-
tinuing RU486. Tumor progression and regression 
occurred in two and three subjects, respectively. This 
was not statistically significant. In fact, there was no 
evidence that mifepristone predisposes patients to 
accelerated pituitary tumor growth [55].

In conclusion, there are novel therapies for 
Cushing’s disease which are currently in development. 
These include cyclin- dependent kinase 2 (CDK2) 
modulators (Roscovitine), epidermal growth factor 
receptor (EGFR) inhibitors (Gefitinib), and GR antag-
onists (Relacorilant), to mention a few [54].

1.2 ACROMEGALY

1.2.1 Somatostatin Analogs

1.2.1.1 Physiology

The role of somatostatin in the regulation of
growthhormone.

Growthhormone-releasinghormone (GHRH) is a 
peptide hormone composed of 44 amino acids syn-
thesized in the arcuate nucleus of the hypothalamus. 
GHRH is secreted in a pulsatile fashion and is car-
ried from the hypothalamus to the anterior pituitary 
gland through the hypothalamo- hypophyseal ves-
sels. By binding to receptors on the surface of ante-
rior pituitary somatotrophs, GHRH stimulates gene 
transcription, translation, and the eventual release 
of growth hormone (GH) from their secretory vesi-
cles. Somatostatin (also known as somatostatin 
receptor inhibitory factor, SRIF), on the other hand, 
blocks the release of GH by somatotrophs by acting 
on somatostatin receptors (primarily SSR2 recep-
tors) [60]. Ghrelin (derived from gastric oxyntic cells) 
is a GH secretagogue that exhibits its effects by act-
ing on hypothalamic GHRH cells in the median 
eminence [61]. GH and insulin- like growth factor 1 
(IGF- 1) provide additional negative feedback inhibi-
tion of GH secretion (see Figure  1.6). Refer to 
Table 1.3 for a summary of the various physiological 
factors which regulate growth hormone secretion.

GH binds to the extracellular component of the 
hepatic GH receptor (GH- R) and induces a series of 
intracellular processes required for the transcription 
and translation of specific genes that encode IGF- 1, 
IGF-binding protein 3 (IGFBP3), and an acid-labile
subunit (ALS) [68–70]. These products of GH action 
at the level of the liver form a ternary complex in 
circulation that influences the ability of IGF- 1 to 
bind its peripheral insulin- like growth factor 1 
receptor (IGF- 1R). Indeed, post- translational modi-
fication of IGFBP3 (e.g. glycosylation, phosphoryla-
tion) is an essential determinant of IGF- 1’s ability 

Concepts to Ponder Over

Will octreotide, an SSR2 agonist, be a suitable 
therapeutic option in patients with Nelson 
syndrome?

Nelson syndrome (NS) may occur after bilateral 
adrenalectomy in patients with Cushing’s disease.  
NS  is characterized by corticotroph tumor expan-
sion and elevated levels of ACTH. However, the 
underlying pathophysiology of this condition 
remains unclear at this time [56]. The loss of nega-
tive feedback inhibition of cortisol on tumorous 
corticotroph cells inadvertently leads to their prolif-
eration. Patients may develop hyperpigmentation 
involving the skin and mucous membranes due to 
elevated levels of ACTH [57].

It should be noted that cortisol inhibits SSR on 
corticotroph cells. SSR2 receptors are preferentially 
inhibited to a higher degree than SSR5 receptors [6]. 
In NS, the lack of cortisol- mediated downregula-
tion of SSR2 receptors makes SSAs, which bind to 
this receptor subtype, a reasonable therapeutic 
option. Although octreotide is less effective in treat-
ing Cushing’s disease, it has a role in Nelson’s syn-
drome [56, 58].

How does cabergoline (a dopaminergic 
agonist) cause cardiac valvulopathy?

Compared to bromocriptine, cabergoline is associ-
ated with a higher risk of cardiac valvulopathy. The 
reported cardiac effects of cabergoline include the 
thickening of the chordae tendineae and cardiac 
valves  [59]. The binding of cabergoline to 5HT2B 

receptors in the endocardium leads to valvulopathy. 
The predilection of cabergoline- induced valvulopa-
thy for the tricuspid valve may be due to the dispro-
portionately high amount of this receptor subtype 
in the right side of the heart [27].
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to  bind to IGF- 1R. For example, glycosylation of 
IGFBP3  increases the ability of IGF- 1 to bind to 
IGF- 1R. Deglycosylation, on the other hand, impairs 
ligand- to- receptor binding  [62]. The consequences 
of GH action are widely accepted as pivotal for mac-
ronutrient metabolism (carbohydrate, lipid, and pro-
tein) and cellular growth [71].

1.2.1.2  Mechanism of Action

SSAs activate SSR on somatotroph tumor cells and 
thus inhibit their production of GH and, conse-
quently, hepatic IGF- 1. There is evidence that SSAs 
also lead to a reduction in the size of GH- secreting 
tumors [72, 73].

FIGURE 1.6  The growth hormone and insulin- like growth factor 1 axis. Hypothalamic- derived GHRH binds to GHRH- R on 
anterior pituitary somatotrophs and consequently mediates their secretion of GH. Binding of GH to GH- R in the liver promotes 
the synthesis of IGF- 1, ALS, and IGFB3 – a complex that determines the circulating half- life and, therefore, peripheral effects of 
IGF- 1. IGF- 1 exerts negative feedback inhibition of GH and GHRH in the anterior pituitary and hypothalamus, respectively. GH 
exerts negative feedback inhibitory effects on its production at the level of the anterior pituitary gland. Somatostatin inhibits the 
release of growth hormone by somatotrophs. Important co- inhibitory and co- stimulatory factors influencing net GH secretion are 
shown (negativeandpositivesigns). Source: Adapted from ref. [62].

TABLE 1.3  Regulators of GH.

Promotes GH secretion Inhibits GH secretion

Arginine [63] Overnutrition [64]
Clonidine [63] Glucocorticoids 

(high doses) [65]
Estrogena [66] Somatostatin [60]
Hypoglycemia, Glucagon [67]
L- dopa [63]
Exercise [63]

a This effect is route- dependent, with the oral route causing an 
increase in GH and a paradoxically low IGF- 1. Transdermal 
estrogen does not produce this effect [66].
Source: Adapted from refs. [60, 63–67].
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1.2.1.3 Practice Guide

SSAs approved in the United States for the treatment 
of acromegaly include octreotide (short release), 
octreotide long- acting release (Sandostatin LAR), and 
lanreotide (Somatuline). A few practice pearls were 
shared earlier in Section  1.1.1 (use of pasireotide in 
Cushing’s disease).

• A hallmark side effect of pasireotide is hyper-
glycemia. The risk of hyperglycemia is dispro-
portionately higher among patients with 
diabetes or prediabetes; it is reasonable to 
screen for hyperglycemia before and during 
treatment [74].

• First- generation SSAs (for example, lanreotide 
and octreotide) have a higher affinity for SSR2 
than the SSR5 isoform of the somatostatin 
receptor  [75]. Pasireotide, on the other hand, 
has a greater affinity for the SSR5 receptor 
 subtype. Tumor response is influenced by the 
density of specific histological SSR subtypes 
(e.g. sparsely vs. densely granulated growth 
hormone- secreting tumors) [76]. This is clini-
cally relevant since it can influence the effec-
tiveness of selected therapies. For example, 
sparsely granulated somatotroph tumors tend 
to express SSR5 receptors (pasireotide). 
Densely granulated somatotrophs, on the 
other hand, express the SSR2 subtype (octreo-
tide) predominantly [76–78].

• SSAs are associated with an increased risk of 
cholelithiasis and diarrhea [79].

• Monitoring response to therapy – IGF- 1 should 
normalize to the age and sex- specific reference 
range for IGF- 1. Furthermore, GH should be 
suppressed to a nadir of <1 ng/mL or < 0.4 ng/mL 
(for newer and more sensitive GH assays) after 
an oral glucose load with 75 g of anhydrous 
glucose (Oral glucose tolerance test).

The PAOLA study (Pasireotide versus continued
treatmentwithoctreotideorlanreotideinpatientswith
inadequatelycontrolledacromegaly) was a randomized, 
prospective, parallel- group study evaluating the safety 
and efficacy of pasireotide. 198 patients with uncon-
trolled acromegaly (GH >2.5 mcg/L and IGF > 1.3 
times the age-  and gender- adjusted upper limit of 
normal) on octreotide or lanreotide for a minimum of 
6 months. Patients were randomized to pasireotide 
(40 or 60 mg) administered intramuscularly once every 
28 days or active comparators (octreotide or lanreo-
tide). The authors defined the primary outcome as a 
GH level <2.5 mcg/L and normalization of IGF- 1. 
The  primary outcome occurred in 15% (40 mg), 20% 
(60 mg), and 0% (octreotide/lanreotide) [80].

1.2.2 Growth Hormone Receptor 
Antagonists

1.2.2.1 Physiology

Growth Hormone and IGF- 1 Pathway
The growth hormone receptor (GH- R) belongs to the 
cytokine receptor family  [82] and is composed of 
extracellular (binds to its cognate ligand, that is, GH), 
transmembrane, and cytosolic domains  [83]. See 
Figure 1.7 and Table 1.4.

1.2.2.2  Mechanism of Action

Pegvisomant has structural homology with endoge-
nous GH except for the substitution of nine amino 
acids. Pegylation (the process of attaching polyeth-
ylene glycol to the protein) of GH changes its pharma-
cokinetic properties, making it hypoallergenic [87].

Due to its similarity to GH, Pegvisomant can 
occupy the GH receptor pocket, depriving the receptor 
of direct activation by GH. More importantly, it does 
not activate GHR (antagonistic action) because it 
induces defective dimerization of the receptor, thus 
preventing subsequent signal transduction pathways 
(JAK–STAT signaling) and eventual production of 
IGF- 1 [88].

Clinical Trial Evidence

Pasireotide, a second- generation multireceptor SSA, 
causes a more significant biochemical improve-
ment of acromegaly in contrast to first- generation 
SSAs (octreotide and lanreotide) [80, 81].

Key Message
In patients with uncontrolled acromegaly with 
octreotide or lanreotide, pasireotide produces a 
treatment response in 15–20% of patients.
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1.2.2.3 Practice Guide

• Pegvisomant can cause an increase in the size 
of GH- secreting tumors; it is thus recom-
mended to monitor tumor size with serial 
pituitary MRIs [89]. Coadministration of SSAs 
and  pegvisomant can reduce the risk of 
tumor   re- expansion compared to pegvisomant 
monotherapy [90].

• Pegvisomant, a GH- R antagonist, causes an 
increase in GH levels, thus limiting the utility of 
GH assessments during monotherapy with this 
agent. As a result, the evaluation of treatment 

FIGURE 1.7  Growth hormone receptor and intracellular effects of GH to GHR binding. GH binds to the GH- R, leading 
to dimerization and consequent structural change in the receptor. This critical step initiates the Janus-Kinase (JAK) 
signal transducerandactivatoroftranscription (STAT) intracellular signaling pathway. The phosphorylation of 
tyrosine residues in both the GHR transmembrane domain and STAT molecules is mediated by activated JAK2 tyrosine 
kinase [84]. There are various STAT molecules involved in specific intracellular processes. STAT5 (transcription factor), 
for example, is translocated from the cytoplasm to the nucleus and binds to DNA in specific DNA binding 
regions(DBRs) [85], which encode protein sequences [86]. Mitogen- activated protein kinase (MAPK) activation by 
JAK2 ultimately exerts genomic (gene expression) and non- genomic effects. GH mediates the production of IGF- 1 in 
various tissues other than the liver, including growth plate chondrocytes, adipose tissue, and skeletal muscle [86]. 
Source: Adapted from ref. [85].

TABLE 1.4  Gene sequences encoding IGF- 1 
production in specific organs.

Organ Gene sequence(s)

Liver Socs2

Skeletal muscle Igf1

Fat (Adipose tissue) Fos, Jun, and Igf1

Bone (Chondrocyte) Igf1

Socs2, suppressor of cytokine signaling 2; Igf1, insulin- like 
growth factor 1; Jun, proto- oncogene; Fos, proto- oncogene.
Source: Adapted from Chia [86].



14 Chapter 1 Pituitary Gland Therapies 

response requires serial monitoring of serum 
IGF- 1 levels [89].

• Hepatic enzyme elevation occurs during 
treatment and resolves after cessation of therapy. 
Liver function tests (LFT) should therefore 
be  routinely monitored during treatment. 
Consequently, patients with unexplained eleva-
tions in LFT should not start pegvisomant [91].

A randomized, double- blind, placebo- controlled 
study comparing various doses of pegvisomant with 
placebo in patients with acromegaly over a 12- week 
study period. A total of 112 subjects with confirmed 
acromegaly, status- post pituitary surgery, radiation 
therapy, drug therapy, or treatment- naïve. Study 
 participants were randomized to various doses of sub-
cutaneous pegvisomant administered daily (10 mg, 
15 mg, or 20 mg) or a comparable placebo. The primary 
outcome was defined as a mean change in IGF- 1 com-
pared to the baseline level. There was a mean decrease 
in IGF- 1 of 4%, 26.7%, 50.1%, and 62.5% in the placebo, 
10 mg,15 mg, and 20 mg, respectively. Various doses of 
pegvisomant compared to placebo resulted in a clini-
cally significant decrease in IGF- 1 and improved 
clinical features of acromegaly [88].

1.2.3 Dopaminergic Agonists

1.2.3.1 Physiology

Growth Hormone Physiology and the Role 
of Central Dopaminergic Pathways
The binding of dopamine to D2 receptors in either pitui-
tary somatotrophs or lactotrophs impairs the release 
of GH and prolactin, respectively [94]. Additionally, 
dopamine impairs hypothalamic somatostatin release, 
increasing GHRHsecretion [95] (See Figure 1.6).

The differential effects of dopamine on GH secre-
tion should be appreciated in normal physiology. The 
effects of Dopaminergic agonists (DA) at the level of 
the anterior pituitary gland are more profound than its 
effects in the hypothalamus. The net effect is a 
reduction in GH secretion.

1.2.3.2  Mechanism of Action

Growth hormone- secreting tumors express D2R recep-
tors to varying degrees, determining their response to 
DAs  [96]. Indeed, the responsiveness of D2Rs on 
somatotroph tumors depends on their sensitivity and 
the concentration of circulating GH [97].

1.2.3.3 Practice Guide

• Cabergoline is more effective than bromocrip-
tine and reduces tumor size in approximately 
30% of patients [98]. Also, see Section 1.1.3.

Clinical Trial Evidence

The pivotal study that led to the approval of pegvi-
somant was published in 2000. It was a phase III 
study that compared various doses of pegvisomant 
with placebo [88]. Additional long- term safety data 
are available from the ACROSTUDY database. 
The ACROSTUDY registry is a prospective, Phase IV 
(post- marketing surveillance) study of patients 
with acromegaly treated with pegvisomant [92, 93].

Key Message
There is a low but clinically significant risk of tumor 
re- expansion for patients receiving pegvisomant 
monotherapy, although this should not preclude its 
use (ACROSTUDY).

Clinical Trial Evidence

There is a paucity of evidence from randomized, 
placebo- controlled clinical trials among patients 
with acromegaly treated with cabergoline [99].

Key Message
Normalization of IGF- 1 occurs in a third of acrome-
galic patients treated with cabergoline monother-
apy. There is limited information about the effects 
of cabergoline on tumor size. Tumor shrinkage was 
demonstrated in patients with high baseline levels 
of prolactin (PRL) and IGF- 1. It is a reasonable 
treatment option in somatomammotrophic tumors 
(GH- PRL co- secreting tumors).
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This was a meta- analysis of prospective, nonran-
domized studies in patients with cabergoline- treated 
acromegaly. A total of 227 subjects in 15 studies with 
significant heterogeneity were evaluated. There was 
no placebo group in this study. The patients were 
exposed to cabergoline monotherapy at variable 
doses ranging from 0.3–7 mg/week. The authors 
defined the primary outcome as the normalization 
of IGF- 1. The primary outcome was achieved in 34% 
of patients [99].

1.3 PROLACTINOMA

1.3.1 Dopaminergic Agonists

1.3.1.1 Physiology

Regulation of Prolactin Release
Anterior pituitary lactotrophs release prolactin 
(a   peptide hormone) under trophic stimulation by a 
hypothalamic- derived prolactin-releasing factor
(a putativehormone), vasoactive intestinalpeptide, or 
thyrotropin-releasinghormone(TRH) [105].

Hypothalamic dopamine (tuberoinfundibular 
dopaminergic neuronal cells) inhibits the release of 
prolactin by binding to D2 receptors on anterior 
pituitary lactotrophs. Prolactin increases hypotha-
lamic dopamine release by upregulating tyrosine 
hydroxylase activity (dopamine synthesis pathway) in 
tuberoinfundibular neurons, thus promoting its inhi-
bition by dopamine [106] (Figure 1.8). A summary of 
the various physiological regulators of prolactin secre-
tion is shown in Table 1.5.

Although classically associated with the function 
of the mammary glands, prolactin has several extra- 
mammary effects due to the presence of prolactin 
receptors in various tissues. There are PRL receptors 
(PRL- R) in pancreatic beta cells (glucose- mediated 
insulin release), adipose tissue (thermoregulation), 
and hematopoietic cells (T- cell activation), to name a 
few [107, 108].

Concepts to Ponder Over

What is the effect of estrogen replacement 
therapy on the GH–IGF- 1 axis?

There is a paradoxical effect of estrogen replace-
ment on both GH and IGF- 1; this depends on the 
route of administration of estrogen (oral or trans-
dermal). The oral route leads to an increase in 
hepatic  synthesis of growth hormone binding 
proteins (first-passeffect), which in turn bind GH 
avidly and somewhat attenuates its peripheral 
effects at the level of the liver (i.e. GH- induced 
IGF- 1 production). This effect occurs despite an 
estrogen- mediated increase in pituitary GH pro-
duction. It has been postulated that oral estrogen 
is not a GH secretagogue and that GH levels 
increase due to the loss of negative feedback 
inhibition of  IGF- 1 on somatotrophs  [66](see 
Figure  1.6. To further support this hypothesis, 
women on transdermal estrogen replacement 
therapy were shown to have GH requirements 
much lower than those on oral estrogens. Trans-
dermal estrogen escapes the “hepatic first-pass
effect” and, as such, does not lead to clinically 
significant changes in GH- binding  proteins [100]. 
It should be noted that women on chronic GH 
replacement therapy who inadvertently start 
oral estrogen replacement experience a decline 
in  IGF- 1  levels (GH antagonizing effects of
estrogen), which will require an up- titration in 
GH doses [101, 102].

What effect does pegvisomant have on 
glycemic control?

GHR antagonists improve insulin sensitivity at the 
level of the liver, skeletal muscle, and adipose 
tissue [103]. In a GH excess state like acromegaly, 
GH  promotes increased lipolysis in adipose tissue, 
which liberates free fatty acids (FFAs) (mediators 
of  peripheral insulin resistance). See Figure  1.10 
for the effects of GH on fat metabolism. There is a 
significant reduction in endogenous glucose 
output among patients with active acromegaly 
after a 4- week course of pegvisomant. Suppression 
of  GH- induced lipolysis by pegvisomant reduces 
FFAs, and consequently improves peripheral 
insulin resistance [104].
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1.3.1.2  Mechanism of Action

DAs (cabergoline and bromocriptine), synthetic deriv-
atives of ergots, bind to D2 receptors on the surface of 
pituitary lactotroph tumors and induce dopamine- 
mediated inhibition of prolactin synthesis and secre-
tion. DAs also exhibit “tumoricidal properties” by 
promoting programmed cell death of lactotroph tumors 
through complex intracellular pathways that involve 
estrogen and neuronal dopamine transporters [109].

1.3.1.3 Practice Guide

• Patients who do not experience a normalization
of serumPRL or a 50%reduction in tumorsize 
are classified as dopaminergic agonist resistant. 
However, no conventionally accepted dose or 
duration of exposure to DA is required to diag-
nose a patient as resistant to DA [110, 111].

• Predictors of an inadequate response to DAs 
include male gender, macroprolactinoma, 
tumor characteristics (cystic or hemorrhagic), 
prolonged latency to euprolactinemia, and high
PRLatbaseline [112].

• For women in the reproductive age group 
planning a pregnancy, the use of bromocriptine 
is a safer therapeutic option compared to caber-
goline. This is due to the availability of more 
safety data for the former compared to the 
latter [113].

• Side effects of DA include nausea, vomiting, 
headaches, postural hypotension, psychotropic 
side effects (hallucinations, psychosis), and nasal 
congestion [114, 115]. The dictum “start low and 
go slow” helps mitigate the side effects of DA. 

FIGURE 1.8  Schematic representation of the hypothalamic–pituitary- mammary axis. PRF is a putative (unconfirmed) hormone 
involved in the stimulation of PRL release by lactotrophs in the anterior pituitary gland. Hypothalamic dopamine affects prolactin 
release by binding and activating D2 receptors present on lactotrophs. Stimulatory and inhibitory factors involved in the regulation 
of PRL release are represented by + and – signs. Extramammary tissues include gonadal steroidogenesis, skeletal growth, and 
glucose metabolism, to mention a few.

TABLE 1.5  Regulators of prolactin secretion.

Inhibition of 
prolactin secretion

Stimulation of 
prolactin secretion

Dopamine TRH

Somatostatin VIP

GABA Oxytocin

Glucocorticoids Vasopressin

VIP, vasoactive intestinal peptide; GABA, gamma- aminobutyric  
acid.
Source: Adapted from Saleem et al. [106].
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Cabergoline has a longer half- life, a higher 
affinity for D2R, and a relatively tolerable side- 
effect profile compared to bromocriptine [116].

• It is reasonable to screen for psychiatric disor-
ders before initiating DAs. Compulsive gambling 
has been associated with cabergoline use; it is  
therefore important to alert patients of this 
potential side effect [117].

In this meta- analysis, evaluating long- term remis-
sion rates after a dopaminergic holiday or transsphe-
noidal surgery, patients were grouped into medical 
(n = 3564) and surgical (n = 1836) arms. The primary 
outcome was defined as long- term (≥1 year) remission 
(in other words, maintenance of normal serum pro-
lactin) after either the withdrawal of medical therapy 
or post- transsphenoidal surgery. The primary outcome 
after the dopaminergic holiday was 34% (95% CI, 
26–46) and 67% (CI, 60–74) after transsphenoidal 
surgery [118].

1.3.2 Temozolomide

1.3.2.1 Physiology

Cellular Protective Mechanisms Against  
Mutagens
Endogenous and exogenous factors can promote DNA 
damage and inadvertently trigger a cascade of events 
that lead to the formation of tumors. Cells in normal 
physiology maintain their integrity through a variety 
of protective pathways such as mismatch repair, nucle-
otide excision repair, and methylguanine- DNA meth-
yltransferase (MGMT) enzymatic processes [119].

1.3.2.2  Mechanism of Action

Temozolomide (TMZ) is an alkylating chemothera-
peutic agent that promotes the methylation of specific 
residues of guanine (position O- 6) and purine ( positions 
N3 and N7) in DNA. This introduces breaks in the 
DNA of rapidly growing cells, such as lactotrophic 
tumors, leading to their apoptosis (programmed cell 
death) [120]. A schematic representation of the mech-
anism of action of temozolomide is shown in Figure 1.9.

1.3.2.3 Practice Guide

• An evaluation of MGMT promoter methylation
status is a useful predictive biomarker  [121] in 
patients with aggressive prolactinomas or carci-
nomas  [122]. There is an inverse relationship 
between tumor levels of MGMT and the degree of 
responsiveness to TMZ [122]. However, MGMT 
as a biomarker is a novel approach to predict 
TMZ response in patients with prolactinomas. 
Therapeutic response after a minimum of 3 cycles 
of treatment performed better than tumor levels 
of MGMT in a large cohort of patients with 
pituitary tumors (including prolactinomas) [123].

Clinical Pearl
It has been speculated that Mary Tudor, Queen 
Mary I of England, may have had an undiagnosed 
prolactinoma based on historical accounts. She 
experienced a myriad of symptoms, including 
amenorrhea (from 19 years), headaches, impaired 
vision, phantom pregnancy, and galactorrhea for 
most of her adult life [105].

Prolactin- secreting tumors are the most 
common hormone- secreting tumors in the pituitary 
gland  [106], with a reported prevalence of 50 per 
100,000  [107]. Medical therapy using primarily 
dopaminergic agonists is the mainstay of treatment. 
Surgery is reserved for patients with medication 
resistance or intolerance [108].

Clinical Trial Evidence

There was a paradigm shift from surgery to DAs 
for  the treatment of prolactinomas in the 1970s 
due to the superior efficacy and safety of medical 
therapy compared to surgery. DAs are now widely 
recommended as a first- line treatment option for 
patients with prolactinomas. Due to advancements 
in transsphenoidal endoscopic procedures, surgery 
may be  a viable option for patients. This was 
explored in  a systematic review investigating sur-
gery as a viable alternative first- line treatment for 
prolactinoma [118].

Key Message
Dopaminergic agonists remain the first- line 
therapeutic option in most patients with prolactino-
mas. However, surgery is more likely to lead to 
long- term remission in patients regardless of tumor 
size (macroprolactinoma or microprolactinoma), 
based on the results of this large meta- analysis.
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• TMZ, a chemotherapeutic agent, is associated 
with expected short- term toxicity concerns, 
such as nausea, emesis, and fatigue  [124]. 
Cytopenias (hematologic toxicity), which 
require a dose reduction or discontinuation of 
therapy, are infrequent  [123, 124]. Safety data 
after 5–8 years of exposure to TMZ are very reas-
suring, making it a valuable long- term salvage 
therapeutic option [125].

This was a meta- analysis of case series and reports 
that evaluated the tumor response to TMZ in 42 sub-
jects with prolactin- secreting adenoma or carcinoma. 
Patients with resistance to dopaminergic agonist 
therapy received oral TMZ dose as 150–200 mg/m2 in 
1–24 therapeutic cycles. The primary outcome was 
defined as a change in tumor size and hyperprolac-
tinemia improvement. Compared to baseline, a 
significant reduction in tumor size and prolactin 
levels occurred in 76.5% and 75% of patients, 
respectively [124].

FIGURE 1.9  Schematic representation of the mechanism of action of temozolomide. TMZ promotes the methylation of 
guanine(G) at the number 6 carbon position, a step that leads to the formation of methylguanine residues in DNA. There is a 
“suicide enzyme” called methylguanine- DNA methyltransferase (MGMT), whose primary function is to remove these abnormal 
methyl groups, thus restoring the integrity of guanine residues in DNA (StepA). This defective methylated guanine pairs with 
thymine (T) instead of cytosine (C) (by convention) during replication. Mismatch repair enzymes excise these mispaired 
guanine- thymine residues, although this is ultimately a futile exercise. Continuous cycles of erroneous G and T pairing and T 
excisions lead to irreparable DNA breaks that promote cell death (StepB) [120]. Source: Adapted from ref. [120].

Clinical Trial Evidence

There are no published randomized trials evalu-
ating the safety and efficacy of TMZ compared to 
placebo. A recent systematic review of all published 
case reports and case series provided valuable 
information on the response of dopaminergic 
agonist- resistant prolactinomas to TMZ [124].

Key Message
Temozolomide has a favorable side- effect profile 
and is a reasonable rescue therapeutic option in 
patients who have exhibited a suboptimal response 
to DAs, radiation therapy, or surgery. Approximately 
75% of patients with treatment- resistant prolactino-
mas achieved a reduction in tumor volume and 
serum prolactin levels after a temozolomide trial.

Concepts to Ponder Over

How does primary hypothyroidism contribute 
to hyperprolactinemia?

Undiagnosed primary hypothyroidism can present 
with significant hyperprolactinemia and pituitary 
gland enlargement  [126, 127]. Patients with pri-
mary hypothyroidism have an upregulation of 
both TRH and TSH synthesis in the hypothalamus 
and pituitary gland, respectively  [128]. TRH, a 
 prolactin secretagogue, promotes hyperprolac-
tinemia  [105](see Figure  1.8). Anterior pituitary 
thyrotrope hyperplasia under the influence of TRH 
leads to the formation of a thyrotrope pseudotumor 
(diffuse enlargement of the pituitary gland). 
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1.4  ADULT GROWTH HORMONE 
INSUFFICIENCY

1.4.1 Growth Hormone

1.4.1.1  Physiology

Anabolic Effects of Growth Hormone
Basic growth hormone physiology was reviewed ear-
lier in Section 1.2.1. GH exerts its anabolic effects in 
skeletal tissue, muscle, and adipose tissues [133]. The 
anabolic effects of growth hormone in various  tissues 
are shown in Table 1.6.

Adipocyte and Growth Hormone Physiology
There are four variants of adipocytes: brown, white, 
pink, and beige. This classification system is based on 
their location and physiological role. In this section, 
we review the physiology of white adipocytes and the 
importance of growth hormone in fat storage and 
mobilization. A detailed description of the physiology 
is covered in Chapter 7.

White adipose tissue (WAT) is primarily involved 
in the storage and mobilization of fatty acids. 
Two  enzyme systems, lipoprotein lipase (LPL) and 
hormone- sensitive lipase (HSL), play essential roles in 
these energy- status- dependent tasks (Figure 1.10).

The Growth Plate and Growth Hormone 
Physiology
The growth plate (physis) is an anatomically distinct 
region composed of cartilage with three critical 
physiological zones in longitudinal bone growth 
(hypertrophic, proliferative, and resting zones) [138]. 
Growth hormone promotes the proliferation of 
 chondrocytes in the resting zone. IGF- 1, produced by 
local chondrocytes under trophic stimulation from 
GH (see Table 1.4), promotes the expansion of chon-
drocytes in all three zones of the growth plate 
(Figure 1.11) [138, 139].

An  inadvertent “stalk effect” due to impingement 
of the sellar mass on the pituitary stalk disrupts the 
dopaminergic tracts, leading to impaired tonic inhi-
bition of lactotrophs by dopamine.

Is there a role for SSAs in the treatment of 
prolactinomas?

Dopaminergic agonist- resistant prolactinomas are 
usually treated with surgical debulking, radiation 
therapy, or temozolomide  [129]. As you may 
recall, somatostatin inhibits prolactin release (see 
Figure  1.8  [106]. Prolactinomas co- express SSR1 
and SSR5 predominantly. The low expression of 
SSR2 receptors by prolactinomas is responsible 
for  their suboptimal response to octreotide. 
Pasireotide, being a multireceptor SSA, has an 
affinity for both SSR1 and SSR5 receptors, making 
it a viable option in the management of prolacti-
nomas (see  Section 1.1.1) [130]. There are reports 
of prolactinomas that have responded to pasireo-
tide [129, 131, 132].

TABLE 1.6  Anabolic effects of growth hormone.

Tissue Effects

Skeletal tissue 1. Synthesis of type 1 collagen
2. IGF- 1- mediated linear growth 

(stimulation of chondroblasts)

Adipose tissue 1. Promotes lipolysis by 
potentiating the effects on 
hormone- sensitive lipase 
(see Figure 1.10)

2. Glucose uptake

Skeletal muscle Protein synthesis and muscle 
growth

Source: Adapted from Root and Root [133].

Clinical Pearl
Harvey Cushing was able to associate skeletal 
undergrowth with a putative growth factor from the 
anterior pituitary gland. His observations were 
recorded in his paper, The pituitary body and its 
 disorders, in 1912. “Doubtless as many cases of
infantilismareduetoaprimaryhypophysealastoa
primary thyroid insufficiency… this isparticularly
true for cretinoid states  – may actually be due to
defectivehypophysealactivity” [133]. It was not until 
the 1950s that growth hormone or somatotrophin 
was eventually extracted from the anterior 
pituitary gland. Purified growth hormone was ini-
tially utilized in treating short stature in pediatric 
patients  [134]. Although the use of growth hor-
mone in adults took several decades, its utility in a 
hypopituitary adult was first demonstrated by 
Raben in 1962 [135]. Adult growth hormone defi-
ciency may present with isolated growth hormone 
deficiency or coexist with other pituitary hormone 
insufficiencies [102, 136].



FIGURE 1.10  The regulation of fat storage and mobilization by growth hormone. Fat storage occurs in the prandial period, 
a process that involves the hydrolysis of triglycerides (TAG) in triglyceride- laden lipoproteins into free fatty acids (FFAs). 
LPL- induced storage of FFA is facilitated by insulin [134] and inhibited by growth hormone [135]. Also, glucose transporter 4 
(GLUT4) transfers glucose from circulation to WAT after a meal. The conversion of glucose to FFA is also facilitated by 
insulin [136]. Ultimately, FFAs are esterified into TAGs. During periods of energy deficit, hormone- sensitive lipase (HSL) mediates 
the conversion of TAG repositories to FFA and glycerol. These, in turn, become substrates for gluconeogenesis. Growth hormone 
facilitates HSL- induced lipolysis of TAG into FFAs and glycerol [137]. On the contrary, insulin inhibits this fat mobilization step. 
+ = shows stimulatory factors, − = shows inhibitory factors. Source: Adapted from ref. [134].

FIGURE 1.11  The configuration of the three physiologic zones of the human growth plate. Growth plates are present at the ends 
of tubular bones. There is a sequential arrangement of the hypertrophic, proliferative, and resting zones from the epiphyseal to the 
metaphyseal ends of the bone [138]. Source: Adapted from ref. [138].
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1.4.1.2  Mechanism of Action

Recombinant human GH (rhGH) with an amino acid 
sequence similar to endogenous 22- kDa (KDa) growth 
hormone [140, 141] binds to the GH receptor and pro-
motes the downstream effects of endogenous GH [142].

1.4.1.3  Practice Guide

• Common side effects of GH replacement in 
adults include myalgia, arthralgia, peripheral
edema, and carpal tunnel syndrome. The de- 
escalation of the dose of GH improves and, in 
some cases, leads to the amelioration of these 
symptoms  [143]. In children on GH therapy, 
prepubertal breast development, slipped capital 
femoral epiphysis, and benign intracranial 
hypertension can occur [144].

• The beneficial effects of growth hormone therapy 
in patients with AGHD include improving lipid 
profiles, diastolic blood pressure, insulin sensi-
tivity, and lean body mass to fat body mass 
ratio [145].

In this randomized controlled trial, 43 hypopitu-
itary subjects with AGHD were randomized to either 
placebo or rhGH. The primary outcome included var-
ious surrogate cardiovascular endpoints, including 
visceral adiposity, insulin resistance, C- reactive pro-
tein (CRP), total cholesterol, and high- density lipo-
protein. There was a reduction in high- sensitivity CRP 
of 38.2 vs. 18.2 (p- value = 0.03), comparing GH with 
placebo. There was a statistically significant increase 
in IGF- 1  when comparing GH with placebo. Other 
demonstrable benefits of GH replacement included a 

decrease in total cholesterol and an increase in high- 
density lipoprotein [147].

Clinical Trial Evidence

Few large, high- quality, placebo- controlled rando-
mized clinical trials (RCTs) evaluate the safety 
and efficacy of growth hormone replacement 
therapy [146].

Key Message
Although GH replacement improves objective 
 cardiovascular risk factors, clinical trials have yet to 
demonstrate a clinically significant reduction in 
cardiovascular events [146].

Concepts to Ponder Over

Does GH replacement increase the risk of 
cancer?

A large cohort of nearly 24,000 patients treated with 
recombinant human GH during their pediatric years 
was followed up for an average of 14.8 years per 
patient. For patients with pediatric growth failure 
and no known malignancy at baseline, there was no 
apparent increased risk of most malignancies except 
for bone and bladder cancers. The incidence rates for 
bone and bladder cancers were 2.8 (95% confidence 
intervals 1.1–7.5) and 16.3 (95% confidence intervals 
5.2–50.4), respectively. The risk of these new- onset 
malignancies was not dependent on the cumulative 
doses of rhGH. However, an increased signal for 
recurrent primary cancers was observed in patients 
who received GH therapy in the setting of previously 
treated malignancies [148].

What are the effects of growth hormone on 
glycemic control?

GH, a counterregulatory hormone, is expected to 
cause hyperglycemia in normal physiology [149]. In a 
long- term observational study, including more than 
5000 patients deficient in growth hormone on GH 
replacement, the incidence of diabetes was 2.6 per 
100 patient- years. The risk was significantly higher 
among older subjects with a high body mass index, 
triglyceride levels, waist circumference, or blood 
pressure [150]. Refer to Table 1.7 for a summary of the 
effects of growth hormone on glucose metabolism.

TABLE 1.7  Glycemic effects of growth hormone.

Mechanism Glycemic effects

Inhibition of GLUT4 
expression by adipose 
tissue

Reduced peripheral 
uptake of glucose by 
adipose tissue

Growth hormone- 
mediated upregulation of 
hormone- sensitive lipase 
activity in adipose tissue.a

Liberation of free fatty 
acids leads to insulin 
resistance (impairs 
post- receptor insulin 
signaling)

(continued)
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1.5  CENTRAL DIABETES INSIPIDUS

1.5.1 Desmopressin

1.5.1.1  Physiology

Antidiuretic Hormone and Regulation 
of Serum Osmolarity
AVP is synthesized in the nuclei of paired hypothal-
amohypophyseal neurons originating from supraoptic 
and paraventricular nuclei of the hypothalamus and 
terminating in the posterior pituitary gland  [151]. 
Neurosecretory granules containing AVP are transported 
along axons that terminate in fenestrated  capillaries 
in the neurohypophysis (posterior pituitary)  [152]. 
The osmolarity sensing center (osmostat), located in the 
hypothalamus, regulates the release of AVP through 
relay neurons that project into the cell bodies of the 
supraoptic and paraventricular nuclei [153].

There is a linear relationship between plasma 
osmolarity and plasma AVP levels such that significant 
increases in plasma osmolarity cause a corresponding 
increase in plasma AVP [154]. In the context of dehy-
dration, AVP, also known as antidiuretic hormone 
(ADH), increases water conservation at the level of the 

collecting duct, a process that increases urine osmo-
larity and leads to the restoration of normal plasma 
osmolarity [155] (see Figure 1.12).

1.5.1.2  Mechanism of Action

Desmopressin (1- deamino- 8- D- arginine vasopressin, 
DDAVP) is an analog of AVP [158] with a prolonged 
plasma half- life of approximately 55 minutes 
( compared to endogenous AVP which has a half- life of 
5–10 minutes) [159].

It is worth noting that substituting D- arginine for 
L- arginine at position 8 of the AVP amino acid chain 
eliminates the vasopressor effects of this synthetic 
analog of AVP  [160]. Desmopressin promotes water 
conservation by binding to V2 receptors in the renal 
collecting ducts  [158]. (See Figure  1.12). During 
periods of significant dehydration, the central thirst 
mechanism allows free water consumption, which 
results in the restoration of intravascular volume and 
osmolarity [155, 163].

1.5.1.3  Practice Guide

• Desmopressin can be administered safely 
through  various routes (including intravenous, 
subcutaneous, oral, intranasal, and intra muscular). 
A simple rule of thumb is to use a conversion factor 
of 1 : 10 when converting between administration 
routes of administration [158].

Mechanism Glycemic effects

Promotion of 
gluconeogenesis in the 
liver and kidneys

Hyperglycemia in the 
fasting state

Growth hormone- 
mediated upregulation of 
lipoprotein lipase in 
skeletal muscle promotes 
the accumulation of FFAs 
in skeletal muscle.‡

Insulin resistance

GH leads to the formation 
of IGF- 1. IGF- 1 can bind 
peripheral insulin receptors 
and simulate the effects of 
endogenous insulin- to- 
insulin receptor interaction

Hypoglycemia

a Also see Figure 1.11 for the effects of GH on fat storage and 
mobilization.
Esterification of FFAs into triacylglycerides leads to the 
formation of intermediate products such as diacylglycerol 
(impairs post- receptor insulin signaling).
Source: Adapted from Kim and Park [149].

TABLE 1.7  (Continued)

Clinical Pearl
Diabetes insipidus, “tasteless urine,” was distin-
guished from diabetes mellitus in 1674 by Thomas 
Willis, an English physician. Edward Schafer, a 
renowned physiologist, discovered the effects of a 
posterior pituitary extract on urine output in 1901. 
Paradoxically, the posterior pituitary extract 
increased urine output according to Schafer’s experi-
ments, although this challenged observations of the 
antidiuretic effects of the posterior pituitary extract 
on urine output in patients with diabetes insipidus.

Ernest Verney and Ernest H. Starling, in the 
1920s, were finally able to demonstrate that pitui-
trin (posterior pituitary extract) had an antidiuretic 
effect (and not a diuretic effect as previously re-
ported by Schafer) on the kidneys independent of 
its effects on blood pressure.
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• Coadministration of NSAIDs and desmopressin 
can lead to life- threatening hyponatremia [164]. 
In normal physiology, prostaglandin E2 (PgE2) 
impairs the liberation of AQP2 from their endo-
cytic vesicles after AVP to V2 receptor interaction. 
Cyclooxygenase inhibitors impair the synthesis 
of PgE2, thus increasing the availability of AQP2 
(water intoxication) [165].

• Consider an intermittent “DDAVP holiday” to 
reduce the likely risk of hyponatremia. Patients 
can be advised to delay the administration of a 
scheduled dose of DDAVP once a week until 
2  or 3 successive episodes of breakthrough 
polyuria [166].

• Gastrointestinal peptidases denature oral desmo-
pressin; as such, patients should be advised of the 
importance of taking this medication on an empty 
stomach or at least 90 minutes after a meal [167].

• Pituitary adenomas rarely present with central 
diabetes insipidus (CDI). Therefore, CDI in the 
setting of a sellar mass is more suggestive of an 
alternative differential diagnosis, such as cranio-
pharyngiomas or a granulomatous process [166].

FIGURE 1.12  Schematic representation of AVP- mediated water conservation in the principal cell of the renal collecting duct. 
AVP binds to G- protein coupled V2 receptors on the principal cell’s basolateral membrane (BM) [156]. This initiates a cascade of 
intracellular processes that involve adenylyl cyclase- mediated cyclic adenosine monophosphate (cAMP) production and 
subsequent protein kinase A (PKA) activation. Afterward, PKA will promote the release of aquaporins from endocytic vesicles. 
Aquaporin- 2 (AQP2) released from vesicles inserts into the collecting duct apical membrane (AM). This promotes the 
translocation of free water from the collecting duct into the cytoplasm of the principal cell [157]. Aquaporin- 3 (AQP3) and 
aquaporin- 4 (AQP4) water channels, which are integral components (i.e. they are not released from endocytic vesicles) of the BM, 
facilitate the final transfer of water from the cytoplasm to the peritubular capillaries [155].

Desmopressin Conversion Via the Route 
of Administration
Intravenous/Subcutaneous: Intranasal: Oral = 1 mcg:  
10 mcg: 100 mcg

Clinical Trial Evidence

In this retrospective study, the incidence of hypo-
natremia in patients with CDI was evaluated between 
the intranasal and oral desmopressin routes of 
administration. Thirty- two subjects who had previously 
been well- controlled with stable doses of intranasal 
DDAVP were switched to an oral route of administration 
for a maximum duration of 18 months [168].
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1.5.2 Water

1.5.2.1  Physiology

Osmotic Center and the Regulation 
of Sodium Balance
The previously described osmotic center (also known as 
the osmostat, see Section 1.5.1) is composed of two dis-
crete structures known as the organumvasculosumof
thelaminaterminalis (OVLT) and the subfornicalorgan 
(SFO). These structures have projecting from them neu-
rons that supply parts of the forebrain involved in the 
executive response to thirst, the hypothalamus (SON 
and PVN), and the sympathetic nervous system [171]. 
OVLT and SFO are activated by elevated serum osmo-
larity and angiotensin II levels. The response to the 
activation of OVLT and SFO includes increased thirst 
sensation, AVP release, and a sympathoadrenergic 
increase in blood pressure [172, 173].

1.5.2.2  Mechanism of Action

The role of free water in maintaining hydration status 
has been discussed. See Figure 1.12.

1.5.2.3  Practice Guide

• Access to free water is essential in the 
management of CDI. Indeed, in mild diabetes 
insipidus, optimal water ingestion (as mono-
therapy) could be enough to maintain sodium 
and water balance [174].

• Patients with adipsic CDI have all the features 
of CDI but are unable to sense thirst. It is a com-
plex disease to manage due to marked vari-
ability in serum sodium and apparent challenges 
in maintaining oral hydration [175]

1.5.3 Natriuretic Agents

1.5.3.1  Physiology

Physiology of Diuresis in the Distal Convoluted 
Tubule (DCT)
The sodium- chloride symporter (secondary active 
transport system) and the electrochemical gradient 
created by the sodium- potassium adenosine triphos-
phatase (Na- K ATPase) (primary active transport 
system) are both essential for sodium reabsorption in 
the DCT. However, the DCT is impermeable to water, 
making urine in this segment hypotonic [177].

Clinical Trial Evidence

In a long- term retrospective study of 137 CDI- 
positive subjects at maintenance doses of DDAVP, 
the risk of sodium imbalance was compared bet-
ween those with adipsia (impaired thirst sensation) 
and those with an intact thirst sensation. The risk 
of hypernatremia between the adipsic and non- 
adipic groups was 20% and 1.4%, respectively (P- 
value  =  0.02). The risk of hyponatremia between 
the adipsic and non- adipic groups was 50% and 
11.1%, respectively (p- value = 0.02%) [176].

Key Message
Adipsia increases the risk of a significant sodium 
imbalance in patients with CDI. Since these patients 
do not have the ability to respond to increased 
serum osmolarity, they are prone to profound dehy-
dration in the setting of polyuria [176].

Key Message
Based on the results of this study, the frequency of 
significant hyponatremia (<130 mmol/L) was 4.2% 
when subjects were on intranasal desmopressin, 
compared to 1.3% when on oral desmopressin. This 
was statistically significant. Normal water and 
sodium balance are better achieved with oral DDAVP 
compared to intranasally administered DDAVP [168].

Pathophysiology Pearl
Conditionsmasqueradingasdiabetesinsipidus

• Gestational diabetes insipidus occurs in 
 pregnant women due to the degradation of 
endogenous AVP by a placenta- derived 
enzyme called vasopressinase. The clinical 
and biochemical characteristics are similar 
to those of CDI [169].

• Primary polydipsia (chronic) results in 
decreased renal concentrating ability due to 
excessive fluid ingestion. In effect, an abun-
dance of free water promotes the downregu-
lation of aquaporins (“wash- out effect”) [170].
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1.5.3.2  Mechanism of Action

Thiazide diuretics exert their natriuretic effects by 
inhibiting thiazide- sensitive Na+- Cl− symporters in 
the distal convoluted tubules of the nephron. The 
net effect will be the wasting of both sodium and 
water at the distal nephron (see Figure  1.13). 
Mechanistically this seems counterintuitive since 
patients with CDI are polyuric at baseline [178, 180]. 
See Figure 1.14 for a proposed mechanistic pathway 
that explains the role of natriuretic agents in the 
management of CDI.

1.5.3.3  Practice Guide

• Thiazide diuretics, either as monotherapy or 
dual therapy with amiloride (potassium- 
sparing diuretic) or indomethacin, are reason-
able thera peutic approaches in diabetes 
insipidus [181].

• A low- salt diet potentiates the paradoxical 
“antidiuretic effect” of thiazide diuretics [167].

Clinical Pearl
Gitelman syndrome is an inherited form of hypo-
kalemic alkalosis that occurs as a result of a muta-
tion in the gene encoding the sodium chloride 
symporter. This syndrome simulates exposure to a 
thiazide diuretic agent [182].

FIGURE 1.13  Mechanism of action of thiazide diuretics in the DCT. The sodium- potassium pump (Na- K ATPase) present on the 
basolateral membrane of the DCT creates an electrochemical gradient that facilitates the transport of sodium and chloride ions 
(Cl−) by the sodium- chloride symporter (luminal or apical membrane) [161]. Chloride ions move from the lumen into the ductal 
cell against an electrochemical gradient. Cl− is then ferried from the ductal cell into the peritubular capillaries by chloride 
channels in the basolateral membrane. Potassium ions (K+) are also transported from the ductal cell to peritubular capillaries via 
dedicated K+ channels. Aldosterone, produced as a consequence of activation of the renin- angiotensin- aldosterone system 
(RAAS), increases the transcription and translation of the sodium- chloride symporter [162]. Source: Adapted from ref. [161].

Clinical Trial Evidence

There are no published RCTs on the use of thiazide 
diuretics in CDI. Some pediatric case reports and ret-
rospective studies exploring the use of thiazide 
diuretics in CDI gave promising results in terms of 
treatment efficacy (achievement of eunatremia and 
control of polyuria) [178, 183, 184]. Most importantly, 
the use of diuretics is not recommended in  the 
management of CDI. However, diuretic therapy is 
indicated in treating nephrogenic diabetes insipidus.
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1.5.4 Clofibrate, Chlorpropamide, 
and Carbamazepine

1.5.4.1  Physiology

The physiology of central ADH regulation and its 
peripheral effects is reviewed in Section 1.5.1.

1.5.4.2  Mechanism of Action

Clofibrate: Clofibrate, an antilipidemic agent, has 
antidiuretic properties. It exerts its antidiuretic 
effects by increasing ADH release from the neuro-
hypophysis [185]. This drug was withdrawn from 
the market in 2002 and is  mentioned here due to 
its historical significance [167].
Chlorpropamide: Chlorpropamide, a first- 
generation sulfonylurea, increases release of ADH 
and also promotes the antidiuretic effects of ADH 
at the renal collecting duct  [185]. Alternative 
mechanisms of action include an increase in the 

circulating half- life of AVP and a lower osmotic 
threshold for the release of endogenous AVP [186].
Carbamazepine: Carbamazepine, an antiepileptic 
agent, potentiates ADH effects at the renal collect-
ing duct [187].

1.5.4.3  Practice Guide

None of these agents are recommended as an 
alternative to DDAVP in the management of CDI.

FIGURE 1.14  Schematic representation of the role of thiazide diuretics in central diabetes insipidus. Thiazide diuretics promote 
sodium wasting in the distal renal tubule. The high sodium load in the renal tubular fluid also increases water loss (osmotic effect). 
A reduction in extracellular fluid volume causes a decrease in the estimated glomerular filtration rate, ultimately activating the 
RAAS. Increased levels of Angiotensin II promote a compensatory increase in sodium and water conservation at the proximal tubule 
(see Section 3.1.2). Consequently, less sodium and water are delivered to collecting tubules, leading to less renal water loss [178, 179].

Clinical Trial Evidence

There are no RCTs comparing any of these agents 
with guideline- recommended DDAVP. In a recent 
case report of a patient with CDI, oxcarbazepine 
(structurally homologous to carbamazepine) was 
proposed as an alternative to DDAVP [186].
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Concepts to Ponder Over

What is the triphasic response of diabetes 
insipidus?

The triphasic response of central diabetes insipidus 
represents a unique state of sodium imbalance char-
acterized by rapid changes in serum sodium and, 
consequently, intravascular volume among patients 
with pituitary stalk injury  [188]. Disruption of the 
stalk occurs commonly in the setting of neurosur-
gery [189] but has also been described in traumatic 
brain injury [190].

An initial phase of overt CDI occurs due to axo-
nal shock, and it presents with an impaired neuronal 
transfer of AVP from the hypothalamus to the posterior 
pituitary gland. The second phase is characterized by 
axonal death and the release of preformed AVP from 
their neuronal stores. This is similar to the syndrome 
of inappropriate ADH (SIADH) secretion. After an 
80–90% depletion of AVP stores, the final phase of 
permanent CDI occurs (see Figure 1.15) [191].

What are the causes of adipsic central diabetes 
insipidus?

Adipsic CDI manifests itself as an inability to per-
ceive thirst in the setting of AVP deficiency that 

results in hypotonic polyuria and hypernatre-
mia [192]. It occurs due to the disruption of vascular 
supply to the osmostat center (OVLT or SFO), infil-
trative tumors(craniopharyngioma), autoimmune 
disease, or congenital malformations of the corpus 
callosum [193].

Phase I: neuronal shock, which leads to transient 
diabetes insipidus  [191]. This phase lasts for about 
72 hours. The timely use of DDAVP or hypotonic 
fluids is reasonable [189].

Phase II: Neuronal death (distal to the site of 
stalk transection) and release of preformed AVP 
(from the neurohypophysis) leads to an SIADH- like 
picture  [191]. This phase may last up to 2 weeks. 
Careful fluid restriction is key [189].

Phase III: The depletion of neuronal stores 
of AVP in the paraventricular nucleus (PVN) and 
supraoptic nucleus (SON) leads to a recurrence 
of diabetes insipidus. This tends to be permanent, 
especially in the setting of complete pituitary stalk 
transection [191].

Source: Adapted from Redrawn and modified from Hoorn 
and Zietse [189].

FIGURE 1.15  The triphasic response of central diabetes insipidus. Source: Adapter from [181].
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1.6  SYNDROME OF INAPPROPRIATE 
ADH SECRETION

1.6.1 Vaptans

1.6.1.1 Physiology

The hypothalamic–pituitary-renal axis with regards 
to the role of AVP in the conservation of renal water 
was reviewed in Section  1.5.1. AVP has various 
effects  in different tissues, depending on the AVP 
receptor subtype expressed in the target tissue 
(Table 1.8) [194, 195].

1.6.1.2  Mechanism of Action

Vaptans are V2 receptor antagonists that impair the 
binding of endogenous AVP to its cognate V2 recep-
tors. It is essential to appreciate that vaptans cause an 
“aquaresis” (i.e. loss of free water with the conservation 
of electrolytes) as opposed to the effects of diuretics, 
which promote both fluid and electrolyte losses. In 
SIADH, there is an excessive amount of free  water 
(relative to sodium) conservation due to the effects 
of ADH in the renal collecting tubule. This makes 
vaptans a more reasonable therapeutic option in 
SIADH, than monotherapy with conventional diuretic 
agents [194].

1.6.1.3 Practice Guide

Patients taking vaptans are at risk of dehydration 
due to polyuria and polydipsia [196].

Although this class of medications has an accept-
able safety profile, they should be started in the 
inpatient setting to avoid significant increases 
in serum sodium and the risk of osmotic demy-
elination syndrome [197].

1.6.2 Fluid Restriction

1.6.2.1 Physiology

The role of free water in the determination of serum 
osmolarity was discussed earlier (see Figure 1.13).

TABLE 1.8  Subtypes of AVP receptors and their 
physiologic effects.

AVP 
receptor

Tissue Effect(s)

V1a Vascular 
smooth muscle
Myocardium

Vasoconstriction and 
platelet function
Cardiac inotropic 
function

V1b Pituitary Pituitary ACTH secretion 
(see Figure 1.1)

V2 Renal 
collecting duct
Vascular 
endothelium

Water conservation 
(see Figure 1.13)
Release of vWF and 
factor VIII

vWF, von Willebrand factor.
Source: Adapted from Verbalis et al. [194].

Clinical Pearl
The syndrome of inappropriate antidiuretic hor-
mone (SIADH) secretion is the leading cause of 
hyponatremia in outpatient and inpatient settings. 
It is particularly relevant due to morbidity and 
mortality associated with untreated or poorly 
managed hyponatremia  [194]. Although eponyms 
are increasingly being replaced by labels that clarify 
the pathophysiological basis of diseases, the contri-
butions of pioneering physicians should be appre-
ciated. SIADH was previously called the 
Schwartz–Bartter syndrome. Bartter syndrome, a 
rare condition of electrolyte imbalance, is also 
named after Frederic Bartter [196].

Clinical Trial Evidence

Clinical trials evaluating the safety and efficacy of 
vaptans in the treatment of euvolemic hyponatre-
mia (SIADH) include SALT- 1, SALT- 2, and 
SALTWATER.

In the Study of Ascending Levels of Tolvaptan
in Hyponatremia (SALT- 1 and SALT- 2), serum 
sodium increased significantly in the tolvaptan 
group compared to the placebo group (p- value 
of < 0.001) across a heterogeneous population of 
hyponatremic patients (euvolemic or hypervol-
emic hyponatremia) [198]. The Safetyandsodium
assessmentofLong-termTolvaptanWithhyponatre-
mia:Ayear-long,open-labelTrialtogainExperience
under Real-world conditions (SALTWATER), an 
extension study of SALT- 1 and SALT- 2 demon-
strated the long- term safety and efficacy of tolvap-
tan in hyponatremia [196].
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1.6.2.2  Mechanism of Action

The mechanistic pathways for the sensation of thirst (see 
Section  1.5.2) and AVP- mediated regulation of serum 
osmolarity (see Section 1.5.1) have been discussed.

1.6.2.3 Practice Guide

• Fluid restriction performs abysmally in routine 
clinical practice, most likely due to the poor 
selection of patients for this therapeutic option 
among patients with SIADH [199].

Fürst equation
([ ] [ ]) / [ ]Urine sodium Urine Potassium Serum sodium+
[] = concentration.

There are various adjunctive therapies utilized in 
the management of diabetes insipidus. Their mecha-
nisms of action are shown in Table 1.9.

There are other therapies reported for the 
management of SIADH. These include loop diuretics, 
urea, hypertonic saline, lithium, demeclocycline, and 
hemodialysis [207].

TABLE 1.9  Mechanism of action of adjunctive 
therapies in SIADH.

Therapy Mechanism of action

Loop diureticsa Diuresis (free water and electrolyte 
losses). Sodium chloride supplemen-
tation is mandatory [200, 201]

Sodium 
chloridea

Sodium chloride is best administered 
with fluid restriction or a diuretic 
agent (“aquaretic effect”) [201]

Lithium Anti- natriuresis (renal sodium 
conservation) [202] and limitation of 
AQP- 2 expression in the renal 
collecting ducts (nephrogenic diabetes 
insipidus- like presentation) [203].

Demeclocycline Nephrogenic diabetes insipidus [204]

Urea Osmotic diuresis and compensatory 
passive sodium conservation at the 
level of the ascending limb of the 
loop of Henle [205].

a In the EFFUSE- FLUID clinical trial, a combination of loop 
diuretics and sodium chloride with fluid restriction did not fare 
any better than fluid restriction alone.
Source: Adapted from refs. [200–205].

Clinical Trial Evidence

In this retrospective study of 29 patients with 
SIADH, the efficacy of fluid restriction (1.5–2 L), 
with or without adjunctive urea supplementation, 
in the management of SIADH was explored. 
Changes in serum sodium and urine osmolarity 
were compared at one year with baseline. The mean 
serum sodium concentration and urine osmolarity 
were 129 mEq/L and 274 mOsm/kgH2O, respec-
tively, at baseline. At the end of 12 months of 
fluid  restriction, serum sodium concentration 
and urine osmolarity improved to 138.5 mEq/L and 
505 mOsm/kgH2O, respectively. This occurred in 
30% of subjects. For patients who had a suboptimal 
response to fluid restriction alone, most attained 
eunatremia after the institution of urea supplemen-
tation (15–30 g daily) [206].

Poor Predictors of Response to Fluid 
Restriction
Urine osmolarity >500 mOsm/kg/H2O
Urine output of less than 1500 mL per 24 hours
An estimated “Fürst equation” ratio of >1

Key Message
Moderate fluid restriction (1.5–2 L) per day led to 
eunatremia in 30% of patients with chronic SIADH, 
according to the results of this retrospective study.

Concepts to Ponder On

What are the diagnostic criteria for SIADH?

The diagnosis of SIADH is based on the criteria pro-
posed by Bartter and Schwartz in 1967 [208].

TheclassicBartterandSchwartzcriteria

1. Plasma osmolarity <275 mOsm/kg of H2O
2. Inappropriately concentrated urine 

>100 mOsm/kg
3. Euvolemia
4. Urine sodium >20 mEq/L
5. Normal thyroid function, normal adrenal 

function, and no recent exposure to diu-
retic agents (effects on urine sodium).

Patients who meet ALL of the above criteria are 
more likely to have SIADH [194].
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PRACTICE- BASED QUESTIONS

1. A 50- year- old woman with a six- month history of 
easy bruisability, hyperglycemia, and resistant 
hypertension is admitted to the medicine service. 
The endocrinologist on call recommends initiating 
pasireotide. Which of the following receptors is the 
primary target of Pasireotide in Cushing’s disease?

a. Somatostatin receptor subtype 2 (SSR2)
b. Somatostatin receptor subtype 5 (SSR5)
c. Melanocortin- 2 receptor (MCR- 2)
d. Dopamine D2 receptor (D2R)

Correctanswer: b) Somatostatin receptor subtype 5 
(SSR5). Pasireotide is a “near pan- somatostatin” 
receptor analog that binds to four of the five 
somatostatin receptor isoforms (SSR1, SSR2, 
SSR3, and SSR5). Due to its affinity for SSR5 
receptors, pasireotide is an ideal therapeutic 
option in Cushing’s disease. Corticotroph 
tumors in the anterior pituitary gland express 
more SSR5 receptors than the other somato-
statin receptor subtypes making pasireotide an 
ideal agent for this tumor.

2. Which of the following transcription factors is 
inhibited by Retinoic Acid (RA)?

a. Activator protein 1 (AP- 1)
b. Nuclear receptor 77 (Nur77)
c. Chicken ovoalbumin upstream promoter tran-

scription factor 1 (COUP- TF1)
d. Both a and b

Correctanswer: d) Both a and b. In normal physi-
ology, there are retinoid- sensitive intermediary 
mediators (transcription factors) of POMC pro-
moter gene activation, namely, AP- 1 and Nur77. 
Retinoic acid (RA), by binding to its nuclear ret-
inoic acid receptors inhibits AP- 1, and Nur77 
expression, thus preventing POMC promoter 
gene activation.

3. What percentage of corticotroph adenomas express 
D2 receptors?

a. 10%
b. 40%
c. 60%
d. 80%

Correctanswer: d) 80%. Approximately 80% of cor-
ticotroph adenomas express D2 receptors, but 
they have a relatively low D2 receptor density 
making, dopaminergic agonists (DAs) a less 
favorable therapeutic option in Cushings dis-
ease, compared to other medical therapies.

4. Which of the following hormones is inhibited 
by  Pasireotide through yet- to- be- characterized 
intestinal somatostatin receptors?

a. Insulin
b. Glucagon- like peptide 1
c. Glucose- dependent insulinotropic peptide (GIP)
d. Both b and c

Correctanswer: d) Both b and c. Pasireotide through 
yet- to- be- characterized intestinal somatostatin 
receptors inhibits the release of glucagon- like 
peptide 1(GLP- 1) and glucose- dependent 
 insulinotropic peptide (GIP) from K and L cells, 
respectively. Pasireotide causes hyperglycemia, 
gastrointestinal discomfort, and cholelithiasis.

5. A 50- year- old man with newly diagnosed Cushing’s 
syndrome is started on medical therapy. What is 
the  typical dose range for Pasireotide immediate- 
release as a subcutaneous injection?

a. 0.1 to 0.5 mg
b. 0.3 to 0.9 mg
c. 1 to 3 mg
d. 5–10 mg

Correct answer: b) 0.3–0.9 mg. The typical dose 
range for pasireotide immediate- release is 
0.3–0.9 mg (300–900 mcg) as a subcutaneous 
injection (thigh, upper arm, or abdomen) twice 

What conditions can mask the presence of 
partial central diabetes insipidus?

The coexistence of a paraneoplastic condition man-
ifesting as SIADH may mask the presence of central 
diabetes insipidus [209].

Partial central diabetes insipidus can also be 
masked in the presence of glucocorticoid defi-
ciency. It should be noted that glucocorticoids 
inhibit V2R- mediated water conservation in the col-
lecting duct by impairing the translocation of V2R 
to the apical membrane of the collecting duct cell. 
Glucocorticoid deficiency, in part, promotes water 
reabsorption, thus masking the presence of partial
central diabetes insipidus. Primary glucocorticoid 
deficiency leads to increased CRH production (AVP 
secretagogue) due to loss of negative feedback inhi-
bition of hypothalamic centers by cortisol [209].
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a day. A long- acting release (LAR) formulation 
is administered once a month (10–30 mg) intra-
muscularly as a depot injection.

6. Which of the following steroidogenesis inhibitors 
has been recently approved for persistent and recur-
rent Cushing’s disease?

a. Metyrapone
b. Mitotane
c. Ketoconazole
d. Osilodrostat

Correct Answer: d) Osilodrostat. Osilodrostat 
inhibits 11- beta hydroxylase activity in the 
adrenal cortex, and it has been recently approved 
for persistent and recurrent Cushing’s disease.

7. Which of the following steroidogenesis inhibitors 
used in the treatment of Cushings syndrome has 
been suggested to have both adrenolytic and adre-
nostatic properties?

a. Metyrapone
b. Mitotane
c. Ketoconazole
d. Osilodrostat

Correctanswer: b) Mitotane. Mitotane is suggested 
to have both adrenolytic and adrenostatic prop-
erties. Mitotane is a chemotherapeutic agent 
with a diphenylmethane moiety that causes 
mitochondrial dysfunction, lysis, and necrosis.

8. A 28- year- old woman presents with oligomenor-
rhea and is diagnosed with Cushing’s syndrome. 
Her urine pregnancy test returned negative. Which 
of the following steroidogenesis inhibitors is the 
recommended first- line medical therapy for non-
pregnant adults with confirmed endogenous 
hypercortisolemia?

a. Metyrapone
b. Mitotane
c. Ketoconazole
d. Osilodrostat

Correct answer: c) Ketoconazole. Ketoconazole is 
the recommended first- line medical therapy for 
nonpregnant adults with confirmed endoge-
nous hypercortisolemia.

9. You are considering various treatment options for 
Cushing’s syndrome in a newly diagnosed patient. 
You are concerned about the risk of medical therapy 

on a fetus. Which of the following agents has both 
anti- glucocorticoid and anti- progesterone effects?

a. Metyrapone
b. Mitotane
c. Ketoconazole
d. Mifepristone

Correctanswer: d) Mifepristone. Mifepristone has 
both anti- glucocorticoid and anti- progesterone 
effects. It actually exerts its effects by binding 
to the ligand- binding domain of the cytosolic 
glucocorticoid receptor without directly pro-
moting its downstream effects.

10. An endocrinologist on call evaluates a newly diag-
nosed patient with a small 4 mm pituitary ade-
noma. He makes a diagnosis of Cushing’s disease. 
What is the recommended first- line treatment for 
Cushing’s disease?

a. Ketoconazole
b. Metyrapone
c. Mitotane
d. Transsphenoidal surgery

Correct answer: d) Transsphenoidal surgery. 
Transsphenoidal surgery is the recommended 
first- line treatment for Cushing’s disease. 
However, a high recurrence rate of about 20% 
makes medical therapies an essential adjunc-
tive approach.

11. A 54- year- old man with poor libido, excessive dia-
phoresis, and wide spaced teeth is noted to have 
elevated growth hormone levels after an oral 
glucose tolerance test. His IGF- 1  level remains 
elevated on two occasions. You are considering 
the use of somatostatin analogs in his treatment. 
What is the role of somatostatin in growth hor-
mone regulation?

a. Promotes the release of growth hormone from 
somatotrophs

b. Blocks the release of growth hormone from 
somatotrophs

c. Enhances the sensitivity of the liver to 
growth hormone

d. Enhances the synthesis of insulin- like growth 
factor 1 in the liver

Correct answer: b. Blocks the release of growth 
hormone from somatotrophs. Somatostatin 
inhibits the release of GH by somatotrophs by 
acting on somatostatin receptors (primarily 
the SSR2 receptor subtype).
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12. Which of the following organs does not produce 
insulin- like growth factor 1 (IGF- 1)?

a. Liver
b. Skeletal muscle
c. Adipose tissue
d. Brain

Correctanswer: d. Brain. IGF- 1 is produced in var-
ious tissues, including the liver, skeletal 
muscle, and adipose tissue, but not by the brain.

13. A 63- year- old woman is diagnosed with acro-
megaly. What is the mechanism of action of 
pegvisomant?

a. It activates the growth hormone receptor and 
induces IGF- 1 production

b. It inhibits the growth hormone receptor and 
blocks IGF- 1 production

c. It activates the somatostatin receptor and 
inhibits growth hormone production

d. It inhibits the somatostatin receptor and 
enhances growth hormone production

Correctanswer: b. It inhibits the growth hormone 
receptor and blocks IGF- 1 production. 
Pegvisomant occupies the GH receptor pocket, 
depriving the receptor of direct activation by 
GH. This subsequently induces defective 
dimerization of the receptor, thus preventing 
key signal transduction pathways (JAK–STAT 
signaling) and the eventual production of IGF- 1.

14. A 38- year- old obese patient is diagnosed with a 
pituitary adenoma. You are considering the use of 
pasireotide. What is the hallmark side effect of 
pasireotide?

a. Hypoglycemia
b. Hyperglycemia
c. Diarrhea
d. Cholelithiasis

Correct answer: b. Hyperglycemia. Pasireotide is 
associated with a disproportionate risk of 
hyperglycemia, particularly in patients with 
diabetes or prediabetes, and should be 
screened for before and during treatment.

15. You are considering the use of dopaminergic 
modulators in the management of acromegaly. 
What is the differential effect of dopamine on 
growth hormone secretion in normal physiology?

a. It increases growth hormone secretion at the 
level of the anterior pituitary gland

b. It increases growth hormone secretion at the 
level of the hypothalamus

c. Growth hormone decreases growth hormone 
secretion at the level of the anterior 
pituitary gland

d. Growth hormone decreases growth hormone 
secretion at the level of the hypothalamus

Correct answer: c. It decreases growth hormone 
secretion at the level of the anterior pituitary 
gland. The effects of dopamine on GH secre-
tion are more profound at the level of the 
 anterior pituitary gland than at the level of the 
hypothalamus. The net effect is a reduction in 
GH secretion.

16. A 56- year- old woman presents with polyuria. You 
have scheduled a formal water deprivation test. 
What is the relationship between plasma osmo-
larity and plasma AVP levels?

a. Plasma AVP levels are independent of plasma 
osmolarity

b. Significant decreases in plasma osmolarity 
cause a corresponding increase in plasma 
AVP levels

c. Significant increases in plasma osmolarity 
cause a corresponding decrease in plasma 
AVP levels

d. Plasma AVP levels are not affected by changes 
in plasma osmolarity

Correctanswer: b. Significant increases in plasma 
osmolarity cause a corresponding increase in 
plasma AVP levels. This linear relationship 
between plasma osmolarity and plasma AVP 
levels ensures the proper regulation of water 
balance in the body, allowing for the 
conservation of water when necessary.

17. A patient with central diabetes insipidus reports a 
significant improvement in polyuria after starting 
desmopressin therapy. Which receptors are 
involved in the water- conserving properties of 
desmopressin?

a. V1 receptors
b. V2 receptors
c. Beta- 1 receptors
d. Alpha- 2 receptors
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Correct answer: b. Desmopressin binds to V2 
receptors on the basolateral membrane of the 
principal cell in the renal collecting duct. This 
initiates a cascade of intracellular processes 
that ultimately lead to the promotion of water 
conservation at the level of the collecting duct, 
resulting in the restoration of normal plasma 
osmolarity.

18. What is adipsic CDI?

a. A form of CDI in which patients are unable to 
sense thirst

b. A form of CDI in which the kidneys are unre-
sponsive to vasopressin

c. A form of CDI caused by a pituitary adenoma
d. A form of CDI caused by a genetic mutation

Correct answer: a. Adipsic CDI is a condition in 
which patients with CDI are unable to sense 
thirst. This makes management of the 
condition challenging, as patients may have 
difficulty maintaining oral hydration, leading 
to significant sodium imbalances.

19. What is the recommended timing of administration 
for oral desmopressin?

a. With food
b. On an empty stomach
c. With a high- fat meal
d. With a glass of water

Correct answer: b. Gastrointestinal peptidases 
denature oral Desmopressin, which can lead 
to reduced efficacy of the medication. Patients 
should be advised to take this medication 
either on an empty stomach or at least 90 min-
utes after a meal to ensure optimal absorption.

20. A 26- year- old woman presents with seizures after 
starting an antidepressant medication. What is 
the likely explanation for her presentations

a. Hypernatremia
b. Polyuria
c. Hyperkalemia
d. Hyponatremia

Correct answer: d. Syndrome of inappropriate 
antidiuretic hormone secretion (SIADH) is 
characterized by excessive release of ADH, 
which results in increased water reabsorption 
in the kidneys. A state of dilutional 

hyponatremia therefore results, a condition 
where there is a low concentration of sodium 
in the blood due to an excessive amount of 
water. The other options, hypernatremia, 
 polyuria, and hyperkalemia, are not typically 
associated with SIADH.
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C H A P T E R  2
Thyroid Gland Therapies

2.1 HASHIMOTO’S THYROIDITIS

2.1.1 Levothyroxine

2.1.1.1 Physiology

Types of Thyroid Hormones
Thyroid hormones are important regulators of various 
physiological processes, such as cellular growth and 
metabolism. The thyroid gland present in the anterior 
neck is responsible for the synthesis and secretion of 
thyroid hormones: thyroxine (T4) and triiodothy-
ronine (T3).

First, T4 is the predominant thyroid hormone 
secreted by the thyroid gland, accounting for approxi-
mately 90% of endogenous total thyroid hormone pro-
duction  [1]. It should be noted that T4 is, in fact, a 
prohormone with relatively low biological activity 
compared to T3 [1, 2]. Structurally, T4 comprises four 
iodine atoms bound to a tyrosine- derived backbone. 
Most T4 is bound to carrier proteins, such as thyroxine- 
binding globulin (TBG), transthyretin, and albumin in 
circulation, with only a tiny fraction (approximately 
0.03%) present as free thyroxine (FT4) [3]. Free T4 is 
the unbound form that can enter target cells and exert 
various intracellular effects.

On the other hand, T3, the biologically active 
thyroid hormone, accounts for almost 10% of the 

total endogenous thyroid hormone production  [1]. 
T3  has approximately three to five times greater 
potency than T4 and is produced through peripheral 
deiodination.

T3  circulates bound to carrier proteins (mainly 
TBG and albumin), with a small fraction (approxi-
mately 0.3%) existing as free triiodothyronine (FT3). 
Free T3 exerts its effects by binding to its cognate intra-
cellular thyroid hormone receptors (TRs) [3].

Reverse T3 (rT3) is an inactive metabolite of T4, 
generated by the action of type 3 deiodinase  [4, 5], 
which selectively removes an iodine atom from the 
inner ring of T4  [5]. Although rT3 shares structural 
similarity with T3, it does not bind to thyroid receptors 
TRs with high affinity and, therefore, does not exhibit 
any significant biological activity. rT3 is a by- product 
of thyroid hormone inactivation and is clinically 
useful as an important marker of the sick euthyroid 
syndrome [6].

Transport of Thyroid Hormones in Plasma
As was previously mentioned, thyroid hormones, 
 specifically T4 and T3 are bound to carrier proteins in 
the general circulation. These carrier proteins ferry 
thyroid hormones throughout the body, thus regu-
lating their availability to target tissues. Indeed, more 
than 95% of thyroid hormones in serum are bound to 
three major carrier proteins, leaving a small, unbound 



44 Chapter 2 Thyroid Gland Therapies 

fraction [2]. Thyroid- binding globulin (TBG) is the pri-
mary and most abundant carrier protein, which binds 
approximately 70% of T4 and 80% of T3 [7].

Transthyretin, or thyroxine-binding prealbumin
(TBPA), binds about 10–15% of T4 and a negligible 
proportion of T3 [8]. Finally, albumin, the most abun-
dant protein in human serum, has the lowest affinity 
for thyroid hormone among all carrier proteins. 
Albumin binds approximately 15–20% of T4 and 
5–10% of T3  [9]. Although albumin has a relatively 
lower affinity for thyroid hormones than TBG and 
transthyretin, its high concentration in the blood-
stream means it plays a significant role in the trans-
port of thyroid hormones.

Only a tiny fraction of T4 (approximately 0.03%) 
and T3 (approximately 0.3%) remains unbound or 
“free” in the serum [10]. The free fraction of total thy-
roid hormones in circulation is readily available for 
cell uptake, where it exerts its intracellular effects. In 
contrast, protein- bound thyroid hormones are consid-
ered a readily accessible store of thyroid hormones 
that are biologically inert [11].

Mechanisms of Thyroid Hormone Metabolism
Deiodination is the most significant pathway that 
metabolizes thyroid hormones and regulates T3 

bioavailability in human tissues. The thyroid gland 
produces only a small amount of T3, while most of T3 
(roughly 80%) in peripheral tissues is produced by 
enzymatic deiodination via outer ring deiodination 
(ORD) of T4. Similarly, the metabolite rT3 is produced 
through inner ring deiodination (IRD) of T4 [12, 13]. 
Hence, the metabolism of thyroid hormones by deio-
dinase enzymes results in either their activation or 
inactivation (see Figure 2.1).

2.1.1.2  Mechanism of Action

Levothyroxine (LT4) is a synthetic preparation 
of  endogenous thyroid hormone T4, utilized for 
the  treatment of hypothyroidism, irrespective of 
the  underlying cause  [14]. In order to exert its 
physiological effects, levothyroxine is converted by 
various deiodinases into the biologically active hor-
mone T3. As a result, T3 interacts with nuclear TRs 
to ultimately modulate gene transcription [15] (see 
Figure 2.2).

Levothyroxine is converted to the active hormone 
T3 by the action of deiodinase enzymes, primarily type 
1 (D1) and type 2 (D2) deiodinases  [16, 17]. For 
example, type I deiodinase (D1), which is found pre-
dominantly in hepatic and renal tissues, is responsible 
for the conversion of the prohormone T4 to its 

FIGURE 2.1  Role of deiodinases in the regulation of thyroid hormones. The role of various deiodinases (D1, D2, and D3) in 
regulating the hypothalamic- pituitary- thyroid axis. D2 is required to convert T4–T3 not only in peripheral tissues but also in the 
hypothalamus and pituitary gland.
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biologically active form, T3  [10]. Furthermore, D1 
converts T4 to rT3, its inactive metabolite [18].

Type 2 deiodinase (D2) is present mainly in the 
brain, pituitary gland, brown adipose tissue (BAT), 
skeletal muscle, and other peripheral tissues. D2 pri-
marily converts T4 to T3 for intracellular use, thus 
playing a critical role in the local concentration of 
active thyroid hormone [4]. It is worth noting that neg-
ative feedback regulation of the hypothalamic- 
pituitary- thyroid (HPT) axis depends on T3 generated 
in the pituitary gland itself [19].

Once formed, T3 enters the nucleus of target cells 
and binds to nuclear TRs, which are members of the 
nuclear receptor superfamily. TRs form heterodimers 
with retinoid X receptors (RXR) and bind to specific 
DNA sequences called thyroid hormone response ele-
ments (TREs) located in the promoter regions of target 
genes  [10, 20]. The thyroid hormone receptor that is 
already bound as a heterodimer with RXR (retinoid X 
receptors) binds to the specific TH response element 

sequences (TRE) found in the promoter regions of T3 
target genes in the nucleus and controls the expression 
of these genes in a ligand- dependent manner. On the 
contrary, unliganded TRs connect with TREs in T3 
target genes and control transcriptional repression. In 
the absence of T3, corepressor proteins are recruited 
into the RXR- TR heterodimer and inhibit the expres-
sion of the target gene  [21, 22]. Different types of 
mRNAs are produced as a result of transcription; these 
mRNAs then migrate from the nucleus into the 
cytosol, where they undergo translation to produce 
proteins [23] (refer to Figure 2.2).

Transcriptional regulation mediated by T3- bound 
TRs impacts various physiological processes, including 
basal metabolic rate (BMR), protein synthesis, carbo-
hydrate and lipid metabolism, bone growth and 
development, and nervous system maturation [24, 25]. 
The net effect of levothyroxine treatment is restoring 
normal thyroid hormone levels and alleviating hypo-
thyroid symptoms (Table 2.1).

FIGURE 2.2  Intracellular effects of T3. T3 exerts its intracellular effects by binding to a nuclear thyroid hormone receptor. 
Along with retinoid X receptors and various coregulators, thyroid hormone facilitates the transcription of regulatory proteins 
required for metabolism.
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Interpretation of Thyroid Function Tests
Circulating serum TSH levels exhibit a circadian 
rhythm reaching a nadir in the late  afternoon and 
early evening, between 4 pm and 7 pm [30].

TSH levels are elevated even in very mild primary 
hypothyroidism and are suppressed to <0.1 μU/mL in 
mild hyperthyroidism. Consequently, a normal plasma 
TSH level effectively excludes hyperthyroidism and 
primary hypothyroidism. Furthermore, changes in 
plasma TSH tend to lag behind changes in plasma T4. 
For this reason, TSH levels can be misleading when 
plasma T4  levels are changing rapidly, as may occur 
during hyperthyroidism treatment or in the first few 
weeks after changes in the dose of T4  [31]. A sche-
matic representation of the treatment targets in pri-
mary and secondary hypothyroidism is shown in 
Figure 2.3.

Pathophysiology Pearl

TABLE 2.1  Altered thyroid hormone levels: 
effects on physiological functions.

System Hypothyroidism Hyperthyroidism

Basal metabolic 
rate (BMR) and 
temperature 
regulation

Low BMR
Decreased body 
temperature
Cold intolerance

High BMR
Increased body 
temperature
Heat intolerance

Carbohydrate 
metabolism

Decreased 
glucose 
metabolism

Increased 
glucose 
metabolism.
Enhanced 
glycolysis and 
gluconeogenesis

Cardiac Bradycardia and 
hypotension

Tachycardia and 
hypertension

Gastrointestinal 
(GI) tract

Decreased GI 
motility and 
smooth muscle 
tone

Increased GI 
motility

Hematopoietic Anemia — 

Musculoskeletal Slow relaxation 
of contracted 
muscle

Muscle atrophy

Source: Adapted from ref. [24].

Practice Pearl(s)
The dose of levothyroxine in treating hypothy-
roidism is highly variable, depending on the 
patient’s comorbidities, body weight, and severity 
of hypothyroidism (overt or subclinical). In healthy 
young patients, the recommended full replacement 
dose of levothyroxine is (1.6 mcg/kg/day). This dose 
is suggested in athyroidal patients (e.g. postsurgical 
hypothyroidism) [26].

On the other hand, for elderly patients and sub-
jects with known or suspected cardiovascular dis-
ease, “start low and go slow.” These patients should 
start with levothyroxine (25–50 mcg/day). These 
can increase by 25 mcg/day every 4–6 weeks until 
TSH reaches the expected goal [27, 28]. Addition-
ally, it is best to start 50–75% of the predicted full 
replacement dose of levothyroxine for patients with 
subclinical hypothyroidism [29]. FIGURE 2.3  Comparison of treatment targets in primary 

and secondary hypothyroidism.
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The TSH Goal for the Treatment of Primary 
Hypothyroidism
The goal of treatment for patients with primary hypo-
thyroidism is the TSH range of 0.5–2.0 mU/L  [32]. 
Historically, the conventional TSH range of 
0.5–5 mU/L was based on a cohort of subjects that 
included those with antithyroid antibodies (occult 
autoimmune thyroid disease). For this reason, the 
“normal” range of TSH is thought to be skewed 
toward higher TSH values. In fact, when normal sub-
jects without thyroid autoimmunity were evaluated, 
most had TSH values below the mid- normal point, 
that is, 2.5 mU/L [33].

Refer to Table 2.2 for important clinical pearls in 
managing primary hypothyroidism.

2.1.2 Liothyronine

2.1.2.1 Physiology

Importance of Thyroid Hormone 
in Protein Synthesis
The primary mode of action involves binding of 
T3  (active thyroid hormone) to TRs, which function 
as nuclear transcription factors [35]. Once bound, the 
hormone receptor complex interacts with specific 
DNA sequences known as TREs on target genes. This 
interaction can either stimulate or repress the tran-
scription of genes, ultimately influencing protein syn-
thesis and degradation(see Figure 2.2) [36, 37].

In addition to their genomic effects, thyroid 
hormones can also have nongenomic actions on target 
cells. These effects are typically faster and do not 
involve direct interaction with DNA. An example of 
a  non- genomic action of thyroid hormone is its role 
in stimulating amino acid transport into target cells. 
This process may involve the interaction of thyroid 
hormones with membrane- bound proteins or other 
components of the cell membrane, which influence 
the transport and availability of amino acids for  protein 
synthesis [38].

Regulation of Metabolism
T3 crosses the plasma membrane of the targeted cells 
and binds to mitochondrial receptors, increasing 
adenosine triphosphate (ATP) production through 
oxidative phosphorylation. Furthermore, T3  in the 
nucleus activates genes involved in the transcription 
of various proteins involved in energy production. 
This effect of T3 is often called the “calorigenic effect 
of thyroid hormones” [39].

Furthermore, thyroid hormones play a crucial 
role in regulating various metabolic processes. 
 Hyperthyroxinemia promotes a hypermetabolic state 
characterized by increased resting energy expendi-
ture, weight loss, and decreased lipolysis. Conversely, 

TABLE 2.2  Summary of treatment recommenda-
tions of primary hypothyroidism.

Plan Recommendations

Initial dose Low dose (25–50 mcg once daily), 
especially in the elderly and those with 
significant heart disease.
Standard dose: 1.6 mcg/kg body 
weight (young, healthy patients). For 
subclinical hypothyroidism (high TSH, 
normal free T4) start with 50% of the 
weight- based estimate.

Dose 
adjustments

TSH should be checked every 6 weeks 
until TSH is at the goal. TSH goal <2.5 
(not the typical reference range of 
0.5–4.5).

Monitoring After stabilization of thyroid function, 
check TSH every 6–12 months or if the 
clinical situation warrants it.

Conditions 
requiring 
escalating 
doses

Malabsorption (celiac disease), 
medications that alter LT4 absorption 
(divalent cations such as iron, 
magnesium, and calcium) are 
separated at least 4 hours from thyroid 
pills, medications that increase 
thyroxine metabolism (phenytoin, 
carbamazepine, rifampicin), Obesity, 
low protein states (nephrotic syndrome, 
severe chronic liver disease).

Conditions 
requiring 
lower doses

Recent significant weight loss.

Source: Adapted from [32].

Clinical Trial Evidence

There were no statistically significant differences in 
patient symptoms in a large meta- analysis of RCTs 
evaluating T4 monotherapy vs. dual T4- T3 therapy. 
For this reason, monotherapy remains the treatment 
of choice for hypothyroidism [34].
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hypothyroxinemia decreases resting energy expendi-
ture, weight gain, and increased lipolysis [40].

Finally, thyroid hormone regulates carbohydrate 
metabolism through various effects. T3 enhances 
insulin- dependent glucose uptake into cells, gluco-
neogenesis, and glycogenolysis, leading to a net 
increase in plasma glucose [41].

Effects of Thyroid Hormones on Growth 
and Development
Thyroid hormone (TH) is crucial for healthy endo-
chondral ossification, skeletal development, linear 
growth, bone mass maintenance, and optimal fracture 
repair [42]. Also, iodothyronine transporters and TRs 
are present in osteoblasts and osteoclasts, which are 
important cells involved in bone formation and 
remodeling [43].

Dysregulation of thyroid hormone production has 
differential effects on bone turnover. For example, 
hypothyroidism is characterized by a decrease in bone 
turnover and a prolonged remodeling phase of bone 
formation, leading to increased bone mass  [44]. On 
the other hand, hyperthyroidism is associated with 
increased bone turnover and accelerated bone resorp-
tion. Consequently, hyperthyroxinemia promotes a 
decrease in bone mass and increases the risk of osteo-
porosis [45, 46].

Importance of Thyroid Hormones 
in thermogenesis
Thyroid hormones regulate the basal metabolic rate 
through their effects on thermogenesis, primarily in 
brown adipose tissue BAT. BAT, a specialized type of 
fat tissue, contains many mitochondria, essential in 
generating energy in the form of ATP (via oxidative 
phosphorylation). Interestingly, in BAT mitochondria, 
some of this energy is dissipated as heat [39]. The role 
of thyroid hormone in thermogenesis is shown in 
Figure 2.4.

2.1.2.2  Mechanism of Action

Liothyronine (LT3), a synthetic form of the endoge-
nous thyroid hormone T3 is absorbed in the gastroin-
testinal tract and enters the systemic circulation after 
oral administration. T3 then enters target cells, pri-
marily through thyroid hormone transporters, such as 
monocarboxylate transporter 8 (MCT8) and organic 
anion transport polypeptide 1C1 (OATP1C1)  [51]. 

Once inside target cells, liothyronine, the biologically 
active form of thyroid hormone, binds directly to 
nuclear TRs. The intracellular effects of T3  were 
reviewed earlier (see Section 2.1.1)

Practice Pearl(s)

When Should You Consider Combination 
T4/T3 Therapy?

For patients who continue to experience subjective 
hypothyroid symptoms, a brief trial of a combination 
therapy consisting of levothyroxine and liothyro-
nine may be considered [52, 53]. However, it is cru-
cial to rule out other potential causes of fatigue, a 
common complaint of hypothyroid patients, prior 
to initiating a trial of dual LT3 and LT4.

When implementing the combination of 
 levothyroxine (T4) and liothyronine (T3), a rea-
sonable conversion factor is 25–50 mcg of levothy-
roxine to 5–10 mcg of liothyronine. For instance, 
the daily dose of levothyroxine can be decreased 
by 25 mcg when initiating liothyronine at a dose 
of 5 mcg, which should be administered in the 
morning [54].

It is important to note that for patients under-
going dual therapy, the TSH nadir, or the lowest 
point in the TSH levels, occurs approximately 10 
hours after the administration of T3  [55]. There-
fore, it is recommended to monitor TSH levels early 
in the morning before administering the liothyro-
nine dose. This approach will provide a more accu-
rate assessment of the patient’s thyroid hormone 
status and allow for any necessary adjustments in 
the treatment plan.

Clinical Trial Evidence

The study aimed to evaluate the effects of 
combined levothyroxine and liothyronine 
(LT4/LT3) therapy in primary hypothyroidism 
patients.  Using a randomized, double- blind, 
crossover design with 32 adult participants either 
continued on LT4 treatment or began dual LT4/
LT3 therapy (75/15 μg/day) for 8  weeks, after 
which they switched treatments for an addi-
tional 8 weeks.

ALGrawany
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2.1.3 Selenium

2.1.3.1 Physiology

Role of Selenium in Thyroid Hormone 
Metabolism
Selenium is an essential trace element that regulates 
various physiological processes by acting as a key com-
ponent of selenoproteins. These critical proteins con-
tain a unique amino acid known as selenocysteine. 
Selenoproteins are involved in critical metabolic 
processes such as antioxidant defense, thyroid hor-
mone metabolism, and redox signaling [57]. In regards 
to thyroid hormone metabolism, selenium is required 

FIGURE 2.4  A simplified chemiosmotic proton circuit in BAT mitochondria. Electrons generated as a result of nutrient 
metabolism (e.g. fatty acids and glucose) are transferred along the electron transport chain (ETC), creating a proton gradient 
across the inner mitochondrial membrane. Protons accumulate in the intermembrane space before being transferred to the 
mitochondrial matrix. Indeed, instead of driving ATP synthesis, protons flow back into the mitochondrial matrix through a shuttle 
protein known as Uncoupling Protein 1 (UCP1). The energy of the proton flow is dissipated as heat, which contributes to 
thermogenesis [47]. T3 promotes the expression of UCP1, increasing the availability of uncoupling proteins in BAT mitochondria. 
This enhances the proton leak, which augments subsequent heat production. Furthermore, T3 stimulates lipolysis (the breakdown 
of triglycerides into free fatty acids), which serves as substrates for the production of energy and activators of UCP1 [48]. T3 also 
promotes the generation of new mitochondria in BAT, increasing the capacity of adipose tissue for heat production [49]. Finally, 
T3 interacts with the sympathetic nervous system, which releases norepinephrine, a hormone that stimulates thermogenesis 
in BAT [50].

The study found that the combination therapy 
led to significantly lower free T4 levels compared to 
monotherapy, but TSH and T3  levels remained 
unaffected in both treatment arms. More patients 
on LT4/LT3  had T3  levels above the upper limit 
(15% vs. 3%). Additionally, there was an increase in 
heart rate, but no significant changes were observed 
in the electrocardiogram, arterial blood pressure, 
lipid profile, body weight, or quality of life of study 
participants. The study concluded that combination 
therapy did not yield significant clinical benefits. 
Dual levothyroxine and liothyronine are, therefore, 
not the standard treatment for primary hypothy-
roidism [56].
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for the optimal function of deiodinase enzymes (D1, 
D2, and D3), which are responsible for the activation 
and inactivation of thyroid hormones [58].

Role of Deiodinase Enzymes in Thyroid 
Hormone Regulation
Type 1 (D1), type 2 (D2), and type 3 (D3) iodothyro-
nine deiodinases are the three known enzymes that 
catalyze the deiodination of thyroid hormone.

The outer ring deiodinase activity of D1 and D2 
converts prohormone T4  into its bioactive form, 
T3  [59]. In contrast, D3  has inner ring deiodinase 
activity, which results in the degradation of T4 to rT3 
and T3 to 3,3′- T2. Therefore, IRD is an inactivating 
pathway through which T4 and T3 are transformed to 
the metabolites rT3 and 3,3′T2, respectively, while 
ORD is an activating pathway through which the pro-
hormone T4 is converted to active T3 [60].

To exert their catalytic action, all deiodinases 
require selenium; thus, defects in selenoprotein 
 synthesis can result in abnormal thyroid hormone 
metabolism [61].

D1  was the first enzyme to be identified and 
cloned and is the only selenodeiodinase that has 
both ORD and IRD activities. Although D1 contrib-
utes a significant portion of T3  levels in human 
serum, the catalytic activity of D2 (for 5′- deiodination 
of T4) has been found to be 700- fold greater than 
that of D1 [62].

D2 is the main enzyme that causes the rapid rise 
in intracellular T3 levels in particular tissues [63, 64]. 
As serum T4 levels fall, T3 is preserved in important 
thyroid- responsive tissues such as the brain, skeletal 
muscle, and brown fat since D2 is highly expressed in 
these tissues. T3 is produced intracellularly by D2, 
which is then transported to the nucleus to regulate 
gene transcription [65].

Also, it has been shown that the placenta, the 
uterus during pregnancy, as well as several fetal tis-
sues have significant D3 activity. The high D3 activity 
at these locations seems to protect fetal tissues from 
high T3 concentrations [60].

2.1.3.2  Mechanism of Action

In addition to its effects on the activity of deiodinase 
enzymes, selenium is a key component of several anti-
oxidant selenoproteins, such as glutathione peroxi-
dases (GPx) and thioredoxin reductases (TrxR) [66–68]. 
Selenium supplementation may enhance the activity 

of antioxidant selenoproteins, thus counteracting the 
oxidative stress generated in the setting of Hashimoto’s 
 thyroiditis [69, 70].

Practice Pearl(s)
There is a limited role for the use of selenium in the 
management of Hashimoto’s thyroiditis (a cause of 
primary hypothyroidism). Historically its use in this 
condition has been mainly attributed to the impor-
tance of selenium in the functioning of deiodinase 
enzymes and antioxidant defense systems [71].

It is important to emphasize that selenium sup-
plementation may not be beneficial for all patients 
with Hashimoto’s thyroiditis and should be consid-
ered on an individual basis, taking into account 
factors such as baseline selenium status and the 
presence of comorbidities. Based on a recent 
Cochrane systematic review, there is no evidence to 
either support or refute the efficacy of selenium 
supplementation in Hashimoto’s thyroiditis  [72]. 
Further more, excessive selenium intake can be 
toxic and should be avoided [73].

Clinical Trial Evidence

Meta- analysis of various studies evaluating the 
clinical utility of selenium in hypothyroidism failed 
to show a benefit of selenium in the management 
of primary hypothyroidism, including Hashimoto’s 
thyroiditis [73].

Concepts to Ponder

Is Liothyronine Supplementation Suitable for 
Patients with Hypothyroidism?

Due to the increasing popularity of internet blogs, 
various patients are being exposed to incorrect infor-
mation about thyroid hormone supplementation. 
Indeed, these “expert thyroid blogs” advocate for 
routine monitoring of free T3 levels in patients with 
primary hypothyroidism. Furthermore, a treat- to- 
target approach with liothyronine (LT3), which 
includes progressively escalating doses of thyroid hor-
mone in order to “improve” free T3, is, unfortunately, 
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2.2  GRAVES’ DISEASE AND THYROID 
EYE DISEASE

2.2.1 Thionamides

2.2.1.1 Physiology

Mechanism of Thyroid Hormone Synthesis
Thyroid hormone synthesis is a highly regulated pro-
cess that occurs in the thyroid gland, specifically 
within the thyroid follicular cells.

Sodium- iodide symporters (NIS) actively trans-
port iodide ions from the bloodstream into thyroid fol-
licular cells against a sodium electrochemical gradient, 
which is maintained by the sodium- potassium pump 
(Na+/K+- ATPase). This results in an elevated intrafol-
licular iodide concentration compared to the plasma.

Iodide ions are then transported to the apical 
membrane of the thyroid follicular cells by the action 
of pendrin, an anion exchanger protein. At the apical 
membrane of the thyroid follicular cell, the thyroid 
peroxidase (TPO) enzyme, in the presence of hydrogen 
peroxide (H2O2), catalyzes the oxidation of iodide to 
form reactive iodine species [75]. Subsequently, thyro-
globulin (Tg), a large glycoprotein containing mul-
tiple tyrosine residues, is synthesized in the rough 
endoplasmic reticulum of thyroid follicular cells. 
After posttranslational modifications in the Golgi 
apparatus, Tg is secreted into the follicular lumen 
(colloid) through exocytosis.

Next, reactive iodine species generated at the apical 
membrane react with the tyrosine residues present on 
Tg, a process known as organification. This results in 
the formation of monoiodotyrosine (MIT) and diiodo-
tyrosine (DIT), iodinated tyrosine derivatives [76].

TPO enzyme also catalyzes the coupling of iodoty-
rosines (MIT and DIT). The coupling of one DIT and 
one MIT yields T3, while the coupling of two DIT mol-
ecules produces tetraiodothyronine (T4, also known as 
thyroxine).

Colloid- containing iodinated Tg is internalized by 
the thyroid follicular cells through endocytosis. The 
colloid- laden endosomes fuse with lysosomes contain-
ing proteolytic enzymes, which cleave Tg and release 
T3 and T4 [77].

T3 and T4 are transported across the basolateral 
membrane of thyroid follicular cells into the perifol-
licular capillaries. Most T3 and T4 molecules circulate 
bound to carrier proteins, such as TBG, transthyretin, 
and albumin [78] (see Figure 2.5).

2.2.1.2  Mechanism of Action

Thionamides, mainly methimazole (MMI) and pro-
pylthiouracil (PTU), are a class of medications used in 
the treatment of hyperthyroidism. These drugs exert 
their effects at the level of the thyroid gland by inhibit-
ing various critical steps in thyroid hormone syn-
thesis [79, 80].

Thionamides primarily inhibit TPO, an essential 
enzyme in thyroid hormone synthesis. In normal 
physiology, TPO catalyzes the oxidation of iodide (I−) 
to iodine (I2) and the iodination of tyrosine residues on 
Tg to form MIT and DIT. Both MMI and PTU act as 
competitive inhibitors of TPO, preventing the enzyme 
from binding to its substrates and subsequently halt-
ing the formation of iodinated tyrosines [81].

Furthermore, TPO is responsible for coupling 
iodinated tyrosine residues, MIT and DIT, on Tg to 
form the thyroid hormones, T3 and T4. Thionamides 
interfere with this coupling process by inhibiting TPO, 
thereby reducing the synthesis of T3 and T4 within the 
thyroid gland [82].

PTU also blocks the peripheral conversion of T4 to 
T3 by type 1 and 2 deiodinase enzymes. By promoting 
a rapid decline in circulating T3  levels, PTU can be 
particularly beneficial in the management of severe 
hyperthyroidism as occurs in the setting of thyroid 
storm [83].

Finally, there is evidence that thionamide ther-
apies may have immunomodulatory effects that 
contribute to their efficacy in the treatment of Graves’ 
disease [84, 85]. Thionamides may reduce TSI levels 
and modulate T- cell function, potentially attenuating 
the  autoimmune response and improving disease 
outcomes [86].

being recommended by non- endocrinologists, in 
contrast to clinical practice guidelines.

Nonetheless, there are unique, rare circum-
stances where T3 supplementation is acceptable. 
Recent research indicates that individuals with 
hypothyroidism who possess a unique D2 gene 
variant (Thr92Ala) show an improvement in 
symptoms when treated with a combination of 
LT4 and LT3 therapy, as opposed to using T4 mono-
therapy. This suggests that the presence of this 
genetic variation may lead to a dysfunction in the 
conversion of T4 to T3  in both peripheral tissues 
and the brain [74].
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FIGURE 2.5  Thyroid hormone synthesis. Summary of the steps involved in the synthesis of thyroid hormone. NIS = Sodium 
iodide symporter, T4 = tetraiodothyronine, T3 = triiodothyronine, MIT = monoiodotyrosine (MIT), DIT = diiodotyrosine.

TABLE 2.3  Thionamide therapy in hyperthyroidism.

Management Comments

Initial 
assessment

Evaluate the patient’s clinical status, including signs and symptoms of hyperthyroidism.
Assess the size of the thyroid gland through physical examination or imaging.
Obtain baseline laboratory tests, including free T4, T3, TSH, and thyroid antibodies if 
applicable [87].

Initiation of 
methimazole

• The initial dose is based on free T4 levels and gland size, as follows:
• Free T4 levels 1–1.5 times the upper limit of normal (ULN): Initiate with 5–10 mg of 

methimazole once daily.
• Free T4 levels >1.5–2 times ULN (or iodine- induced thyrotoxicosis): Initiate with 10–20 mg 

of methimazole once daily.
• Free T4 levels >2 times ULN: Initiate with 20–40 mg of methimazole daily [88].

Monitoring and 
adjusting 
therapy

• Monitor thyroid function tests (TFTs), including free T4, T3, and TSH, every 4–6 weeks 
during the initial phase of therapy. Adjust the methimazole dose based on TFTs and the 
patient’s clinical response.

Practice Pearl(s)
A practical approach to treating hyperthyroidism is summarized in Table 2.3.
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2.2.2 Lugol’s Iodine

2.2.2.1 Physiology

The mechanism of thyroid hormone synthesis was 
reviewed in Section 2.2.1.

2.2.2.2  Mechanism of Action

Lugol’s iodine, also known as potassium iodide solution, 
is used in the management of Graves’ disease and other 
hyperthyroid conditions as an adjunct therapy or 

preoperative treatment  [91–93]. The mechanism of 
action of Lugol’s iodine in Graves’  disease is primarily 
attributed to the Wolff–Chaikoff effect. The Wolff–Chai-
koff effect is a phenomenon where acute exposure to 
high concentrations of iodide leads to a temporary inhi-
bition of thyroid hormone synthesis, thereby reducing 
the production of T4 and T3  [94]. Administration of 
Lugol’s iodine therefore results in a rapid increase in 
plasma iodide concentration [95].

The high iodide levels are taken up by the thyroid 
gland via the NIS. The increased intrathyroidal iodide 
concentration inhibits the organification process, 
which is the incorporation of iodine into Tg, a crucial 
step in thyroid hormone synthesis. This inhibition 
occurs through the temporary suppression of the TPO 
enzyme, which is responsible for both the oxidation of 
iodide and the iodination of Tg [96].

The inhibition of the organification process leads 
to a decrease in the synthesis of T4 and T3. This 
transient suppression of thyroid hormone synthesis 
results in lower circulating levels of T4 and T3, thus 
alleviating the symptoms of hyperthyroidism [97].

The Wolff–Chaikoff effect is typically transient, 
lasting for a few days to a couple of weeks. The thyroid 
gland eventually escapes from the inhibitory effects of 
high iodide concentrations by downregulating the 
NIS, thus reducing the uptake of iodide. As a result, 
thyroid hormone synthesis resumes, albeit at a lower 
rate, which helps maintain a euthyroid state [98].

Clinical Trial Evidence

In this multicenter study carried out in 18 thyroid 
centers in Europe, the authors compared the safety 
and efficacy of two fixed doses of methimazole in 
the treatment of Graves’ disease. 509 patients with 
Graves’ disease were randomized to either 10 or 
40 mg of methimazole along with levothyroxine 
supplementation. Although patients on the 40 mg 
dose of methimazole achieved euthyroidism faster 
compared to the 10 mg dose, relapse rates were 
equal between both groups. As expected, adverse 
drug reactions were notably higher in the 40 mg 
group compared to the 10 mg group [90].

Management Comments

• Once the patient achieves euthyroidism, gradually decrease the methimazole dose to the 
lowest effective maintenance dose (typically 5–20 mg daily) to minimize the risk of 
hypothyroidism.

• Continue monitoring TFTs every 4–8 weeks during the maintenance phase, adjusting the 
methimazole dose as needed to maintain euthyroidism.

• Regularly assess the patient for signs and symptoms of adverse effects, including 
hepatotoxicity and agranulocytosis.

Duration of 
therapy

• The duration of therapy depends on the underlying cause of hyperthyroidism, the 
patient’s clinical response, and the development of adverse effects.

• In patients with Graves’ disease, methimazole therapy typically lasts 12–18 months, 
followed by a gradual tapering of the dose to assess for disease remission.

• If hyperthyroidism relapses or is refractory to treatment, consider alternative therapeutic 
options, such as radioactive iodine ablation or thyroidectomy [89].

Source: Based on [87–89].

TABLE 2.3  (Continued)
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2.2.3 Iodide Transport Inhibitors

2.2.3.1 Physiology

The mechanism of thyroid hormone synthesis was 
reviewed in Section 2.2.1.

2.2.3.2  Mechanism of Action

Thiocyanate, an iodide uptake inhibitor, impedes 
iodide transport into thyroid follicular cells. As a 
result, thiocyanate reduces the availability of iodide 
for thyroid hormone synthesis, decreasing the produc-
tion of thyroid hormones [103].

Thiocyanate and other iodide uptake inhibitors, 
such as perchlorate and pertechnetate, competitively 
inhibit the NIS by binding to the iodide binding site on 
the symporter  [104]. These inhibitors share similar 
chemical properties to iodide, allowing them to com-
pete for NIS binding. By binding to NIS, these inhibi-
tors block the entry of iodide into the thyroid follicular 
cells, thus reducing the intracellular concentration of 
iodide available for thyroid hormone synthesis [105].

With reduced intracellular iodide concentrations, 
the essential steps of thyroid hormone synthesis, 
including the oxidation, organification, and coupling 
of iodide, are hindered [106, 107].

2.2.4 Glucocorticoids

2.2.4.1 Physiology

See Section  3.1.1 for a review of glucocorticoid 
physiology.

Practice Pearl(s)
The management guidelines for the use of 
potassium iodide in Graves’ disease are outlined in 
Table 2.4

TABLE 2.4  Dosing suggestions for potassium 
iodide in Graves’ disease.

Management Comments

Preoperative 
stabilization

0.05–0.1 mL (1–2 drops, 
50 mg/drop) every 8 hours

Acute management of 
thyroid storm

0.25 mL (5 drops) every 
6 hours

Adjunct to radioactive 
iodine (RAI) therapy

0.15 mL (3 drops) every 
12 hours

Source: Adapted from ref. [99].

Clinical Trial Evidence

There is limited clinical trial evidence showing 
the  efficacy of iodine- containing solutions in the 
treatment of thyroid storm  [100] or preoperative 
preparation for Graves’ disease [101]. Nonetheless, 
potassium iodide has been shown to be efficacious 
in reducing the severity of hyperthyroidism when 
utilized as add- on therapy for patients exposed to 
radioiodine or thionamides.

In a randomized trial of 134 untreated patients 
with Graves’ disease, a low dose of potassium iodide 
tablets (50 mg) or matching placebo was added to 
varying regimens of methimazole. The combina-
tion of potassium iodide with methimazole (15 or 
30 mg) resulted in a normalization of free thyroxine 
levels in 54% and 59% of the patients respectively. 
However, only 27% and 29% of patients on mono-
therapy with methimazole achieved normal thy-
roxine levels on 15mg and 30mg of methimazole, 
respectively [102].

Practice Pearl(s)
These agents are not conventionally utilized in the 
treatment of Graves’ disease.

Thiocyanate and other iodide uptake inhibitors 
can be used as adjunctive therapy in the 
management of hyperthyroidism, particularly dur-
ing the preoperative preparation of patients for thy-
roidectomy or in cases of thyroid storm  [108]. 
However, their use is typically limited to short- term 
treatment, as prolonged exposure to these inhibi-
tors can lead to an escape phenomenon, in which 
the thyroid gland adapts to the reduced iodide avail-
ability and resumes hormone synthesis.

Clinical Trial Evidence

There are no clinical trials evaluating the effective-
ness of these agents in Graves’ disease.
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2.2.4.2  Mechanism of Action

Firstly, glucocorticoids inhibit the conversion of T4, a 
prohormone, to its more biologically active form, 
T3 [95], through its suppressive effects on the activity 
of type 1 and type 2 deiodinase enzymes [109].

Also, glucocorticoid therapy is useful in the 
management of autoimmune conditions like Graves’ 
disease complicated by thyroid storm  [110]. These 
immunomodulatory effects can help to attenuate the 
autoimmune process underlying Graves’ disease, 
potentially reducing the production of thyroid- 
stimulating immunoglobulins (TSIs), a key driver of 
hyperthyroidism [111].

2.2.5 Selenium

2.2.5.1 Physiology

The role of selenium in thyroid hormone physiology 
has been previously reviewed.

2.2.5.2  Mechanism of Action

Selenium, an essential component of various antioxi-
dant enzymes, such as GPx and thioredoxin reductase, 
is important in protecting cellular components from 
oxidative stress by neutralizing reactive oxygen species 
(ROS). In the context of thyroid eye disease (TED), 
excessive ROS production contributes to inflamma-
tion and tissue damage in the retroorbital region. 
Selenium enhances the antioxidant defense system 

in  extrathyroidal tissue, thus reducing oxidative 
stress,  limiting tissue damage, and mitigating the 
inflammatory response in the orbit [113].

Also, selenium promotes various immunomodu-
latory processes, such as T- cell proliferation and cyto-
kine production. Indeed, there is evidence that 
selenium promotes the differentiation of T helper (Th) 
cells toward an anti- inflammatory Th2 phenotype 
while suppressing the more pro- inflammatory Th1 
responses  [114]. In TED, the immunomodulatory 
effects of selenium may contribute to the attenuation 
of the autoimmune process, reducing inflammation 
and potentially slowing disease progression [57].

Furthermore, selenium plays an essential role in 
thyroid hormone metabolism as a cofactor for deiodin-
ase enzymes, as has been previously discussed. There-
fore, by regulating thyroid hormone levels through its 
effects on deiodinases, selenium may indirectly impact 
the severity of TED [115, 116].

Finally, in TED, activated orbital fibroblasts con-
tribute to the deposition of glycosaminoglycans 
(GAGs), leading to increased periorbital tissue volume 
and inflammation. Selenium has been shown to 
inhibit both the activation of orbital fibroblasts and 
the deposition of GAGs in periorbital tissues. This sug-
gests selenium’s potential protective effect against the 
tissue remodeling that occurs in TED [117].

Practice Pearl(s)
The typical dose of intravenous hydrocortisone is 
100 mg every 6 hours. These can then be rapidly 
tapered off and discontinued when the patient’s 
clinical condition improves [95].

Clinical Trial Evidence

Researchers conducted a retrospective nationwide 
cohort study in Japan which included 811 patients 
admitted for a thyroid storm. Of these, 600  were 
treated with glucocorticoids, and 211 were treated 
without glucocorticoids. The results showed no 
significant improvement in in- hospital mortality or 
30- day mortality in the patients treated with 
glucocorticoids [112].

Practice Pearl(s)
The typical dose of selenium used in the treatment 
of thyroid eye disease is 100mcg twice daily [118].

Clinical Trial Evidence

In this clinical trial, individuals over the age of 
18 who were experiencing mild Graves’ orbitopathy 
(GO) were randomized to a placebo or selenium. 
The active arm of the study received 100 μg 
selenium tablets twice a day for 6  months, while 
the comparator arm was placed on placebo. 
Researchers examined the patients using the 
clinical activity score (CAS) for GO prior to 
treatment and again after the first, third, and sixth 
months of treatment.

After 6 months, the group supplemented with 
selenium demonstrated meaningful improvements 

(continued)
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2.2.6 Beta- Blockers

2.2.6.1 Physiology

Elevated levels of thyroid hormone (primarily T3) 
have various cardiac effects.

A summary of the cardiac effects of thyroid hor-
mone includes the following:

1. It prolongs myocardial sodium channel 
activation, increasing intracellular sodium 
and  stimulating the sodium–calcium antiport 
system. This raises intramyocardial calcium 
and promotes contractility [120].

2. T3 upregulates β1 adrenergic receptor expression 
in the myocardium and kidney juxtaglomerular 
cells (JGCs). Catecholamine activation of β1 
receptors in JGCs releases renin, activating the 
renin- angiotensin- aldosterone system (RAAS), 
leading to sodium and fluid retention, which 
increases cardiac preload and contractility [120].

3. T3 binds to TREs, promoting calcium adenosine 
triphosphatase (Ca- ATPase) transcription and 
translation in the myocardial sarcoplasmic 
reticulum. This increases intramuscular 
calcium concentration, enhancing T3’s ino-
tropic effects [121].

4. T3 exerts a positive inotropic effect on cardiac 
muscle by directly activating myocardial L- type 
calcium channels, increasing myocardial 
calcium uptake [122].

5. T3 upregulates a myocardial gap junction protein 
important for electrical impulse transmission, 
which has been linked to hyperthyroidism- 
induced atrial fibrillation [123].

6. T3’s effects include reduced cardiac parasympa-
thetic tone and increased tissue sensitivity to 
circulating catecholamines [124].

2.2.6.2  Mechanism of Action

It is important to note that beta- blockers, including 
propranolol, are used as supportive therapy to manage 
symptoms and are not a definitive treatment for thy-
roid storm or severe Graves’ disease. The primary 
treatment for these conditions involves addressing the 
underlying cause, such as antithyroid medications, 
radioactive iodine therapy, or surgery.

The mechanism of action of beta blockers in 
hyperthyroidism is shown in Figure 2.6.

Propranolol, when taken in high doses, inhibits 
type 1 deiodinase, which is the enzyme that converts 

in both palpebral fissure and clinical activity scores. 
In contrast, the placebo group had no significant 
difference in CAS scores.

Supplements of selenium taken orally have 
proven effective at stalling progression and reducing 
clinical activity in those with mild GO, according to 
this study [119].

(continued)

FIGURE 2.6  Effects of beta- blockers in thyrotoxicosis. Sites of action of propranolol (the preferred beta- blocker) in patients with 
hyperthyroidism.
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T4–T3, the active form of T3. This can reduce the level 
of T3, a key contributor to symptoms in these 
conditions [126].

Propranolol and other beta- blockers can calm the 
central nervous system by crossing the blood–brain 
barrier [127]. This can alleviate symptoms such as 
anxiety, nervousness, and tremors, which are common 
among patients with Graves’ disease or thyroid 
storm [128].

Beta- blockers may also reduce peripheral resis-
tance by blocking beta- 2 receptors. This can lower 
blood pressure and increase blood flow for patients 
with Graves’ disease or thyroid storm [120].

Propranolol, a beta- blocker that blocks cardiac 
beta- 1 receptors, reduces heart rate (chronotropy) as 
well as the force of heart contractions(inotropy). This 
can relieve symptoms like palpitations and tachycardia 
that are common with Graves’ or thyroid storm [129].

Practice Pearl(s)
In patients with thyroid storm, treatment typically 
begins with a beta- blocker, such as propranolol, to ade-
quately control heart rate and blood pressure. Beta- 
blockers are contraindicated in patients with systolic 
dysfunction. Furthermore, caution is advised when 
administering beta- blockers to patients with asthma or 
severe peripheral vascular disease (review the effects 
of adrenergic receptor activation in Table 2.5) [129].

In patients with reactive airway disease, 
more  cardioselective beta- blockers like metoprolol 

or atenolol are preferred  [130]. Nonetheless, for 
patients with severe asthma, where beta- blockers are 
relatively contraindicated, calcium channel blockers 
can be employed to achieve rate control [131].

Propranolol is administered in doses of 60–80 mg 
every 4 hours, with the cardiac function closely mon-
itored. Propranolol can also be administered intrave-
nously as a slow, 10- minute bolus, followed by 
1–3 mg doses scheduled every 4 hours. This should 
only be done in a monitored setting [132].

TABLE 2.5  Location of adrenergic receptors and the effects of catecholamines.

Adrenergic receptor (location) Cardiac- specific effects

α1 adrenergic receptor (smooth muscle of 
vessels)

• Increases peripheral vasoconstriction.
• Positive inotropy.

α2 adrenergic receptor (presynaptic area of 
sympathetic ganglia and smooth muscles)

• Promotes arterial vasodilation

β1 adrenergic receptors (cardiac muscle) Positive inotropy
Positive chronotropy
Promotes the release of renin by juxtaglomerular cells.

β2 adrenergic receptors (sympathetic 
ganglia and smooth muscles)

Vasodilation
Promotes the release of norepinephrine by sympathetic ganglia.

D1 dopaminergic receptor (kidney vasculature) Promotes vasodilation of renal arteries.

D2 dopaminergic receptor (presynaptic 
neurons)

Negative inotropy via its effects on sympathetic neurons 
(inhibits the release of norepinephrine).

Source: Adapted from ref. [125].

Clinical Trial Evidence

The study aimed to determine the effects of beta- 
blockers on antithyroid drug treatment in patients 
who have mild Graves’ Disease (GD). The authors 
randomly assigned 28 patients to either receive 
methimazole with or without beta- blockers (14 
patients: 1  woman, 13  men). The groups did not 

differ in the improvement of thyroid function, but 
beta- blockers caused a greater decrease in heart 
rate. Only the beta- blocker group showed significant 
improvement in “physical functioning,” as mea-
sured by SF36 questionnaires. The authors con-
cluded beta- blockers can reduce heart rate and 
alleviate specific symptoms in patients with mild 
GD. They however did not improve thyroid function 
tests [133].



58 Chapter 2 Thyroid Gland Therapies 

2.2.7 Cholestyramine

2.2.7.1 Physiology

See Section 7.1.1.

2.2.7.2  Mechanism of Action

Cholestyramine binds to bile acids in the intestine, 
forming an insoluble complex that is excreted via the 
enteric route. This interrupts the enterohepatic 
circulation of not only bile acids but also thyroid hor-
mone, which is dependent on the biliary system for its 
enterohepatic cycling [134].

2.2.8 Lithium

2.2.8.1 Physiology

See Section 2.2.1 to review thyroid hormone synthesis.

2.2.8.2  Mechanism of Action

Hyperthyroidism can be treated with lithium, an agent 
that is primarily used for treating bipolar disorder. 

Lithium competes against iodine for uptake by the NIS 
present on thyroid follicular cells. This results in a 
reduced availability of iodine for thyroid hormone 
synthesis [137]. Furthermore, lithium can inhibit thy-
roid hormone production by interfering with the cou-
pling reaction between various iodotyrosines, a critical 
step in the formation of T4 and T3 [138].

Lithium can also suppress TPO activity, an enzyme 
responsible for the oxidation and organification of 
iodine [139].

Lastly, lithium can also reduce the peripheral 
conversion of T4 to the more biologically active  thyroid 
hormone, T3. Lithium exerts this effect by blocking 
the deiodinase enzyme needed for the deactivation 
of T3 [139].

Practice Pearl(s)
Since cholestyramine interferes with the enterohe-
patic circulation of bile, other oral medications will 
need to be administered either 2 hours before or 
after its administration. It is typically administered 
orally at a dose of 4 g every 6 hours [135].

Clinical Trial Evidence

This study evaluated the effectiveness of combining 
cholestyramine and propylthiouracil in the 
treatment of Graves’ hyperthyroidism. The authors 
randomized 30 patients into two groups. Group I 
received propranolol and cholestyramine, while 
Group II received propranolol and PTU. After 2 
and 4  weeks, the serum total T3 (TT3) levels in 
Group I were significantly lower than those of 
Group II. The authors concluded that cholestyr-
amine is an  effective and well- tolerated adjunctive 
treatment of Graves’ hyperthyroidism [136].

Clinical Trial Evidence

This study examined the clinical effects of 
lithium carbonate in patients with Graves’ 
 disease (GD) in the setting of hepatic injury or 
leukopenia, for which thionamide therapies are 
relatively contraindicated. 51 patients received 
lithium carbonate in combination with hepa-
toprotective medications or medications that 
increase the white blood cell count. After 
36  weeks, thyroid hormone levels and liver 
function tests improved. At the 1- year follow- up, 
23.5% of patients achieved remission. The study 
concluded lithium carbonate effectively treated 
mild- to- moderate hyperthyroidism due to GD, 
particularly for patients with hepatic injury or 
leukopenia [140].

Practice Pearl(s)
Lithium, at doses of 600–1000 mg/day, is an effec-
tive alternative for hyperthyroidism treatment in 
patients allergic to iodine or intolerant of thion-
amides. Its effects on thyroid hormone secretion 
are similar to iodide [138]. Indeed, lithium prolongs 
radioiodine retention within the thyroid gland, 
potentially increasing the effectiveness of radioio-
dine therapy.

ALGrawany
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2.2.9 Teprotumumab

2.2.9.1 Physiology

Thyroid eye disease, also known as Graves’ ophthal-
mopathy, is an autoimmune inflammatory condition 
primarily affecting extraocular muscle, periorbital fat, 
and connective tissues surrounding the orbits. Next, 
we will briefly review the mechanisms underlying the 
development of this ocular complication of 
Graves’ disease.

Firstly, in patients with Graves’ disease, the pro-
duction of autoantibodies that target the thyroid- 
stimulating hormone receptor (TSHR) cross- react 
with other tissues, for example, orbital fibroblasts 
which express the TSHR and insulin- like Growth Fac-
tor- 1 receptor (IGF- 1R). These receptors are activated 
by TSHR antibodies, which trigger an inflammatory 
cascade that promotes the remodeling of periorbital 
soft tissues [141].

Furthermore, the activated orbital fibroblasts also 
produce an extracellular matrix, mainly GAGs and 
collagen. These components contribute to the remod-
eling of tissue in the orbital fossa. Indeed, the deposi-
tion of collagen leads to soft tissue fibrosis, whereas 
the accumulation of GAGs results in increased tissue 
swelling, changes that may cause significant expan-
sion of the extraocular muscle and orbital fat. These 
extensive changes in the periorbital tissues culminate 
in the pathognomonic feature of exophthalmos [142].

These changes can cause enlargement of the 
extraocular muscles and expansion of the orbital fat, 
leading to proptosis (bulging of the eyes) and other 
characteristic features of TED [143].

Additionally, the lymphatic drainage system of the 
orbit may be compromised in TED due to inflammation 
or fibrosis. This can lead to an increase in interstitial 
fluid, further exacerbating periorbital swelling [143].

While the exact etiology is yet to be fully charac-
terized, it is postulated that both genetic and envi-
ronmental factors play a part in the pathogenesis of 
TED. Most importantly, environmental factors such 
as smoking have also been shown to exacerbate this 
disease  [144, 145]. These mechanisms contribute 
collectively to the characteristic TED features, such 
as proptosis and orbital swelling.

2.2.9.2  Mechanism of Action

Teprotumumab is a human monoclonal antibody that 
targets the IGF- 1R and has shown clinical benefits for 

patients with TED. Teprotumumab binds to IGF- 1R 
and blocks its activation by TSH receptor antibodies 
and IGF- 1. This treatment offers a novel way to treat 
this complicated disease [146].

Graves’ disease- specific autoantibodies, that is, 
TSH receptor antibodies, can react with orbital fibro-
blasts that express thyroid- stimulating hormonal 
receptors (TSHR) and IGF- 1R. TSH autoantibodies or 
endogenous insulin- like growth factors- 1 (IGF- 1) acti-
vate IGF- 1R on orbital fibroblasts, stimulating sig-
naling cascades that promote inflammation, tissue 
remodeling, and fibrosis [142, 147, 148].

Practice Pearl(s)
An intravenous infusion of teprotumumab (10 mg/
kg initially, followed by 20 mg/kg for subsequent 
doses) is administered every 3 weeks for a total of 8 
doses [149].

Clinical Trial Evidence

In this study, authors investigated the effective-
ness of IGF- IR inhibitor teprotumumab in 
patients with active thyroid eye disease in a 
randomized double-blind placebo- controlled 
phase 3  multicenter study. Participants received 
intravenous teprotumumab infusions or placebo 
every 3 weeks over a 21- week period. The primary 
outcome at week 24 was a response to proptosis. 
At week 24, 83% in the teprotumumab- treated 
group showed a response to proptosis compared 
with 10% in the placebo- treated group. All 
secondary outcomes, including overall response, 
Clinical Activity Score, diplopia response, and 
Graves’ ophthalmopathy- specific quality- of- life 
GO- QOL overall score, showed significant 
improvement in the teprotumumab group. Most 
adverse events were mild to moderate, with only 
two serious events occurring in the teprotumumab- 
treated group. The authors concluded that patients 
with active thyroid eye disease who received 
teprotumumab had better outcomes than those 
receiving placebo [150].
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2.3  RIEDEL’S THYROIDITIS

2.3.1 Glucocorticoids

2.3.1.1 Physiology

Read Chapter  3 for the effects of glucocorticoids on 
metabolism.

2.3.1.2  Mechanism of Action

Riedel’s thyroiditis (RT), a rare chronic inflammatory 
condition, is characterized by dense fibrosis that 
replaces normal thyroid tissue. The fibrotic process 
may extend beyond the thyroid gland and causes com-
pression of surrounding structures. RT is not known 
to have a specific cause. It is however considered a 
fibrosing form of Hashimoto thyroiditis or an IgG4- 
related disease [152].

Glucocorticoids, such as prednisone, are often 
used in the management of RT. Exogenous ste-
roids  suppress the production of inflammatory 
 mediators involved in the pathogenesis of this 
condition [153, 154].

2.3.2 Rituximab

2.3.2.1 Physiology

B cells are essential components of the immune system 
and play a crucial role in the pathophysiology of auto-
immune disorders. In autoimmune diseases, the 
immune system mistakenly targets and attacks the 
body’s own cells and tissues, leading to inflammation 
and tissue damage [156].

B cells produce and secrete antibodies, which can 
recognize specific antigens on foreign pathogens. 
However, in autoimmune diseases, B cells produce 
autoantibodies that mistakenly target self- antigens, 
leading to tissue damage and inflammation [157].

Also, B cells can act as antigen- presenting cells 
(APCs) by capturing and processing self- antigens and 
presenting them to T cells. This interaction can lead to the 
activation of autoreactive T cells, which can contribute 
to the pathogenesis of autoimmune diseases [158].

Furthermore, B cells can produce and secrete var-
ious cytokines, including pro- inflammatory and anti- 
inflammatory cytokines, that modulate the immune 
response. In autoimmune disorders, B cells may con-
tribute to the inflammatory environment by secreting 
pro- inflammatory cytokines, such as interleukin (IL)- 6 
and tumor necrosis factor (TNF)- α [159].

Indeed, in some autoimmune diseases, B cells 
can  promote the differentiation of autoreactive Th 
cells, such as Th1, Th2, and Th17 cells, which can 
exacerbate inflammation and tissue damage [160].

Practice Pearl(s)
Glucocorticoids have been effective in reducing 
thyroid enlargement in  some Riedel’s thyroiditis 
patients, particularly when initiated early in the 
disease course. Long- term treatment is typically 
required, as disease recurrence may occur upon 
dose tapering. Oral prednisone 40 mg daily for 
3 months or more [152].

Clinical Trial Evidence

This systematic review and meta- analysis exam-
ined RT presentation, management, and outcomes. 
Data from 212 patients showed common symp-
toms, including neck swelling, dyspnea, and neck 
pain. Elevated inflammatory markers were 
observed in 70–97% of cases, while thyroid anti-
body positivity was present in less than 50%. Most 
patients underwent surgical intervention, with 
total thyroidectomy being the most common. 
 Glucocorticoids were used in 70% of cases, with 
a  median duration of 3  months. The prognosis 
was  generally favorable, with 90% experiencing 
symptom resolution or improvement. This analysis 
offers valuable insights for clinicians regarding RT 
presentation and management [155].

Concepts to Ponder

What Is the Pathophysiologic Basis for Upper 
Eyelid Retraction in Graves’ Disease?

Under the sympathetic stimulation caused by 
excess circulating thyroid hormones, Muller’s 
(superior- tarsal) muscle contracts and contributes 
toward lid retraction [151].

The levator palpebrae superioris muscle is infil-
trated with inflammatory cells due to extensive 
orbital inflammation. This leads to its fibrosis and 
contraction [151].
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Finally, B cells can form ectopic lymphoid struc-
tures within target tissues, leading to a localized 
immune response and tissue destruction [161].

2.3.2.2  Mechanism of Action

Although rituximab has not been extensively studied 
for the treatment of RT, the mechanism of its action in 
other autoimmune or inflammatory conditions may 
suggest potential benefits for RT patients.

Rituximab binds CD20 on B cell surfaces, causing 
their depletion by various mechanisms such as cellular 
cytotoxicity, and apoptosis [126]. Rituximab can reduce 
the production of autoantibodies by depleting the B cells.

B cells, by interacting with T cells, play a direct 
role in the activation and differentiation of T cells [127]. 
Rituximab, by depleting B cells, can indirectly affect 
T- cell responses, thereby decreasing inflammation 
and autoimmunity in RT [128].

Finally, B cells secrete and produce pro- 
inflammatory cytokines, which contribute to inflam-
mation in autoimmune diseases [129]. The cytokines 
can be reduced by rituximab, which leads to a decrease 
in inflammation in RT.

2.4  THYROID HORMONE RESISTANCE

2.4.1 Beta- Blockers

2.4.1.1 Physiology

Overview of Thyroid Hormone 
Receptor Isoforms
TRs are a group of nuclear receptors involved in the 
actions of thyroid hormones (THs) in target cells [22]. 
TRs regulate metabolism, growth, and development in 
normal physiology [21]. TRs exist in multiple isoforms, 
encoded by two distinct genes: THRA (encoding TRα) 
and THRB (encoding TRβ) [168]. The expression and 
function of these isoforms vary quite widely across dif-
ferent tissues, contributing to the diversity of effects of 
THs in the body [169].

The THRA gene encodes two major isoforms: 
TRα1 and TRα2. TRα1 is the predominant isoform and 
is the functional intracellular receptor for THs, binding 
to TREs present in target genes  [170]. Furthermore, 
TRα1 is widely expressed in tissues such as the brain, 

Practice Pearl(s)
Intravenous Rituximab (375 mg/m2) was adminis-
tered monthly over a three- month period [162].

Clinical Trial Evidence

There are no large or well- powered studies evalu-
ating the efficacy of rituximab in Graves’ disease. 
There are, however, a few published cases of off- 
label utilization of rituximab [162–164].

proptosis, and worsening diplopia  [165]. These 
clinical manifestations can significantly impair 
patients’ quality of life and increase the risk of 
sight- threatening complications, such as optic 
neuropathy [144].

The pathophysiological mechanisms under-
lying the relationship between smoking and TED 
are complex and multifactorial. One proposed 
mechanism involves the direct toxic effects of ciga-
rette smoke on orbital fibroblasts, inducing an 
inflammatory response and the production of cyto-
kines, which can lead to the activation of orbital 
fibroblasts and the expansion of orbital adipose/
connective tissues [142]. Smoking may also increase 
the risk of Graves’ disease by stimulating autoanti-
bodies to the thyrotropin receptor [166].

Considering the significant role of smoking in 
the pathophysiology and clinical course of TED, it 
is crucial for physicians to address smoking cessa-
tion as a key component of disease management. 
Smoking cessation interventions such as nicotine 
replacement therapy and pharmacological agents, 
like varenicline and bupropion, can improve patient 
outcomes and reduce the risk for sight- threatening 
complications [167].

Concepts to Ponder

Effects of Smoking on the Clinical Course of 
Thyroid Eye Disease

The relationship between smoking and thyroid 
eye disease (TED) has been extensively investi-
gated, with numerous studies highlighting the det-
rimental effects of smoking on the clinical course 
and management of TED [144, 165]. Smoking has 
been shown to exacerbate the severity of TED 
by  promoting orbital inflammation, increasing 



62 Chapter 2 Thyroid Gland Therapies 

heart, and skeletal muscle [171]. Consequently, TRα1 
plays a key role in regulating heart rate, cardiac output, 
and skeletal muscle function [172].

Unlike TRα1, TRα2 does not bind THs, acting 
 predominantly as a negative regulator of TRα1 
function [173]. The tissue expression of TRα2 is more 
restricted compared to TRα1, with high levels of the 
former being found primarily in the brain. Nonethe-
less, the exact physiological roles of TRα2 are yet to 
be elucidated [10].

The THRB gene encodes two major isoforms, 
these are TRβ1 and TRβ2. Both isoforms bind THs 
and regulate target gene transcription [41]. TRβ1 is 
predominantly expressed in the liver, kidneys, and 
thyroid gland, playing a key role in the regulation of 
metabolism, cholesterol homeostasis, and thyroid 
hormone synthesis [10]. TRβ2 is mainly found in the 
hypothalamus, pituitary gland, and retina and is 
involved in the regulation of the HPT axis [174].

Molecular Basis of Thyroid Hormone 
Resistance
Thyroid hormone resistance (THR) is a rare genetic 
disorder characterized by reduced tissue responsive-
ness to thyroid hormones, primarily T3 and T4. This 
results in elevated serum levels of thyroid hormones 
with normal or elevated thyrotropin (TSH) levels, 
leading to an incongruity between the clinical and 
biochemical manifestations of the condition [175].

The molecular basis of thyroid hormone resis-
tance primarily involves mutations in the thyroid 
hormone receptor (TR) genes. The two main subtypes 
of TRs, TRα and TRβ, encoded by the THRA and 
THRB genes, respectively, are involved in mediating 
the effects of thyroid hormones on target tissues [22]. 
Among the two, mutations in the THRB gene are more 
commonly associated with THR, while THRA gene 
mutations are rarer [176].

Mutations in the THRB gene causes defects in the 
ligand- binding domain of the TRβ protein, impairing 
its ability to bind to thyroid hormones. This leads to 
reduced sensitivity of target tissues to thyroid hor-
mone signaling, thus requiring higher levels of thy-
roid hormones to maintain normal physiological 
function [10].

2.4.1.2  Mechanism of Action

The role of beta- blockers in hyperthyroxinemia was 
reviewed in Section 2.2.6.

2.4.2 Thyroid Hormone 
Replacement Therapy

2.4.2.1 Physiology

THR is a rare genetic disorder that affects the respon-
siveness of tissues to thyroid hormones. There are two 
main subtypes: resistance to thyroid hormone alpha 
(RTHα) and resistance to thyroid hormone beta 
(RTHβ), which are caused by mutations in the THRA 
and THRB genes, respectively  [175]. These genes 

Practice Pearl(s)
In thyroid hormone resistance, the use of beta- 
blockers can be beneficial in managing symptoms 
associated with the hyperadrenergic state, which may 
occur due to elevated thyroid hormone levels  [175]. 
Although tissue resistance to thyroid hormones is 
the primary issue in THR, specific tissues or organs, 
such as the cardiovascular system, may still be 
sensitive to the effects of thyroid hormones [10].

Beta- blockers such as propranolol or atenolol 
can alleviate symptoms such as palpitations and 
tremors  [177]. They reduce heart rate, blood 
pressure, and myocardial contraction by blocking 
catecholamines’ effects on beta- adrenergic recep-
tors  [178]. Thus, beta- blockers can help to reduce 
myocardial stress caused by elevated thyroid hor-
mone levels [179].

Although beta- blockers do not address the 
underlying cause of thyroid hormone resistance, 
they can be a useful adjunct in the management of 
symptomatic patients  [180]. The primary goal of 
treating THR is to optimize thyroid hormone levels 
and suppress TSH levels if necessary, which may 
involve the use of supraphysiologic doses of levo-
thyroxine [181]. Beta- blockers can be used alongside 
these treatments to manage the cardiovascular 
effects of hyperthyroxinemia and improve the 
quality of life for individuals with THR. Oral Pro-
pranolol, 30–60 mg/day, is typically used as adjunc-
tive therapy in patients with persistent cardiovascular 
effects [182].

Clinical Trial Evidence

There are no well- powered studies evaluating the 
role of beta- blockers in thyroid hormone resistance 
syndromes.
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encode TRs, TRα, and TRβ, which are responsible for 
mediating the effects of thyroid hormones in various 
tissues [183].

2.4.2.2  Mechanism of Action

RTHα is a rare form of THR characterized by resistance 
to thyroid hormones in tissues predominantly express-
ing TRα, such as the heart, bone, and gastrointestinal 
tract [184]. Patients with RTHα may present with growth 
retardation, delayed bone maturation, constipation, 
anemia, and sometimes mild intellectual disabilities. 
The typical treatment for these patients is to use supra-
physiologic levothyroxine doses to overcome RTH [176]. 
This should only be done with caution since higher 
doses of the thyroid hormone may have adverse effects 
on tissues that are usually sensitive to thyroid hormones.

RTHβ is a more common form of THR and affects 
tissues predominantly expressing TRβ, such as the liver, 
kidneys, and pituitary gland [185]. Patients with RTHβ 
may exhibit elevated T4 and T3 levels, normal or slightly 
elevated TSH levels, and a variable range of clinical 
symptoms, including goiter, attention deficit hyperac-
tivity disorder (ADHD), and tachycardia. The treatment 
for RTHβ varies depending on the severity of the symp-
toms and the degree of hormone resistance [186].

Practice Pearl(s)
Thyroid hormone replacement plays a crucial role 
in managing thyroid hormone resistance syn-
dromes, particularly in patients with resistance to 
thyroid hormone alpha (RTHα) and resistance to 
thyroid hormone beta (RTHβ). The choice of 
treatment, dose, and duration depends on the sub-
type of thyroid hormone resistance and the severity 
of the clinical symptoms [175, 187].

In RTHα patients, thyroid hormone replace-
ment with supraphysiologic doses of levothyroxine 
may be necessary to overcome the resistance in 
TRα- expressing tissues like the heart, bone, and 
gastrointestinal tract  [176]. However, caution is 
required, as higher doses of thyroid hormones 
might negatively affect other tissues with normal 
sensitivity to thyroid hormones [184].

For RTHβ patients, the management approach 
varies depending on the severity of symptoms and 
the degree of hormone resistance. In many cases, 
no specific treatment is required, and patients are 
managed conservatively with regular monitoring of 
thyroid hormone levels  [188]. In some instances, 

thyroid hormone replacement therapy may be con-
sidered for patients with severe symptoms or 
specific clinical indications [189].

Clinical Trial Evidence

Due to the rarity of thyroid hormone resistance, 
there are no well- powered studies investigating the 
efficacy of levothyroxine.

Concepts to Ponder

What Is the Biochemical Profile of Patients 
with Thyroid Hormone Resistance?

Thyroid hormone resistance syndrome is a rare ge-
netic disorder characterized by a reduced respon-
siveness of target tissues to the action of thyroid 
hormones [190]. An important clinical pearl in the 
evaluation of thyroid hormone resistance syndrome 
is the importance of recognizing the biochemical 
hallmark of the disorder: elevated serum free 
 thyroxine (FT4) and triiodothyronine (T3) levels 
with non- suppressed or even elevated thyroid- 
stimulating hormone (TSH) levels  [186]. Identi-
fying this unique biochemical profile is crucial for 
distinguishing thyroid hormone resistance syn-
drome from other thyroid disorders. The gold stan-
dard for diagnosing thyroid hormone resistance 
syndrome is genetic testing for mutations in the 
THRB or THRA genes, encoding the thyroid hor-
mone receptor β and α, respectively [186, 191].

What Is the Difference Between Pituitary and 
Generalized Resistance to Thyroid Hormone?

The lack of consistency in clinical findings among 
patients with THR is due to the variable expression 
of thyroid hormone receptors across various tis-
sues [192, 193].

Pituitary or central thyroid hormone resistance 
is caused by reduced negative feedback inhibition of 
thyroid hormone on the anterior pituitary, resulting 
in an increased secretion of both TSH and thyroid 
hormones. Patients with pituitary or central thyroid 
hormone resistance are clinically hyperthyroid [194]. 
Conversely, patients with generalized resistance to 
thyroid hormones may be either euthyroid or hypo-
thyroid, depending on which tissue- specific subtype 
of thyroid hormone receptor is affected [176].
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2.5  TSH- SECRETING TUMORS

2.5.1 Somatostatin Receptor Ligands

2.5.1.1 Physiology

Somatostatin, also known as somatotropin release- 
inhibiting factor (SRIF), is a hypothalamic peptide 
hormone [195] that exerts negative feedback effects on 
the HPT axis [196].

Somatostatin is synthesized and released by 
specific neurons in the hypothalamus, where it acts as 
an inhibitor of TRH release [197]. By inhibiting TRH 
release, somatostatin contributes to negative feedback 
regulation of the HPT axis [169].

Furthermore, somatostatin acts directly on the 
anterior pituitary gland to inhibit TSH secretion. 
Somatostatin binds to specific somatostatin receptors 
on the surface of thyrotrope cells in the anterior 
pituitary, leading to a reduction in intracellular cAMP 
levels [198]. This ultimately leads to decreased TSH 
synthesis and secretion [199].

2.5.1.2  Mechanism of Action

Somatostatin analogs, such as octreotide and lan-
reotide, are synthetic compounds that mimic the 
action of the naturally occurring hormone somato-
statin  [200]. Somatostatin analogs bind to specific 
somatostatin receptor subtypes (SSTRs) present on 
the surface of pituitary adenoma cells  [201]. The 
most common receptor subtypes involved in the 
inhibition of TSH secretion are SSTR2 and 
SSTR5  [202]. By binding to these receptors, somato-
statin analogs that bind to SSTRs activate inhibitory G 
proteins (Gi), inhibiting adenylate cyclase activity. 
This leads to a decrease in the intracellular levels of 
cyclic AMP (cAMP), an important second messenger 
involved in hormone secretion. Reduced cAMP 
levels result in decreased TSH synthesis and 
secretion [203].

In addition to their inhibitory effects on hormone 
secretion, somatostatin analogs have also been shown 
to exert antiproliferative effects on pituitary adenoma 
cells. They can induce cell cycle arrest and promote 
apoptosis, thereby reducing tumor size and alleviating 
mass effects [200].

Overall, somatostatin analogs act by binding to 
specific somatostatin receptors on TSH- secreting 
pituitary adenoma cells, leading to reduced hormone 
synthesis and secretion through multiple intracellular 

mechanisms [201, 203]. This results in decreased TSH 
levels, alleviating the symptoms of hyperthyroidism 
caused by the adenoma [201].

Practice Pearl(s)
An important differential diagnosis of TSH- 
secreting pituitary adenomas is thyroid hormone 
resistance syndrome. Distinguishing between a 
TSH- secreting pituitary tumor (TSHoma) and thy-
roid hormone resistance (RTH) can be challenging, 
as both conditions can present with elevated thy-
roid hormone levels (free T3 and T4) and either 
high or inappropriately normal serum TSH  [188] 
(see Table 2.6).

The dose range, side effects, and relevant 
clinical pearls were discussed in Chapter 1.

TABLE 2.6  Comparison of TSH- secreting 
pituitary tumors and thyroid hormone resistance.

Clinical 
feature

TSHoma Thyroid 
hormone 
resistance

T3 suppression 
test

No effect on 
TSH suppression

Suppresses 
TSH

MRI Positive Negative

SHBG High Normal

Alpha subunit High Normal

Family history Negative history 
of thyroid 
dysfunction

Positive

TRH test No response Normal or 
exaggerated 
response

Clinical Trial Evidence

This study evaluated the effects of a slow- release 
formulation of the somatostatin analog lanreotide 
(SR- L) on hormone secretion, tumor size, and 
tolerance in 18 patients with TSH- secreting 
pituitary adenomas over 6 months. Clinical signs 
of hyperthyroidism improved within 1 month for 
16 patients. Plasma TSH, free alpha- subunit, and 
thyroid hormone levels significantly decreased 
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2.5.2 Dopaminergic Agonists

2.5.2.1 Physiology

Dopamine, a neurotransmitter, exerts negative feedback 
inhibition on the HPT axis [196]. This is because dopa-
mine has an inhibitory effect on both thyrotropin- 
releasing hormone (TRH) and thyroid- stimulating 
hormone (TSH) secretion  [205]. The effects of dopa-
mine on the HPT axis were discussed in Chapter 1.

2.5.2.2  Mechanism of Action

Dopaminergic agonists (DAs) are generally used to 
treat prolactinomas; however, they have also been 
shown to be efficacious in treating TSH- secreting 
pituitary tumors (thyrotropinomas) [188]. The mecha-
nism of action of dopaminergic agonists in TSH- 
producing pituitary tumors is based on the ability of 
these agents to bind and activate D2 receptors on the 
surface of thyrotropinoma cells  [188]. The activation 
of these dopamine receptors results in a suppression 
of TSH secretion and synthesis. Dopaminergic 
receptor agonists can also have an antiproliferative 
impact on tumor cells which may inhibit the growth 
of tumor cells [206].

2.6  THYROID CANCER

2.6.1 Tyrosine Kinase Inhibitors

2.6.1.1 Physiology

Tyrosine kinases are a family of intracellular 
enzymes  that modulate various cellular signaling 
processes [210]. This family of receptors can be clas-
sified into two main categories. These are receptor 
tyrosine kinases (RTKs) and non- receptor tyrosine 
kinases [210].

Receptor tyrosine kinases are composed of an 
extracellular ligand- binding domain, a transmem-
brane domain (spanning the cell membrane), and an 
intracellular kinase domain  [210]. RTKs include 
epidermal growth factor receptor (EGFR), vascular 
endothelial growth factor receptor (VEGFR), and 
platelet- derived growth factor receptor (PDGFR) (see 
Figure  2.7). Non- receptor tyrosine kinases, on the 
other hand, are cytoplasmic proteins that lack a trans-
membrane domain and are beyond the scope of 
this text.

The role of tyrosine kinases in cellular signaling 
and tumor growth, showing the sites of action of var-
ious tyrosine kinase inhibitors is shown in Figure 2.7.

The extracellular domain of RTK is bound by 
a  specific ligand, such as growth factors or cyto-
kines  [210] which causes receptor dimerization. 
 Tyrosine residues within the kinase region are auto-
phosphorylated. This results in the activation of the 
receptor kinase [210]. Tyrosine kinases, once activated, 
promote the phosphorylation of specific tyrosine 
residues on target protein  [211]. The activation of 
downstream signaling pathways, such as MAPK/ERK 
and PI3K/AKT or JAK/STAT, is triggered by this. The 
activation of these downstream pathways leads to 
multiple cellular processes, including cell growth and 
survival [212].

during treatment, with normalization observed in 
13 out of 16 cases.

No significant change in adenoma size was 
observed after 6 months, and side effects were mild 
and transient. No gallstones occurred during the 
study. The findings suggest that SR- L is a safe and 
effective treatment for thyrotropinomas, maintain-
ing its effect throughout treatment [204].

Practice Pearl(s)
The dose range, side effects, and relevant clinical 
pearls of dopaminergic agonists were discussed in 
Chapter 1.

Clinical Trial Evidence

There are various case reports of the use of dopami-
nergic agonists in TSHomas, with variable degrees 
of efficacy [207–209].

Concepts to Ponder

What Is the Primary Treatment Modality for 
TSH- Secreting Adenomas?

Transsphenoidal surgery is the first- line treatment 
for TSH- producing tumors, followed by adjuvant 
therapy, such as radiation therapy or medical 
therapy [188].
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Genetic alterations in malignancies (e.g. gain of 
function mutations) can result in the constitutive 
activation of tyrosine- kinases and their downstream 
signaling pathway  [212]. This process can lead to 
uncontrolled cell proliferation, resistance against apo-
ptosis, and increased tumor invasion and metas-
tasis  [212]. Additionally, aberrant tyrosine- kinase 
signals can contribute to therapy resistance and tumor 
recurrence [213].

2.6.1.2  Mechanism of Action

Tyrosine Kinase Inhibitors (TKIs), a group of targeted 
anticancer agents, are essential in treating thyroid 
cancers of all types. This is especially true in cases of 
advanced or metastatic disease [214]. They inhibit the 
activity of specific enzymes called tyrosine- kinases, 
which are important components of cell signaling 
pathways, such as those that control cell growth, 
differentiation, and survivability [215].

The mechanism of action of TKIs in thyroid can-
cer involves the following steps:

Several types of thyroid cancer have been found to 
contain mutations or overexpression of tyrosine kinase 
receptors such as RET and BRAF. These alterations 

can lead to constitutive activation of downstream sig-
naling pathways (e.g. MAPK and PI3K/AKT), promoting 
tumor growth, survival, and angiogenesis  [216–218]. 
TKIs target these aberrantly activated tyrosine kinases, 
blocking their activity and disrupting the oncogenic 
signaling cascades [215, 218].

The Vascular Endothelial Growth Factor (VEGF), 
and its receptors, the VEGFRs, play a key role in the 
promotion of angiogenesis in thyroid carcinoma [214]. 
TKIs that target VEGFRs inhibit angiogenesis and 
deprive the tumor of oxygen and nutrients essential 
for its growth [219].

TKIs also induce programmed cell death in cancer 
cells by blocking the activation and downstream sig-
naling pathways of certain tyrosine kinases [215]. This 
results in a decrease in the size of tumors and, in some 
instances, tumor regression [220].

Some TKIs also inhibit thyroid cancer cell migra-
tion and invasion, reducing their potential to spread to 
other organs.

The target profiles of different TKIs are distinct, 
allowing for specific drug selection based on the 
molecular features of the tumor. TKIs are commonly 
used in thyroid cancer, including sorafenib and 
lenvatinib [220].

FIGURE 2.7  Sites of action of tyrosine kinase inhibitors.
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2.6.2 Radioactive Iodine Ablation

2.6.2.1 Physiology

The role of iodine in thyroid hormone synthesis was 
reviewed earlier in this chapter. See Section 2.2.1.

2.6.2.2  Mechanism of Action

Radioactive iodine (RAI) (I- 131) is an effective 
treatment for thyroid cancer due to its mechanism of 

action, which exploits the thyroid gland’s natural 
ability to take up iodine via the NIS [221]. Most differ-
entiated thyroid cancer (DTC) cells, including papil-
lary and follicular thyroid cancers, preserve this 
physiologic ability to concentrate iodine thus making 
radioactive iodine a suitable treatment for DTCs.

RAI is typically administered orally in the form of 
a capsule, either as the I- 123 or I- 131 capsule. Once 
ingested, it enters the general circulatory system. Both 
healthy thyroid cells and DTC cells with functional 
NIS actively take up iodine to synthesize thyroid 
hormones. RAI is preferentially absorbed by these 
cells due to their high affinity for iodine [224].

I- 131 is a beta- emitting radionuclide, which means 
it releases high- energy beta particles as it decays. 
When absorbed by thyroid cells, the emitted beta 
 particles damage cellular structures, including DNA, 
leading to cell death  [225]. Radioactive iodine is 
mainly absorbed by thyroid follicular cells mediated 
by the NIS, selectively destroying both normal thyroid 
tissue and thyroid cancer cells while sparing most 
other healthy nonthyroidal tissues in the body [226].

The body excretes any remaining radioactive 
iodine through urine, feces, sweat, and saliva. The 
radioactive iodine’s half- life is about 8 days, meaning 
the radiation level reduces by half every 8 days [225].

Practice Pearl(s)
Tyrosine Kinase inhibitors are indicated in patients 
with significant differentiated thyroid cancer (DTC) 
tumor burden, symptomatic, rapidly progressive, 
and imminently threatening disease [221]. The typ-
ical doses of selected TKIs are shown in Table 2.7.

TABLE 2.7  Dosing schedule of various TKIs.

TKI Dosing schedule

Cabozantinib 60 mg once daily administered 
orally in either locally advanced or 
metastatic DTC [222].

Lenvatinib 24 mg once daily, administered 
orally [220].

Sorafenib 400 mg twice daily, administered 
orally [223].

DTC differentiated thyroid carcinoma.
Derived from references [220, 222, 223].

Clinical Trial Evidence

The DECISION phase 3 trial assessed the efficacy 
and safety of sorafenib in patients with radioactive 
iodine- refractory, locally advanced or metastatic 
differentiated thyroid cancer. The study found 
that  sorafenib significantly improved median 
progression- free survival (10.8  months) compared 
to placebo (5.8 months), with a hazard ratio of 0.59 
(p  < 0.0001). The treatment was beneficial across 
all prespecified clinical and genetic biomarker sub-
groups. Adverse events were mostly grade 1 or 2, 
with the most common being hand- foot skin reac-
tion, diarrhea, alopecia, and rash or desquamation. 
The results suggest sorafenib as an effective 
treatment for patients with progressive, radioactive 
iodine- refractory differentiated thyroid cancer.[223]

Practice Pearl(s)
Radioactive iodine (RAI) treatment is an effective 
therapeutic modality for differentiated thyroid cancer. 
However, it requires strict adherence to radiation 
safety precautions to protect patients, healthcare pro-
fessionals, and the general public [227]. The following 
are detailed radiation precautions and their rationale 
for patients receiving RAI therapy.

RAI treatment can cause fetal thyroid ablation 
and is contraindicated during pregnancy. For this 
reason, women of childbearing age must undergo 
pregnancy testing before RAI administration and 
should use effective contraception during and for 
up to six months post- treatment [228]. Also, radio-
active iodine concentrates in breast milk and poses 
a risk to nursing infants. Breastfeeding should 
therefore be discontinued before RAI treatment 
and not resumed afterward to prevent inadvertent 
infant exposure to radioactive iodine [229].

Patients receiving RAI may emit radiation for 
several days, necessitating isolation in a hospital 

(continued)
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2.6.3 mTOR Inhibitors

2.6.3.1 Physiology

The mammalian target of the rapamycin (mTOR) sig-
naling pathway is essential for cellular pathways that 
are required for cell growth, proliferation, metabolism, 
and survival [234].

2.6.3.2  Mechanism of Action

mTOR inhibitors in thyroid cancer block the activity of 
the mTOR protein, thus inhibiting its downstream sig-
naling responses required for tumor proliferation [235].

setting or at home to minimize exposure to others. 
The duration of isolation depends on the adminis-
tered dose, local regulations, and individual patient 
factors [230].

Radioactive iodine is excreted primarily 
through urine, and proper hygiene practices can 
reduce contamination risk. Patients should wash 
their hands thoroughly after using the bathroom, 
clean bathroom surfaces regularly, and flush toilets 
multiple times after use to minimize residual 
radiation [230].

To reduce contamination risk, patients should 
use disposable utensils, plates, and cups  [230]. 
Consuming sufficient fluids can promote renal 
clearance of radioactive iodine, decreasing the 
duration of radiation exposure.

To prevent cross- contamination, clothing, bed 
linens, and towels used during the isolation period 
should be washed separately from those of other 
household members. Instructions for handling 
contaminated laundry should follow local radia-
tion safety guidelines [231].

Finally, radioactive iodine can accumulate in 
salivary glands, causing inflammation (sialoadenitis) 
and xerostomia. Chewing gum or sucking on hard 
candy can stimulate saliva production, enhancing 
radioactive iodine clearance from the glands and 
reducing potential side effects [232].

(continued)

Clinical Trial Evidence

This retrospective study assessed the survival of 96 
patients with lung metastases from differentiated 
thyroid carcinoma. Longer survival times were 
observed in patients under 45 years of age at diag-
nosis, those with metastases concentrating 131I, 
and those with fine miliary metastases. Multivar-
iate analysis revealed a 5.4- fold increased risk 
of  death in patients over 45 years old, while 131I 
treatment could reduce this risk to nearly 1/6. The 
study concluded that young age at diagnosis and 
131I uptake by metastases positively affected 
survival time, and radioiodine therapy, even with 
high cumulative 131I activity, could lead to longer 
survival or complete recovery [233].

Practice Pearl(s)
There is limited use of these medications in general 
endocrinology. Patients requiring mTOR inhibitors 
should be referred to oncologists.

Clinical Trial Evidence

See the practice pearl above.

Concepts to Ponder

What Is the Role of Thyroid Hormone 
Replacement in the Management of 
Thyroid Cancer?

Thyroid hormone suppression plays a critical role 
in the management of differentiated thyroid cancer 
(DTC), which includes papillary and follicular thy-
roid cancer. The primary goal of thyroid hormone 
suppression therapy is to reduce the levels of 
thyroid- stimulating hormone (TSH) in the blood-
stream, thereby inhibiting the growth and prolifera-
tion of thyroid cancer cells [221].

The rationale for TSH suppression lies in the 
understanding that TSH promotes the growth of 
both normal thyroid tissue and thyroid cancer 
cells. By maintaining low TSH levels through exog-
enous thyroid hormone administration, the risk 
of  cancer recurrence and progression can be 
minimized [236].

ALGrawany
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PRACTICE- BASED QUESTIONS

1. Which of the following is the primary carrier pro-
tein for thyroid hormones in the bloodstream?

a. Albumin
b. Transthyretin
c. Thyroxine- binding globulin (TBG)
d. Type 1 deiodinase

Correct answer: c. Thyroxine- binding globulin 
(TBG). Explanation: Thyroxine- binding glob-
ulin (TBG) is the primary and most abundant 
carrier protein in the bloodstream for thyroid 
hormones, binding about 70% of T4 and 80% 
of  T3. TBG has a high affinity for thyroid 
hormones and plays a significant role in main-
taining a stable concentration of free thyroid 
hormones in circulation.

2. What is the main difference between T4 and T3 in 
terms of biological activity?

a. T4 has greater biological activity than T3.
b. T3 has greater biological activity than T4.
c. T4 and T3 have equal biological activity.
d. T4 and T3 have no biological activity.

Correctanswer: b. T3 has greater biological activity 
than T4. Explanation: T3 is the biologically 

active thyroid hormone and possesses approxi-
mately three to five times greater potency than 
T4. Although T4 is the predominant thyroid 
hormone secreted by the thyroid gland, it is a 
prohormone with relatively low biological 
activity compared to T3.

3. Which of the following enzymes is mainly respon-
sible for converting T4–T3 in peripheral tissues like 
the liver and kidneys?

a. Type 1 deiodinase (D1)
b. Type 2 deiodinase (D2)
c. Type 3 deiodinase (D3)
d. Transthyretin

Correct answer: a. Type 1 deiodinase (D1). 
Explanation: Type 1 deiodinase (D1) is pre-
dominantly found in peripheral tissues such as 
the liver and kidneys and is responsible for 
converting most of the prohormone thyroxine 
(T4) to the biologically active hormone triiodo-
thyronine (T3) in circulation.

4. Which form of thyroid hormone is used as a first- 
line treatment for hypothyroidism?

a. Dessicated thyroid hormone
b. Liothyronine
c. Levothyroxine (L- T4)
d. Reverse T3 (rT3)

Correct answer: c. Levothyroxine (L- T4). 
Explanation: Levothyroxine, also known as 
L- thyroxine or L- T4, is a synthetic form of the 
endogenous thyroid hormone thyroxine (T4). It 
is widely used as a first- line treatment for hypo-
thyroidism, a condition characterized by insuf-
ficient thyroid hormone production. The 
mechanism of action of levothyroxine involves 
its conversion to the biologically active hor-
mone triiodothyronine (T3) and subsequent 
interaction with nuclear thyroid hormone 
receptors (TRs) to modulate gene transcription.

5. Which enzyme is primarily responsible for converting 
T4–T3  in the brain, pituitary gland, brown adipose 
tissue, skeletal muscle, and other tissues?

a. Type 1 deiodinase (D1)
b. Type 2 deiodinase (D2)
c. Type 3 deiodinase (D3)
d. Transthyretin

Levothyroxine (LT4) is the most commonly 
used medication for TSH suppression therapy. The 
dosage of LT4 is carefully adjusted to maintain TSH 
levels below the reference range without causing 
overt hyperthyroidism [237]. The target TSH level 
depends on the individual patient’s risk of recur-
rence and the presence of any comorbidities. In 
high- risk patients, TSH suppression may be more 
aggressive, whereas in low- risk patients, a more 
conservative approach may be taken to minimize 
the potential side effects of LT4 therapy [221].

TSH suppression therapy is generally continued 
for several years after the initial treatment of DTC, 
with regular monitoring to assess the patient’s 
response and to adjust the LT4 dosage as 
needed  [238]. The duration of therapy and the 
degree of TSH suppression is individualized based 
on the patient’s risk factors, response to therapy, 
and overall clinical situation.
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Correct answer: b. Type 2 deiodinase (D2). 
Explanation: Type 2 deiodinase (D2) is mainly 
present in the brain, pituitary gland, brown 
adipose tissue, skeletal muscle, and other tis-
sues. D2 primarily converts T4–T3 for intracel-
lular use, providing a localized source of active 
thyroid hormone.

6. A patient diagnosed with Graves’ disease presents 
with severe hyperthyroidism. Which of the follow-
ing medications helps to inhibit the peripheral 
conversion of T4–T3, in addition to inhibiting the 
thyroid peroxidase enzyme?

a. Methimazole
b. Propylthiouracil
c. Iodide
d. Selenium

Correctanswer: b) Propylthiouracil. Explanation: 
Propylthiouracil (PTU) is a thionamide medi-
cation that inhibits the thyroid peroxidase 
enzyme, thereby inhibiting the synthesis of 
thyroid hormones. In addition, PTU also 
inhibits the peripheral conversion of T4–T3 by 
blocking the activity of type 1 and 2 deiodinase 
enzymes, which can be particularly beneficial 
in the management of severe hyperthyroidism 
or thyroid storm.

7. Which of the following medications used in the 
management of Graves’ disease inhibits iodide 
transport into the thyroid gland?

a. Methimazole
b. Lugol’s iodine
c. Thiocyanate
d. Glucocorticoids

Correct answer: c) Thiocyanate. Explanation: 
Thiocyanate and other iodide uptake inhibi-
tors, such as perchlorate and pertechnetate, 
impede iodide transport into the thyroid gland. 
By blocking the entry of iodide into the thyroid 
follicular cells, these inhibitors reduce the 
intracellular concentration of iodide available 
for thyroid hormone synthesis, ultimately 
decreasing the production of thyroid hormones.

8. In the management of thyroid eye disease, which 
essential trace element is known to modulate the 
immune response and enhance the antioxidant 
defense system?

a. Iron
b. Zinc
c. Copper
d. Selenium

Correct answer: d) Selenium. Explanation: 
Selenium is an essential trace element that 
plays a crucial role in thyroid eye disease 
management. It is a crucial component of var-
ious antioxidant enzymes, such as glutathione 
peroxidase (GPx) and thioredoxin reductase. 
These enzymes help protect cellular compo-
nents from oxidative stress by neutralizing 
reactive oxygen species (ROS). Selenium also 
modulates the immune response by regulating 
various immune cell functions, such as T- cell 
proliferation and cytokine production.

9. A 35- year- old female presents with symptoms of 
tachycardia, palpitations, and tremors. Laboratory 
results show elevated levels of T3 and T4, and 
normal TSH levels. Which of the following is the 
most appropriate pharmacological treatment for 
managing her cardiovascular symptoms?

a. Propranolol
b. Levothyroxine
c. Octreotide
d. Cabergoline

Correct answer: a) Propranolol. Explanation: 
Propranolol is a beta- blocker that can help 
alleviate symptoms related to increased sensi-
tivity to catecholamines, such as tachycardia, 
palpitations, and tremors. It works by block-
ing the effects of catecholamines on beta- 
adrenergic receptors, thereby reducing heart 
rate, blood pressure, and the force of myocar-
dial contraction. This can help to reduce the 
cardiovascular strain associated with elevated 
thyroid hormone levels.

10. A 40- year- old male with a history of thyroid hor-
mone resistance presents with elevated T4 and 
T3  levels and normal TSH levels. He is experi-
encing severe constipation, anemia, and mild 
intellectual disabilities. Which of the following 
treatments should be considered for this patient?

a. Propranolol
b. Supraphysiologic doses of levothyroxine
c. Octreotide
d. Cabergoline



Correctanswer: b) Supraphysiologic doses of levo-
thyroxine. Explanation: This patient is likely 
experiencing resistance to thyroid hormone 
alpha (RTHα), which affects tissues predomi-
nantly expressing TRα, such as the gastroin-
testinal tract. Treatment with supraphysiologic 
doses of levothyroxine may be necessary to 
overcome the resistance in TRα- expressing 
tissues and alleviate symptoms.

11. A 28- year- old female presents with elevated T4 
and T3 levels, normal TSH levels, and a pituitary 
adenoma on MRI. Which of the following treat-
ments is most appropriate for her condition?

a. Propranolol
b. Supraphysiologic doses of levothyroxine
c. Octreotide
d. Cabergoline

Correctanswer: c) Octreotide. Explanation: This 
patient likely has a TSH- secreting pituitary 
tumor (TSHoma). Octreotide, a somatostatin 
analog, is an appropriate treatment for 
TSHomas as it reduces hormone synthesis 
and secretion through its inhibitory effects on 
TSH secretion.

12. A 45- year- old male with a TSH- secreting 
pituitary adenoma is treated with octreotide. 
Which of the following is a possible side effect of 
this treatment?

a. Hypertension
b. Hyperglycemia
c. Hypothyroidism
d. Weight gain

Correctanswer: b) Hyperglycemia. Explanation: 
Somatostatin analogs, such as octreotide, can 
cause hyperglycemia as a side effect. This is 
due to their inhibitory effects on insulin and 
glucagon secretion, leading to impaired 
glucose regulation.

13. A patient presents with elevated T4 and T3 levels, 
inappropriately normal TSH levels, and a negative 
pituitary MRI. Which test is likely to help differen-
tiate between a TSH- secreting pituitary tumor and 
thyroid hormone resistance?

a. T3 suppression test
b. TRH stimulation test

c. Alpha subunit measurement
d. SHBG measurement

Correct answer: a) T3 suppression test. 
Explanation: The T3 suppression test can 
help differentiate between a TSH- secreting 
pituitary tumor (TSHoma) and thyroid hor-
mone resistance (RTH).

14. What is the primary reason propranolol is often 
used for initial therapy in thyroid storm or severe 
Graves’ disease?

a. It increases the heart rate and the force of the 
heart’s contractions

b. It inhibits the conversion of thyroxine (T4) to 
triiodothyronine (T3)

c. It blocks the blood–brain barrier
d. It increases peripheral vascular resistance

Correct answer: b) It inhibits the conversion of 
thyroxine (T4) to triiodothyronine (T3). 
Explanation: Propranolol is often used for 
initial therapy in thyroid storm or severe 
Graves’ disease because, in high doses, it 
inhibits the conversion of thyroxine (T4) to 
the more active triiodothyronine (T3) by 
inhibiting the type 1 deiodinase enzyme. This 
can help reduce the levels of circulating T3, 
which is a primary contributor to the symp-
toms associated with these conditions.

15. How do beta- blockers like propranolol help alle-
viate symptoms of anxiety, nervousness, and 
tremors in patients with thyroid storm or severe 
Graves’ disease?

a. By blocking cardiac beta- 1 receptors
b. By crossing the blood–brain barrier and calm-

ing the central nervous system
c. By blocking the beta- 2 receptors in the 

blood vessels
d. By inhibiting the conversion of thyroxine (T4) 

to triiodothyronine (T3)

Correct answer: b) By crossing the blood–brain 
barrier and calming the central nervous 
system. Explanation: Beta- blockers, such as 
propranolol, can cross the blood–brain barrier 
and calm the central nervous system. This can 
help alleviate symptoms like anxiety, nervous-
ness, and tremors that are common in patients 
with thyroid storm or severe Graves’ disease.
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16. How does cholestyramine impact thyroid hor-
mone metabolism?

a. By inhibiting thyroid peroxidase
b. By binding to bile acids and disrupting the 

normal absorption and reabsorption of thyroid 
hormones in the intestine

c. By increasing the peripheral conversion of 
T4–T3

d. By competing with iodine for uptake by 
thyroid cells

Correct answer: b) By binding to bile acids and 
disrupting the normal absorption and reab-
sorption of thyroid hormones in the 
intestine. Explanation: Cholestyramine 
binds to bile acids in the intestine, forming 
an insoluble complex that is excreted in the 
feces. This interrupts the enterohepatic 
circulation of bile acids and prevents their 
reabsorption. Since thyroid hormones, such 
as thyroxine (T4) and triiodothyronine (T3), 
are partly metabolized in the liver and 
excreted into the bile, cholestyramine’s 
binding to bile acids indirectly impacts thy-
roid hormone metabolism.

17. How does lithium affect thyroid hormone syn-
thesis and secretion?

a. By increasing the activity of thyroid peroxidase
b. By competing with iodine for uptake by thy-

roid cells and inhibiting thyroid hor-
mone release

c. By promoting the conversion of T4–T3
d. By increasing the availability of iodine for thy-

roid hormone synthesis

Correctanswer: b) By competing with iodine for 
uptake by thyroid cells and inhibiting thyroid 
hormone release. Explanation: Lithium is 
concentrated in the thyroid gland, where it 
competes with iodine for uptake by the thy-
roid cells. This competition reduces the avail-
ability of iodine for thyroid hormone 
synthesis. Moreover, lithium can inhibit thy-
roid hormone release by interfering with the 
coupling of iodotyrosine residues, which are 
essential for the formation of thyroxine (T4) 
and triiodothyronine (T3).

18. A patient with thyroid storm is experiencing 
severe asthma. Which medication is relatively 

contraindicated, and what alternative can be used 
for rate control?

a. Propranolol, use Metoprolol
b. Metoprolol, use Propranolol
c. Propranolol, use Calcium channel blockers
d. Metoprolol, use Calcium channel blockers

Correct answer: c) Propranolol, use Calcium 
channel blockers. Explanation: In patients 
with severe asthma, beta- blockers like pro-
pranolol are relatively contraindicated due to 
their potential to exacerbate respiratory 
symptoms. Instead, calcium channel blockers 
can be employed to achieve rate control in 
such patients.

19. What is the primary purpose of using beta- 
blockers like propranolol in the treatment of thy-
roid storm or severe Graves’ disease?

a. To act as a definitive treatment for thyroid storm
b. To provide symptomatic relief and improve 

overall condition
c. To replace antithyroid medications or radioac-

tive iodine therapy
d. To reverse the underlying cause of the  

condition

Correctanswer: b) To provide symptomatic relief 
and improve overall condition. Explanation: 
Beta- blockers, including propranolol, are 
used as supportive therapy to manage symp-
toms in thyroid storm or severe Graves’ dis-
ease. They are not a definitive treatment, and 
their primary purpose is to provide symptom-
atic relief and improve the patient’s overall 
condition while other treatments address the 
underlying cause.

20. Which of the following statements about chole-
styramine is true?

a. Cholestyramine binds to thyroid hormones 
directly, leading to their excretion.

b. Cholestyramine interferes with the enterohe-
patic circulation of bile acids and indirectly 
affects thyroid hormone metabolism.

c. Cholestyramine directly inhibits the 
conversion of T4–T3.

d. Cholestyramine can be administered alongside 
other oral medications without any concern 
for interactions.
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Correctanswer: b) Cholestyramine interferes with 
the enterohepatic circulation of bile acids and 
indirectly affects thyroid hormone metabo-
lism. Explanation: Cholestyramine binds to 
bile acids in the intestine, forming an insol-
uble complex that is excreted in the feces. 
This interrupts the enterohepatic circulation 
of bile acids and prevents their reabsorption. 
Since thyroid hormones are partly metabo-
lized in the liver and excreted into the bile, 
cholestyramine’s binding to bile acids indi-
rectly impacts thyroid hormone metabolism.
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C H A P T E R  3
Adrenal Gland Therapies

3.1 PRIMARY ADRENAL INSUFFICIENCY

3.1.1 Glucocorticoids

3.1.1.1 Physiology

Physiological Effects of Cortisol
Cortisol is a glucocorticoid hormone produced 
 exclusively by the zona fasciculata of the adrenal 
cortex [1].

A summary of the physiological effects of 
 glucocorticoids is summarized next.

1. Cortisol is required for the maintenance of nor-
moglycemia through its modulatory effects on 
gluconeogenesis and glycogen synthesis in the 
postabsorptive period [2].

2. It has potent anti- inflammatory and immuno-
suppressive effects by inhibiting the synthesis 
of pro- inflammatory cytokines, thus, sup-
pressing the activation and function of various 
immune cells [3].

3. Cortisol helps regulate the sleep–wake cycle 
and other circadian processes. Furthermore, 
superimposed on this diurnal rhythm (circa-
dian rhythm) is an ultradian rhythm of cor-
tisol pulses every hour, which is facilitated 
by  ACTH  [4, 5]. The significance of the 
 hypothalamic–pituitary–adrenal (HPA) axis 

with respect to cortisol regulation was reviewed 
in Section 1.1.1.

4. Cortisol influences the renal handling of 
 electrolytes, such as sodium and potassium, 
through its effects on vasopressin secretion and 
the renal mineralocorticoid receptor (MR) [6].

Glucocorticoid receptor (GR) physiology was 
reviewed earlier in Section 1.1.5.

3.1.1.2  Mechanism of Action

The mechanism of action of hydrocortisone involves 
binding to the GR and eliciting subsequent post- 
receptor effects [7] (See Figure 1.5).

Hydrocortisone, a steroid hormone, diffuses 
through the cell membrane and binds to the intracel-
lular GR, which is present in the cytoplasm. 
This binding leads to a conformational change in the 
receptor, causing the release of heat shock proteins 
(HSPs) and other chaperone proteins bound to the 
receptor [7].

The hydrocortisone–GR complex is then translo-
cated to the cell nucleus. Once inside the nucleus, the 
complex binds to specific DNA sequences known as 
glucocorticoid response elements (GREs) [8].

The binding of the hydrocortisone–GR complex to 
GRE regulates the transcription of target genes, which 
involves either the upregulation or downregulation of 
a target gene, depending on the tissue [9].
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Pathophysiology Pearl

What is the cortisol to cortisone shunt?

Cortisol can bind to both glucocorticoid and mineralo-
corticoid receptors, and under physiological condi-
tions, plasma levels of cortisol can be up to 1000- fold 
higher than those of aldosterone. 11β- hydroxysteroid 
dehydrogenase type 2 (11β- HSD2) inactivates cortisol 
to cortisone, thus protecting the mineralocorticoid 
receptor from direct activation of cortisol [10].

11β- hydroxysteroid dehydrogenase type 1 
(11β- HSD1) and 11β- hydroxysteroid dehydrogenase 
type 2 (11β- HSD2) are involved in the regulation of 
cortisol levels in circulation [11].

11β- HSD1 is expressed primarily in hepatic and 
adipose tissues, converting cortisone (inactive) to 
cortisol (active) [10]. 11β- HSD2, on the other hand, is 
predominantly found in aldosterone- sensitive tissues, 

such as the kidneys, colon, and salivary glands, 
where it converts cortisol to cortisone. In other 
words, 11β- HSD2 protects the mineralocorticoid 
receptor (MR) from cortisol by reducing local cortisol 
concentrations and thus permitting aldosterone to 
bind to the MR to exert its effects on sodium and 
water retention [12]. See Figure 1.4.

In states of hypercortisolemia, such as Cushing’s 
syndrome, excessive cortisol production overwhelms 
11β- HSD2 activity, an enzyme required for the inacti-
vation of cortisol to cortisone. This ultimately pro-
motes the activation of mineralocorticoid receptors 
(MRs) by  supraphysiological levels of cortisol. It 
should be noted that cortisol activates the MRs simi-
larly to aldosterone, promoting sodium and water 
reabsorption and contributing to hypertension [13].

Practice Pearl(s)
In patients with adrenal insufficiency, the recom-
mended starting dose of hydrocortisone is usually 
15–25 mg/day, divided into two or three doses  [13]. 
Alternatively, the dose can be calculated based on 
estimating the body surface area (mg/m2/day). 
The recommended daily dose of hydrocortisone based 
on estimates of body surface area ranges from 
8–12 mg/m2/day  [13]. Generally, these estimates of 
the total daily dose of hydrocortisone should serve as 
a guide, as the final selected dose should be  tailored to 
the patient’s needs, considering factors such as age, 
body weight, preexisting comorbidities, and clinical 
response  [14]. See Table  3.1 for a summary of 

suggested dosing schedules of selected  glucocorticoid 
therapies.

In an acute adrenocortical crisis, hydrocortisone is 
the preferred glucocorticoid because it has dual gluco-
corticoid and mineralocorticoid properties, closely 
similar to endogenous cortisol [16]. In addition, hydro-
cortisone is rapidly absorbed and has a relatively short 
half- life, making it suitable for the management of life- 
threatening adrenocortical crises [17].

For several reasons, dexamethasone, a longer- 
acting glucocorticoid, is usually not recommended 
as  a first- line treatment for an adrenal crisis. This 
is  because although dexamethasone has potent 
 glucocorticoid effects, it lacks mineralocorticoid 
activity. This means it will not address the potential 
mineralocorticoid deficiency that can occur in  primary 
adrenal insufficiency [16]. Additionally, dexametha-
sone has a much longer half- life, which may compli-
cate the transition to oral medications and 
maintenance therapy after initial stabilization [13].

Prednisone has optimal glucocorticoid activity 
but relatively weak mineralocorticoid activity com-
pared to hydrocortisone. Prednisone exists in an oral 
formulation and is, therefore, more commonly used 
in the long- term treatment of adrenal insufficiency 
but is not the first choice for stress dosing during an 
adrenal crisis [13]. Refer to Table 3.2 for the glucocor-
ticoid and mineralocorticoid potencies of various glu-
cocorticoid preparations.

TABLE 3.1 Dosing schedules for glucocorticoid 
replacement therapies.

Type of steroid Equivalent total 
daily dose (mg)

Doses 
per day

Hydrocortisone 15–25 2–3

Prednisone 5–7.5 2

Prednisolone 4–6 2

Dexamethasone 0.25–0.5 1

Fludrocortisone 0.05–0.2 1

Source: Based on refs. [13, 15].
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3.1.2 Mineralocorticoids

3.1.2.1 Physiology

The Renin Angiotensin Aldosterone Axis
The renin- angiotensin- aldosterone system (RAAS) 
is  a critical hormonal system involved in regulating 
blood  pressure, fluid balance, and electrolyte 
homeostasis [19]. The discovery of renin, the initial 
enzyme in this cascade, dates back to 1898  when 

the  Finnish physiologist Robert Tigerstedt first 
observed its vasopressor effects. However, this dis-
covery took almost three decades to gain widespread 
recognition [20].

Renin is a proteolytic enzyme mainly produced 
by  the juxtaglomerular cells (JGCs) in the kidney’s 
 juxtaglomerular apparatus (JGA)  [19]. It is derived 
from preprorenin, which is cleaved and processed into 
 prorenin, an inactive molecule  [21]. The majority of 
circulating renin exists in its inactive form, with a 
prorenin- to- renin ratio of approximately 9 : 1 [21].

Several pathways regulate renin synthesis and 
secretion, including the baroreceptor pathway, macula 
densa cells, and the sympathoadrenal system.

1. The baroreceptor pathway, first proposed by 
Skinner, is based on the principle that changes 
in the tensile stretch of blood vessels (blood 
pressure) can inhibit or stimulate renin 
release  [22]. A significant decrease in blood 
pressure, primarily at the level of preglomeru-
lar vessels (afferent arteriole), stimulates renin 
release by the JGCs [22].

2. The macula densa is a group of specialized cells 
in the early distal tubule sensitive to sodium 
load. These cells transmit paracrine signals to 
nearby JGCs in response to changes in urinary 
sodium excretion, thus regulating renin secre-
tion [23]. It is worth noting that prostaglandins, 
nitric oxide, and adenosine can also stimulate 
the macula densa pathway [24].

3. Catecholamines released from the adrenal 
medulla or renal sympathetic nerve endings 

TABLE 3.2 Comparison of the potencies of glucocorticoid and mineralocorticoid of various glucocorticoid 
preparations.

Glucocorticoids Equivalent 
dose (mg)

Glucocorticoid 
potency

Mineralocorticoid 
potency

Half- life 
(hrs)

Physiologic dose

Short- acting

Hydrocortisone 20 1 1 2 6–12 mg/m2/day

Cortisone 25 0.8 0.8 0.5

Intermediate- acting

Prednisone 5 4 0.3 2.5 1.5–3 mg/m2/day

Prednisolone 5 5 0.3 2 1.5–3 mg/m2/day

Methylprednisolone 4 5 0 2 1.2–2.4 mg/m2/day

Long- acting

Dexamethasone 0.75 30 0 4.5 0.2–0.4 mg/m2/day

Betamethasone 0.6 25–40 0 6.5

Source: Adapted from ref. [17].

Clinical Trial Evidence

This study aimed to assess the suitability of gluco-
corticoid replacement in hypoadrenal patients 
and  its impact on bone markers. The prospective 
and cross- sectional study involved 32 patients on 
replacement glucocorticoid therapy. Measurements 
included serum and urinary cortisol, osteocalcin, 
N- telopeptide of type I collagen (NTX), and bone 
mineral density. The results showed that 88% of 
the  patients required a change in glucocorticoid 
therapy, with 75% required a dose reduction. After 
reducing the hydrocortisone dose, the median 
osteocalcin increased, with no change in the NTX/
creatinine ratio. The study concluded that many 
patients on conventional corticosteroid replacement 
therapy are overtreated or on inappropriate 
 regimens. An  individual assessment should be 
 performed to reduce the long- term risk of 
osteoporosis [18].
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activate beta 1 adrenergic receptors on JGCs, 
promoting renin release [25].

The role of renin as the rate- limiting enzyme of 
the RAAS will be reviewed next. Angiotensinogen, an 
alpha globulin (plasma protein) synthesized primarily 
by the liver, serves as the substrate for renin  [26]. 
Renin cleaves angiotensinogen to produce angiotensin 
I (an inactive decapeptide). It is worth noting that 
hormones such as cortisol, thyroid hormone, estro-
gens, and angiotensin II can further enhance the 
effects of renin on angiotensinogen [26].

Angiotensin Converting Enzyme (ACE) is widely 
expressed in the vascular endothelium of various tis-
sues, including the brain, skeletal muscle, skin, heart, 
kidneys, and lungs [27]. It is  particularly abundant in 
the endothelium of the pulmonary vasculature, where 
it converts inactive angiotensin I into potent vasocon-
strictor angiotensin II [27]. Angiotensin II exerts mul-
tiple effects on distant tissues, primarily through 
binding to the receptors of the angiotensin receptor 
type 1 (AT1) and type 2 (AT2) receptors [28].

In contrast, ACE2 serves as a negative feedback 
regulator for RAAS. It converts angiotensin I into 
angiotensin (1–9), which is further cleaved by ACE to 
form angiotensin (1–7) [28]. This heptapeptide exerts 

various effects, such as peripheral vasodilation and 
inhibition of antidiuretic hormone release, by binding 
to AT2 receptors. Consequently, angiotensin (1–7) 
counterbalances the fluid- retentive and vasoconstric-
tive effects of angiotensin II [29]. A summary of RAAS 
is shown in Figure 3.1.

Angiotensin II acts primarily on two receptor 
 subtypes: AT1 and AT2 receptors. The AT1 receptor, 
a G protein- coupled receptor, is expressed in various 
 tissues such as blood vessels, the liver, lung, kidneys, 
adrenal gland, and the integument [30]. Activation of 
AT1 receptors by angiotensin II leads to various effects:

• Vasoconstriction [31].
• Enhanced inotropic effects on cardiac 

muscle [32].
• Potentiation of catecholamine release from 

sympathetic nerve endings [33].
• Stimulation of aldosterone release by the zona 

glomerulosa of the adrenal cortex [34].
• Cardiac muscle proliferation [35].
• Promotion of atherosclerosis and proliferation 

of vascular smooth muscle [36].
• Increased activity of NADPH oxidase, which 

generates reactive oxygen species (ROS) [37].

FIGURE 3.1 Schematic representation of the effects of angiotensinogen activation. The effects of AT1 and AT2 receptor 
activation and the respective peptides required for their activation are shown.
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AT2 receptors are widely expressed in organs 
such as the brain, kidneys, heart, adrenals, and 
integument [38].

Activation of AT2 receptors counteracts the effects 
of AT1 receptor stimulation, resulting in various 
effects. These include the following:

• Inhibition of sympathetic activation [39].
• Suppression of the inflammatory effects of AT1 

receptor activation [40].
• Vasodilation and urinary sodium loss [41].
• Antithrombotic and antifibrotic effects [42].

Refer to Figure 3.2 for a summary of the hemody-
namic effects of renin- angiotensin- aldosterone system 
activation.

Aldosterone, a mineralocorticoid produced by the 
zona glomerulosa of the adrenal cortex, is a key com-
ponent of the RAAS [43]. Aldosterone exerts a range 
of effects on fluid and electrolyte balance.

1. Aldosterone promotes sodium and water 
 reabsorption in the renal tubules, particularly 

in the distal convoluted tubules (DCTs) and 
collecting ducts (CDs)  [44]. In exchange for 
sodium reabsorption, aldosterone stimulates 
the excretion of potassium and hydrogen 
ions,  helping to maintain electrolyte 
homeostasis [45–47].

2. Hypothalamic osmoreceptors are activated in 
response to increased serum osmolarity due to 
aldosterone- mediated sodium retention. This 
triggers the release of vasopressin (antidiuretic 
hormone) from the posterior pituitary gland, 
leading to enhanced reabsorption of free water 
in the CDs. As a result, extracellular volume 
increases, diluting the sodium pool and 
reducing plasma osmolarity [48].

3. Vasopressin release in response to aldosterone- 
mediated sodium retention also exerts vasocon-
strictive effects on peripheral tissues, further 
contributing to blood pressure regulation [48]. 
Vasopressin in high concentrations, as could 
occur during periods of significant hypotension, 
binds to the vasopressin type 1 receptor (V1R) 
in vascular smooth muscle. V1R activation 

FIGURE 3.2 A schematic diagram of the renin- angiotensin- aldosterone axis. The steps involved in activating the renin- 
angiotensin- aldosterone axis and its peripheral effects are shown.
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causes smooth muscle contraction and mainte-
nance of blood pressure [49].

4. Aldosterone directly enhances vascular tone by 
increasing the responsiveness of blood vessels 
to the vasoconstrictive effects of catecholamines 
such as epinephrine and norepinephrine [50].

5. Aldosterone limits the vasodilatory effects of 
nitric oxide, a potent endogenous vasodilator, 
by reducing its bioavailability and activity [51].

Beyond its essential role in fluid and electrolyte 
balance, aldosterone can exert deleterious effects on 
the cardiovascular system, particularly in the setting 
of hyperaldosteronism. These effects are summa-
rized next.

1. Aldosterone stimulates the proliferation of 
vascular smooth muscle cells, contributing to 
increased vessel wall thickness [52].

2. Aldosterone also facilitates the release of 
 various pro- inflammatory cytokines that result 
in vascular dysfunction and the subsequent 
development of atherosclerosis [53].

3. Aldosterone increases the production of 
Reactive oxygen species (ROS)  and reduces 
antioxidant defenses required to maintain the 
integrity of vascular endothelium [52].

How Does Cortisol Influence RAAS?
Cortisol plays a significant role in modulating the 
RAAS through various mechanisms. First, cortisol 
stimulates the production of the renin substrate, 
angiotensinogen, in the liver [54]. Angiotensinogen is 
then cleaved by renin, an enzyme released by JGCs in 
the kidneys, to form angiotensin I, marking the 
beginning of the RAAS cascade.

Secondly, cortisol has been found to upregulate 
the expression of the angiotensin- converting enzyme 
(ACE), which is responsible for converting angiotensin 
I to angiotensin II, a potent vasoconstrictor  [55]. By 
increasing the availability of ACE, cortisol indirectly 
increases angiotensin II levels.

Finally, cortisol can bind to MRs when 11β- HSD2 
activity is insufficient, mimicking the effects of 
 aldosterone on sodium and water reabsorption. This 
contributes to increased blood volume and hyperten-
sion [43]. The cortisol to cortisone shunt was reviewed 
in Sections 3.1.1 and 1.1.1.

3.1.2.2  Mechanism of Action

Mineralocorticoids are a class of steroid hormones pri-
marily involved in regulating electrolyte balance and 
blood pressure  [56]. The most important and well- 
known mineralocorticoid is aldosterone, produced by 
the zona glomerulosa cells of the adrenal cortex [57]s 
The primary target of aldosterone is the DCT and the 
CDs in the kidneys [58].

MRs are ligand- dependent transcription factors 
that belong to the nuclear receptor superfamily [59]. 
In the absence of aldosterone, MRs are sequestered in 
the cytoplasm, bound to HSPs [60] (See Figure 3.3).

When aldosterone binds to the MR, it induces a 
conformational change, leading to the release of HSPs 
and the exposure of the nuclear localization signal [61]. 
The aldosterone–MR complex then translocates to the 
nucleus, where it binds to specific DNA sequences 
called hormone response elements (HREs) in the 
 promoter regions of target genes [62].

The binding of the aldosterone–MR complex 
to  HREs modulates the transcription of target 
genes  [63]. The primary genes regulated by aldoste-
rone include those that encode the epithelial sodium 
channel (ENaC) and the Na+/K+- ATPase pump- 
regulated kinase 1 (SGK1) [64].

The transcriptional regulation by aldosterone 
leads to the synthesis of new proteins that play an 
essential role in ion transport [65]. ENaC is located on 
the apical membrane of the principal cells of DCT and 
CD and is responsible for sodium reabsorption from 
the renal filtrate  [66]. The Na+/K+- ATPase pump 
located on the basolateral membrane of the same cells 
is responsible for transporting sodium out of the cell 
into the bloodstream while pumping potassium into 
the cell [67]. Upregulation of these proteins by aldo-
sterone increases sodium reabsorption and potassium 
excretion [68].

As sodium is reabsorbed in the DCT and CD, water 
passively follows along an osmotic gradient. This 
 process increases the overall reabsorption of water, 
leading to an increase in blood volume and, conse-
quently, blood pressure [69].

Aldosterone also has indirect effects on other ion 
channels and transporters [70]. For example, increased 
expression of SGK1 can modulate the function of sev-
eral ion channels and transporters, such as the renal 
outer medullary potassium channel (ROMK) and the 
Na- Cl cotransporter (NCC), further fine- tuning the 
electrolyte balance and blood pressure regulation 
[71, 72] (see Figure 3.3).
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3.1.3  Androgens

3.1.3.1 Physiology

What Are Androgens?
The adrenal glands are responsible for the secretion of 
various androgens, including dehydroepiandrosterone 
(DHEA) (4 mg/day), dehydroepiandrosterone sulfate 
(DHEA- S)(7–15 mg/day), androstenedione (1.5 mg/day), 
and testosterone (0.05 mg/day) [74].

3.1.3.2  Mechanism of Action

The effects of androgens on normal physiology were 
reviewed in Section 6.2.1.

FIGURE 3.3 Mechanism of action of aldosterone. Sequential steps of aldosterone action in the distal convoluted tubule: from 
hormone binding to enhanced sodium reabsorption and potassium excretion.

Practice Pearl(s)
In practice, the recommended dose of fludrocorti-
sone is 0.05–0.2 mg/day, administered as a single 
oral dose upon awakening in the morning. The pre-
scribed dose of fludrocortisone should be individu-
alized based on the patient’s clinical response and 
biochemical parameters, such as plasma renin 
activity (treatment goal is the upper limit of the 
normal reference range), serum electrolytes, and 
blood pressure [13].

Clinical Trial Evidence

In a study of 193 patients with primary adrenal 
insufficiency (PAI), researchers investigated the 
relationship between fludrocortisone (FC) dose, 
glucocorticoid therapy, and various clinical and 
endocrine parameters. They found that FC’s miner-
alocorticoid (MC) activity was dose- dependent and 

that renin and electrolyte levels can be used to 
titrate the FC dose. The study concluded that renin 
and electrolytes should be routinely evaluated in 
patients with PAI, and the dose of FC may need to 
be reduced in long- term follow- up of patients [73].
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Practice Pearl(s)
Androgen supplementation in primary or secondary 
adrenal insufficiency, although not a critical com-
ponent of treatment, has been shown to improve 
mood, libido, and energy levels in patients with 
these conditions, especially women  [75, 76]. It is 
worth noting that current evidence on the efficacy 
of DHEA supplementation is limited in this 
population [77].

The usual starting dose of DHEA is 25 mg 
a  day  [76]. Laboratory monitoring includes the 
measurement of DHEA- S and testosterone con-
centrations in the morning before oral DHEA. 
It is also reasonable to monitor for clinical signs of 
androgen excess, such as acne and hirsutism.

Clinical Trial Evidence

In this meta- analysis, various randomized con-
trolled trials assessing the impact of dehydroepian-
drosterone (DHEA) on health- related quality of life 
(HRQOL) in women with primary or secondary 
adrenal insufficiency were evaluated. A total of 10 
eligible trials were included in the analysis. The 
results showed a modest improvement in HRQOL 
and depression scores in women treated with 
DHEA compared to placebo, with an effect size of 
0.21 (95% confidence interval, 0.08–0.33; heteroge-
neity [I2] = 32%). Nonetheless, the observed effects 
on anxiety and sexual well- being were small and not 
statistically significant. Hence, based on these find-
ings, the authors concluded that the current evi-
dence does not sufficiently support the routine 
administration of DHEA in women with adrenal 
insufficiency [78].

Concepts to Ponder

Are they any unique clinical situations where 
routine management of adrenal insufficiency 
would need to be modified?

The timing of glucocorticoid therapy should be tai-
lored to a patient’s clinical status. A summary of 
suggested dosing schedules for various medical 
comorbidities is outlined in Table 3.3.

Can opioids cause adrenal insufficiency?

There is evidence that long- term exposure to opi-
oids can lead to suppression of the hypothalamic–
pituitary–adrenal axis, leading to the development 
of central adrenal insufficiency. The  primary 
 mechanism of opioid- induced adrenal insufficiency 
(OIAI) is unclear. Nonetheless, discontinuation of 
opioids can lead to a complete resolution of 
OIAI [83].

TABLE 3.3 Management of steroid replacement 
in unique clinical situations.

Clinical 
scenario

Recommendations

Shift workers 
with 
dysregulated 
sleep–wake 
cycles

Designate the odd time of 
awakening of the patient as the 
morning. Hence, the patient should 
take a larger dose of hydrocortisone 
upon waking up. The second dose 
should be administered 6–8 h later. 
Fludrocortisone should be taken 
upon waking up [79].

Pregnancy Estrogen increases cortisol binding 
globulin, and this can reduce the 
levels of bioavailable exogenous 
steroids. Increasing hydrocortisone 
by 20–40% is recommended in the 
second to third trimester of 
pregnancy. Also, an increase in 
progesterone (anti- 
mineralocorticoid activity) in the last 
trimester of pregnancy requires a 
possible increase in fludrocortisone. 
Renin increases in pregnancy; as 
such, it should not be monitored. 
Sodium and potassium levels can, 
however, be useful [80].

Dialysis 
(hemodialysis 
or peritoneal)

Discontinue fludrocortisone therapy.
Also, adjust glucocorticoid 
replacement since steroid 
replacement therapy is 
dialyzable [81].

Hypertension The dose of fludrocortisone should 
be reduced. Calcium channel 
blockers are favored over RAAS 
modulators (ACE inhibitors or 
ARBs) [82].

ACE, angiotensin- converting enzymes; ARB’s, angiotensin 
receptor blockers.
Source: Based on refs. [79–81].
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3.2  PRIMARY HYPERALDOSTERONISM

3.2.1  Mineralocorticoid Antagonists

3.2.1.1 Physiology

The physiology of the RAAS was reviewed in 
Section 3.1.2.

3.2.1.2  Mechanism of Action

The mechanism of action of aldosterone antagonists 
in primary hyperaldosteronism involves the competi-
tive inhibition of the MRs in the distal tubules and 
CDs of the nephron. These receptors mediate the 
effects of aldosterone on sodium and potassium trans-
port, as was mentioned earlier (See Figure 3.3) [84].

When aldosterone antagonists bind to the MRs, 
they prevent aldosterone from exerting its effects on 
sodium and water reabsorption and potassium excre-
tion. As a result, aldosterone antagonists promote 
sodium and water losses while reducing potassium 
excretion. This leads to decreased blood pressure 
and  the normalization of electrolyte levels, thus 
 alleviating the symptoms associated with primary 
hyperaldosteronism [84].

Examples of aldosterone antagonists used to treat 
primary hyperaldosteronism include spironolactone 
and eplerenone. Spironolactone is a nonselective MR 
antagonist, while eplerenone is a more selective 
antagonist with fewer side effects [85].

Practice Pearl(s)
The dosing of spironolactone and eplerenone for 
the treatment of primary hyperaldosteronism may 
vary depending on the individual patient’s needs, 
the severity of the condition, and the response to 
the medication [84].

Below are general dosing guidelines for 
 spironolactone and eplerenone in the treatment 
of primary hyperaldosteronism:

1. The initial dose of spironolactone is 
12.5–25 mg once daily, which can be titrated 
based on the patient’s response and tolera-
bility. The maintenance dose  typically 
ranges from 25 to 100 mg, divided into one or 
two doses per day. In some cases, doses up 

to 400 mg/day may be required for  optimal 
control of  blood pressure and aldosterone 
blockade [86].

2. The usual starting dose for eplerenone is 
50 mg once daily. Based on the patient’s 
response and tolerability, the dose can be 
increased to 50 mg twice daily or 100 mg 
once daily [87].

3. Monitoring blood pressure, serum potas-
sium levels, and renal function during treat-
ment with spironolactone or eplerenone is 
essential, as these medications can cause 
significant hyperkalemia [84].

Clinical Trial Evidence

In a multicenter, randomized, double- blind 
study comparing the efficacy of aldosterone antag-
onists, the authors evaluated the safety and tolera-
bility of eplerenone and  spironolactone in patients 
with hypertension  associated with primary aldoste-
ronism. Spironolactone showed a greater antihy-
pertensive effect than  eplerenone. The mean 
change from baseline in seated diastolic blood 
pressure (DBP) was −5.6 mmHg for eplerenone and 
−12.5 mmHg for spironolactone, with a difference 
of −6.9 mmHg (−10.6, −3.3), P value<0.001. How-
ever, spironolactone was  associated with a higher 
incidence of male gynecomastia (21.2 vs. 4.5%) and 
female   mastodynia (21.1 vs. 0.0%). Despite the 
lower  antihypertensive effect of eplerenone, it 
had  fewer  antiandrogenic side effects than 
spironolactone [88].

Clinical Pearl

How do mineralocorticoid receptor 
 antagonists affect aldosterone- renin ratio 
(ARR) testing?

Mineralocorticoid receptor antagonists (eplere-
none and spironolactone) bind to and block the 
mineralocorticoid receptor, thereby inhibiting 

(continued)
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3.2.2 Amiloride

3.2.2.1 Physiology

The mechanism of action of mineralocorticoids was 
reviewed in Section 3.1.2.

3.2.2.2  Mechanism of Action

Amiloride and triamterene are potassium- sparing 
diuretics that act on the DCTs and CDs in the 
nephron of the kidney  [97]. They are used in 
the management of primary hyperaldosteronism to 
counteract the effects of excessive plasma aldosterone, 
such as, hypertension, hypokalemia, and metabolic 
alkalosis [95].

The mechanism of action of amiloride and triam-
terene is summarized next:

1. Inhibition of epithelial sodium channels (ENaC): 
Both amiloride and triamterene work by inhib-
iting ENaC on the apical membrane of principal 
cells in the DCT and CDs [98]. These channels 
are responsible for the reabsorption of sodium 
from the renal filtrate back into the blood-
stream. By blocking these channels, amiloride 
and triamterene prevent excessive sodium 
reabsorption and thus promoting natriuresis 
(sodium excretion in urine) [99].

2. Preservation of potassium: As a consequence of 
inhibiting ENaC, the electrochemical gradient 
across the apical membrane is altered, reducing 
the driving force for potassium secretion 
through potassium channels [100]. This results 
in the preservation of potassium levels in 
the  blood, counteracting the hypokalemia 
caused by excessive aldosterone in primary 
hyperaldosteronism [96].

3. Attenuation of aldosterone- induced effects: 
In  primary hyperaldosteronism, excessive 
aldosterone production leads to increased 
sodium reabsorption and potassium 
excretion [85].

4. Mild diuretic effect: Amiloride and triamterene, 
by promoting natriuresis, exert a mild diuretic 
effect, which contributes to the reduction 
of  blood pressure in patients with primary 
hyperaldosteronism [101].

aldosterone from binding to its receptor. This leads 
to sodium excretion and a decrease in extracellular 
volume  [84]. Consequently, plasma renin levels 
rise due to volume contraction (a feedback mech-
anism required for maintaining blood pressure 
and vascular volume) [89]. An increase in plasma 
renin levels can result in a false- negative 
aldosterone- renin ratio which may result in some 
cases of primary hyperaldosteronism being 
missed in patients on MR antagonists [90].

If patients on mineralocorticoid receptor antag-
onists continue to exhibit hypokalemia despite 
treatment, it suggests insufficient blockade of the 
mineralocorticoid receptors. In this scenario, renin 
remains suppressed, and the aldosterone- to- renin 
ratio is interpretable (or valid) [91–93].

What is the appropriate method for 
 evaluating the aldosterone- to- renin ratio in 
patients receiving mineralocorticoid receptor 
antagonists?

It is not necessary to discontinue mineralocorticoid 
receptor antagonists before testing the ARR. If 
renin is suppressed, case- detection testing, confir-
matory testing, and adrenal vein sampling can be 
conducted without discontinuing mineralocorti-
coid receptor antagonists [93].

Conversely, if renin is not suppressed (normal 
or elevated), it is advised to cease these interfering 
medications for 4–6 weeks before repeating case- 
detection testing [91].

How do ACE inhibitors (ACEi), Angiotensin 
Receptor Blockers (ARBs), or direct renin 
 inhibitors affect aldosterone- renin ratio  testing?

These agents interfere with renin receptor activation, 
reflexively increasing plasma renin levels, which 
may result in a falsely negative aldosterone- renin 
ratio  [94]. Therefore, if plasma renin activity is 
>1 ng/mL/hr., primary aldosteronism cannot be 
ruled out without discontinuing these agents  [95]. 
In contrast, if plasma renin activity is <1 ng/mL/hr. 
while on these agents, it strongly suggests a diag-
nosis of primary aldosteronism [96].

(continued)
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Pathophysiology Pearl
What is aldosterone Escape

Hyperaldosteronism enhances the reabsorption of 
sodium and water while facilitating renal potassium 
and H+ excretion. As a result, hyperaldosteronism 
induces plasma volume expansion,  hypokalemia, 
and metabolic alkalosis  [102]. Plasma volume 
expansion augments renal blood flow,  subsequently 
reducing renin and angiotensin II  production [102]. 
Elevated peritubular capillary hydrostatic pressure 
facilitates sodium transport from the interstitium 
back into the renal tubules (natriuresis)  [103]. 
Stretching of atrial myocytes leads to the release of 
atrial natriuretic factor (ANF), which, despite hyper-
aldosteronism, encourages sodium excretion  [104]. 
So what is aldosterone escape?

Under normal physiological conditions, sodium 
and water are reabsorbed from the renal tubular 
lumen and transported into the interstitium. 
Starling’s forces subsequently determine the gradient 
of sodium and water movement from the 

interstitium into the peritubular capillaries and 
 ultimately into the systemic circulation [102].

It is noteworthy that hydrostatic pressures across the 
renal tubules, interstitium, and peritubular  capillaries 
are balanced in normal physiology. Consequently, 
oncotic pressures govern the flow of sodium and water. 
Due to the higher protein concentration in the peritubu-
lar capillary compared to the interstitium, sodium and 
water are transported from the interstitium into the cap-
illaries (via oncotic forces) [102].

In contrast, hyperaldosteronism- associated 
plasma volume expansion results in an overwhelming 
hydrostatic pressure compared to the oncotic 
pressure in the peritubular capillaries. This patholog-
ical alteration in Starling’s forces promotes the 
“backflow” of sodium and water from the intersti-
tium into the renal tubular lumen (pressure natri-
uresis). This adaptation prevents hypernatremia and 
fluid retention (edema) in primary hyperaldosteron-
ism [103]. See Figure 3.4.

FIGURE 3.4 Mechanism of aldosterone escape. Oncotic and hydrostatic pressures determine the direction of the flow of 
fluid in both normal physiology and pathological states.
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Clinical Trial Evidence

This study aimed to compare the efficacy and safety 
of eplerenone and spironolactone in treating 
bilateral idiopathic hyperaldosteronism (IHA). 
34  patients with IHA were randomly assigned to 
receive either spironolactone (n  = 17) or eplere-
none (n = 17) for 24 weeks. The primary outcome 
was the percentage of patients with blood pressure 
(BP) < 140/90 mmHg at 16 weeks. BP was normal-
ized in 76.5% of spironolactone patients and 
82.4%  of eplerenone patients, with no significant 
difference (p  = 1.00) between both groups. Sys-
tolic  BP decreased more rapidly with eplerenone. 
Serum potassium levels normalized in all patients 
at 4 weeks. Mild hyperkalemia was observed in 
two  patients on 400 mg spironolactone and 
three patients on 150 mg eplerenone. Two patients 
experienced painful bilateral gynecomastia at week 
16  while on 400 mg spironolactone. Switching to 
150 mg, eplerenone resolved gynecomastia and 
maintained BP control. At the end of the study, 
19  patients were on eplerenone, and 15  were on 
 spironolactone. The study concluded that eplere-
none was as effective as spironolactone in reducing 
BP in IHA patients, with a similar risk of mild 
hyperkalemia [109].

Practice Pearl(s)
The optimal treatment of primary hyperaldoste-
ronism involves the use of mineralocorticoid 
receptor antagonists, such as spironolactone or 
eplerenone. The initial dose of spironolactone 
is  12.5–25 mg daily (typical dose range of 
100–400 mg/day)  [84]. While eplerenone has a 
starting dose of  25 mg twice daily (maximum 
dose of 100 mg/day) [105].

Spironolactone has traditionally been the 
preferred choice due to its longer duration of action 
compared to eplerenone. Eplerenone, although 
shorter- acting, has a higher specificity for the aldo-
sterone receptor and is associated with fewer side 
effects [105].

The goals of therapy for primary hyperaldoste-
ronism include the following:

• Raising serum potassium levels to the high- 
normal range to prevent complications 
related to hypokalemia [84].

• Plasma renin activity can be monitored 
with  the aim of achieving a level higher 
than  1 ng/mL/hour. This approach ensures 
sufficient mineralocorticoid receptor 
blockade and excessive aldosterone effects 
are mitigated [84].

• Normalizing blood pressure to reduce the 
risk of cardiovascular events [106].

• Reversing the detrimental effects of hyperal-
dosteronism on the heart and kidneys, such 
as left ventricular hypertrophy and renal 
impairment, respectively [106].

Plasma aldosterone- to- renin ratio (ARR) is a 
useful screening test; however, certain medica-
tions  (e.g. ACE inhibitors, ARBs, and mineralo-
corticoid receptor antagonists) can interfere with 
the results [107]. Confirmatory tests, such as saline 
 infusion, captopril challenge, or fludrocortisone 
suppression tests, may be required for a definitive 
diagnosis [107].

Adrenal vein sampling can help differentiate 
between unilateral (e.g. aldosterone- producing 
adenoma) and bilateral (idiopathic hyperaldoste-
ronism) causes [108].

In patients with unilateral primary hyperaldoste-
ronism, adrenalectomy is the treatment of choice 
and can lead to significant improvements in blood 
pressure control and potassium levels [108]. Medical 
therapy is recommended for patients with bilateral 
adrenal hyperplasia [84].

Pathophysiology Pearl
Pseudohyperaldosteronism refers to endocrine dis-
orders that display certain clinical characteristics 
similar to primary hyperaldosteronism, such as 
hypertension and hypokalemia. However, unlike 
primary hyperaldosteronism, these conditions 
do  not show an expected rise in the plasma 
aldosterone- to- plasma renin ratio. Instead, patients 
with pseudohyperaldosteronism exhibit low levels 
of both aldosterone and renin.

Liddle’s syndrome: A gain- of- function mutation 
of the gene encoding the amiloride- sensitive epi-
thelial sodium chloride transporter [110].

Gordon syndrome: A gain- of- function mutation 
in the thiazide- responsive sodium- chloride trans-
porter found in the distal nephron differentiates 
Gordon Syndrome from other pseudohyperaldo-
steronism causes. Contrary to other conditions, 
this syndrome is linked with elevated potassium 
levels rather than reduced potassium levels [111].
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Defects in adrenal steroidogenesis: A deficiency in 
the 11β- hydroxylase enzyme leads to an accu-
mulation of 11- Deoxycorticosterone, a hormone 
with inherent mineralocorticoid activity [112].

Cushing’s syndrome: Elevated cortisol levels can 
lead to the saturation of the 11β- hydroxysteroid 
dehydrogenase 2 enzyme, resulting in cortisol 
binding to the mineralocorticoid receptor (refer to 
the cortisol- to- cortisone shunt) [113].

Apparent mineralocorticoid excess: A hereditary 
condition marked by an autosomal recessive 
inheritance pattern involving a nonfunctional 
mutation in the 11β- hydroxysteroid dehydro-
genase 2 enzyme [114].

Excessive consumption of licorice, grapefruits, 
or  carbenoxolone: Inhibition of 11β- hydroxysteroid 
dehydrogenase 2 [113].

Concepts to Ponder

What is Adrenal Vein Sampling?

Adrenal vein sampling (AVS) was initially proposed 
and demonstrated as a reliable diagnostic method 
for  localizing the origin of hyperaldosteronism in 
the 1960s by James Melby and his colleagues at the 
Boston University School of Medicine [115].

The diagnostic accuracy of computed tomog-
raphy (CT) for identifying the origin of hyperaldo-
steronism is limited, with a success rate of 
approximately 50%  [116]. Therefore, adrenal vein 
sampling (AVS) plays a crucial role in localizing the 
source of hyperaldosteronism for patients who 
choose surgical intervention [117]. It is important to 
note that AVS outcomes are operator- dependent, 

and the procedure is best performed in high- volume 
centers with  expertise in performing the 
procedure [117]. In fact, when conducted by experi-
enced professionals, the technical success rate 
 surpasses 90% [118].

Vascular Supply of the adrenal glands

Vascular supply of the adrenal glands is shown in 
Figure 3.5.

The right adrenal vein directly drains into the 
inferior vena cava. Cannulation of the right adrenal 
vein can be challenging due to factors such as its 
short trajectory, small diameter, and occasional 
anomalous origin (which may arise alongside 

(continued)

FIGURE 3.5 Vascular supply of the adrenal glands.
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3.3  PHEOCHROMOCYTOMAS AND 
OTHER PARAGANGLIOMA SYNDROMES

3.3.1  Alpha- Blockers

3.3.1.1 Physiology

What Are Catecholamines
Catecholamines, a group of structurally related 
hormones including epinephrine, norepinephrine, 
and dopamine, are synthesized in the adrenal medulla. 
Furthermore, there are additional sources of catechol-
amine, including the brain, sympathetic nervous 
system nerve endings, retroperitoneal paraganglia, 
and chromaffin tissue located at the aortic bifurcation 
(organ of Zuckerkandl). Structurally, epinephrine, 
norepinephrine, and dopamine contain a pyrocatechol 
ring in their basic structure, hence their collective 
name, catecholamines [123].

Metanephrines is a general term for catechol-
amine metabolites formed when epinephrine, nor-
epinephrine, and dopamine are broken down by 
specific enzymes in the body. As an example, 

metanephrine and normetanephrine are examples of 
metanephrines [124].

The continuous intratumoral conversion of 
 catecholamines (epinephrine and norepinephrine) 
into their respective metabolites (metanephrine 
and  normetanephrine) by the enzyme catechol- O- 
methyltransferase (COMT) makes fractionated meta-
nephrines in plasma or urine valuable screening tools 
for pheochromocytomas and paragangliomas (PPGLs). 
Since catecholamines (epinephrine, norepinephrine, 
and dopamine) are released intermittently, screening 
tests that only use catecholamines may not detect 
PPGLs [125].

Fractionated metanephrines refer to the metabo-
lites of epinephrine (metanephrine) and norepineph-
rine (normetanephrine) [124]. A clinically significant 
elevation of epinephrine or its metabolite, metaneph-
rine, typically indicates the presence of adrenal 
phenylethanolamine N- methyltransferase (PNMT), a 
cortisol- induced enzyme. Although PNMT is present in 
extra- adrenal tissues such as paraganglia, it does not 
convert norepinephrine into epinephrine in these 
 tissues, as it is not under paracrine stimulation by 

branches of the hepatic vein). In contrast, the left 
adrenal vein connects to the common inferior 
phrenic vein. Generally, the left adrenal vein is easier 
to catheterize compared to the right adrenal 
vein [119].

Approach to Interpreting AVS on Board Exams 
and in Clinical Practice

Selectivity Index

The selectivity index compares cortisol levels in each 
adrenal vein to the peripheral cortisol in the inferior 
vena cava (IVC). While various cutoffs have been 
suggested, a ratio above 5 on both sides indicates suc-
cessful cannulation [120].

Lateralization Index

Upon confirming optimal cannulation of both 
adrenal veins, the next step involves identifying 
the  source of excess aldosterone production. 
The  lateralization index is calculated by determining 

the aldosterone- to- cortisol levels on each side 
(A : C   ratios for left and right adrenal veins). The 
higher A : C ratio side (dominant adrenal) is divided 
by the lower A : C ratio side (nondominant adrenal). 
A lateralization index of 4 or higher suggests a uni-
lateral source of hyperaldosteronism involving the 
side with the higher A : C ratio [121].

A lateralization index between 4 : 1 and 3 : 1 may 
indicate either unilateral or bilateral disease, 
requiring additional testing and consultation with a 
hyperaldosteronism expert. A lateralization index 
below 3 : 1 signifies bilateral disease, and surgery 
should be deferred in favor of medical therapy [121].

Contralateral Gland Suppression Index

In cases where lateralization to a culprit adrenal 
gland is apparent, the contralateral suppression 
index serves as an additional confirmatory step. The 
aldosterone- to- cortisol ratio of the nondominant 
adrenal gland (unaffected side) should be lower or 
equal to the peripheral A : C ratio [122].

(continued)
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cortisol [123]. Therefore, the levels of epinephrine or its 
metabolite, metanephrine, can provide important diag-
nostic information on the presence of adrenal PNMT 
and help identify adrenal PPGL (See Figure 3.6) [123].

What Are Adrenergic Receptors?
Adrenergic receptors are a class of G- protein coupled 
receptors (GPCRs) that play essential roles in the ner-
vous system by mediating the actions of catechol-
amines, such as adrenaline and noradrenaline [126].

Adrenergic receptors are classified into two main 
subtypes: alpha (α) and beta (β) receptors, with each 
subtype further divided into subgroups (α1, α2, β1, β2, 
and β3) [127].

1. Alpha- 1 (α1) receptors: Primarily found on 
smooth muscle cells. Activation of this receptor 
subtype leads to vasoconstriction, and increased 
peripheral resistance, events which result in 
elevated blood pressure [127].

2. Alpha- 2 (α2) receptors: These inhibitory recep-
tors are located in both the central and periph-
eral nervous systems. Their activation reduces 
sympathetic outflow, which results in a reduction 
in both blood pressure and pulse rate [128].

3. Beta- 1 (β1) receptors: Predominantly found in 
the heart. The activation of these receptors 
increases heart rate and force of myocardial 
contraction. These effects are essential for 
maintaining cardiac function and regulating 
blood pressure [129].

4. Beta- 2 (β2) receptors: These receptors are found 
in smooth muscle and, when activated, result 
in bronchodilation, vasodilation, and relaxa-
tion of smooth muscles in the uterus and gas-
trointestinal tract [130].

5. Beta- 3 (β3) receptors: β3 receptors are mainly 
found in adipose tissue and are involved in 
lipolysis, thermogenesis, and regulation of 
energy expenditure [131].

3.3.1.2  Mechanism of Action

Alpha- adrenergic receptor blockers bind to alpha- 
adrenergic receptors and prevent their activation by cat-
echolamines like adrenaline and noradrenaline. There 
are two clinically significant groups of alpha- blockers 
based on the receptor subtype targeted by these agents.

Firstly, alpha- 1 receptors blockers like prazosin, ter-
azosin, and doxazosin antagonize the vasoconstrictive 
effects of catecholamines. These agents promote 

vasodilation and a subsequent reduction in peripheral 
vascular resistance.

On the other hand, phenoxybenzamine is a nonse-
lective alpha- adrenergic receptor blocker that binds 
irreversibly to alpha- 1 and alpha- 2 receptors causing a 
more sustained vasodilation and reduction in blood 
pressure than the previously described selective 
alpha- 1 blockers.

Practice Pearl(s)
In patients with pheochromocytoma who are being 
prepared for surgery, alpha- adrenergic blockers 
should be administered preoperatively for at least 
7 days.

This is required to normalize blood pressure and 
reduce the risk of a hypertensive crisis during sur-
gery. Phenoxybenzamine is administered at doses of 
10 mg every 6–12 hours and increased by 30–40 mg 
every 6 hours to a maximum dose of 240 mg 
daily [132]. Alternatively, selective alpha- 1- adrenergic 
blockers, like prazosin, terazosin, or doxazosin, may 
be used for their relatively favorable side- effect pro-
files (lower incidence of orthostatic hypotension and 
nasal stuffiness) and lower cost [133].

Blood pressure should be monitored twice 
daily, targeting low- normal levels. However, the 
eventual goals should be adjusted based on the 
patient’s age and comorbidities. Encouraging 
patients to consume a high- sodium diet (>5000 mg 
daily) to counteract the effects of catecholamine- 
induced volume contraction and orthostasis associ-
ated with alpha- adrenergic blockade is also 
essential [134].

Initial treatment is usually alpha- blockers. 
These block alpha- adrenergic receptors and help to 
control blood pressure. Once an alpha- blocker has 
controlled symptoms effectively, a beta- blocker can 
be used to manage any remaining symptoms (See 
Table 3.4). [135].

Clinical Trial Evidence

The study retrospectively reviewed the efficiency 
of  phenoxybenzamine, prazosin, and doxazosin 
for preoperative preparation in pheochromocytoma 

(continued)
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3.3.2  Beta- Blockers

3.3.2.1 Physiology

See Section  3.3.1 for the physiology of adrenergic 
receptors.

3.3.2.2  Mechanism of Action

Beta- blockers competitively inhibit the binding of 
 catecholamines (epinephrine and norepinephrine) to 
beta- adrenergic receptors, a process that reduces myo-
cardial contractility and heart rate [137].

The negative inotropic effects of beta- blockers 
decrease the overall workload on the heart and 
reduce myocardial oxygen demand. This can 
benefit pheochromocytoma patients who often expe-
rience tachycardia and increased myocardial oxygen 
demand [138].

Catecholamines can cause arrhythmias by 
increasing cardiac automaticity and hence altering the 
electrical conduction within the heart. Beta- blockers, 
through their negative chronotropic effects, can help 
mitigate these arrhythmias by suppressing the 
abnormal electrical activity of the heart [139].

It is important to note that beta- blockers should 
not be used as the initial means of controlling blood 
pressure in patients with PPGLs, as they can exacerbate 
hypertension by causing unopposed alpha- adrenergic 
receptor stimulation  [140]. Consequently, alpha- 
blockers should be initiated first, and once adequate 

alpha- blockade has been achieved and blood pressure 
stabilized, beta- blocker may be introduced to address 
tachycardia [141, 142].patients. Phenoxybenzamine was used in 

21 patients, prazosin in 11 patients, and doxazo-
sin in 17 patients. Intraoperative  hypertension 
occurred in 81% of the phenoxybenzamine group, 
73% of the prazosin group, and 82% of the doxa-
zosin group, with no significant difference among 
the groups (P  > 0.05). No significant differences 
were found in postoperative blood pressure 
 measurements and volume replacements. The 
study concluded that pheochromocytoma sur-
gery  is safe with any of these preoperative 
medications [136].

(continued)

Practice Pearl(s)
In managing pheochromocytomas, the alpha- 
adrenergic blockade is administered 10–14 days 
before surgery to normalize blood pressure and 
expand the contracted intravascular volume. 
Phenoxybenzamine is commonly used, but other 
short- acting and selective α- 1 antagonists, such as 
prazosin, terazosin, and doxazosin, are suitable 
alternatives. It is worth noting that careful dose 
adjustment is required to avoid hypotension in 
these patients. Furthermore, patients should be 
encouraged to consume fluids and have liberal 
salt intake during alpha blockade to prevent 
severe hypotension. Nonetheless, caution is 
required in encouraging liberal fluid and salt 
intake in patients with congestive heart failure or 
renal failure [142].

Beta- blockers should be initiated cautiously 
with low doses. Propranolol, a nonselective beta- 
blocker, should be started at 10 mg every six hours. 
Alternatively, a selective beta- blocker, metoprolol, 
should be started at 12.5 mg twice daily. On the 
 second day, it should be converted to a single, 
 long- acting dose and adjusted to control tachy-
cardia,  targeting a heart rate of 60–80 beats 
per minute. Maximum doses typically include 120 mg 
of  propranolol or 200 mg of metoprolol [143].

Clinical Trial Evidence

There is currently no strong evidence to support 
the preference for one type of beta- blocker therapy 
over another in patients with pheochromocytomas. 
Indeed, the two major types of beta- blockers can 
be   used for rate control after adequate alpha- 
adrenergic blockade is achieved. Consequently, the 
choice of a specific beta- blocker should depend on 
factors such as a patient’s comorbidities, potential 
side effects, and clinical response [143].

ALGrawany
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3.3.3 Chemotherapy

3.3.3.1 Physiology

Pheochromocytomas and paragangliomas, collectively 
called PPGLs, are rare neuroendocrine tumors origi-
nating from chromaffin cells found in the adrenal 
medulla and sympathetic/parasympathetic paragan-
glia, respectively  [144]. As is known about most 
 neoplasms, PPGLs are formed due to an interplay of 
various factors, including genetic, epigenetic, and 
environmental factors [145].

Approximately 30–40% of PPGLs are associated 
with germline mutations in susceptibility genes, such as 
SDHx, RET, NF1, and VHL, which can predispose these 
individuals to the development of these tumors [146, 147].

Furthermore, epigenetic changes, such as DNA 
methylation and histone modification, can lead 
to  altered gene expression and contribute to the 
development of PPGLs [148]. The tumor microenviron-
ment, including factors like hypoxia and angiogenesis, 
also plays a critical role in the growth and progression 
of these tumors [149]. The genetic changes associated 
with the development of PPGLs are beyond the scope 
of this text and will, therefore, not be  discussed further.

3.3.3.2  Mechanism of Action

Cyclophosphamide, vincristine, and dacarbazine 
(CVD) therapy is a chemotherapy regimen used in the 
treatment of PPGLs [150]. The combination of these 
three drugs targets cancer cells through different 
mechanisms, disrupting their growth and division, 
ultimately leading to cell death [151].

Cyclophosphamide is an alkylating agent that forms 
DNA cross- links, preventing DNA replication and tran-
scription [152]. It works by transferring an alkyl group to 
the DNA molecule, which disrupts the DNA structure 
and function. The cross- linking causes DNA strand 
breaks and leads to the activation of  cellular repair 
mechanisms. If the damage is too severe, the cell 
undergoes apoptosis (programmed cell death) [153].

Vincristine is a vinca alkaloid that binds to tubulin, 
a protein that forms microtubules [154]. Microtubules 
are essential components of the cell’s cytoskeleton and 
play a crucial role in cell division (mitosis). By binding 
to tubulin, vincristine disrupts microtubule formation, 
leading to the arrest of mitosis in metaphase  [155]. 
This disruption of cell division eventually leads to 
cell death.

Dacarbazine is an alkylating agent that works by 
methylating the purine bases of DNA, particularly 
guanine [156]. This methylation leads to the formation 
of abnormal base pairing, ultimately inhibiting DNA 
replication and RNA synthesis [8].

DNA damage triggers cellular repair mecha-
nisms, and if the damage cannot be repaired, the cell 
undergoes apoptosis [157].

Practice Pearl(s)
In patients with metastatic pheochromocytoma, 
the combination of cyclophosphamide, vincristine, 
and dacarbazine (CVD) is usually recommended as 
palliative treatment [158]. This regimen has dem-
onstrated some efficacy in reducing tumor size 
and  catecholamine production. Nonetheless, the 
response to chemotherapy in metastatic pheochro-
mocytoma is variable, and the overall survival 
benefit remains unclear [159].

Clinical Trial Evidence

In this retrospective study, the authors evaluated 
the clinical benefits of systemic chemotherapy 
for patients with metastatic pheochromocytomas 
or sympathetic paragangliomas. Out of 54 
patients treated at The University of Texas MD 
Anderson Cancer Center, 52 were enrolled in the 
study. A  clinically meaningful response was 
observed in 17 patients (33%), characterized by 
decreased blood pressure, reduced antihyperten-
sive medication use, or tumor size reduction. 
Median overall survival (OS) was 6.4 years (95% 
CI: 5.2–16.4 years) for responders and 3.7 years 
(95% CI: 3.0–7.5 years) for nonresponders. 
Response to chemotherapy  significantly impacted 
OS (hazard ratio: 0.22; 95% CI: 0.05–1.0; P = 0.05). 
All responders received dacarbazine and cyclo-
phosphamide, with 14  receiving vincristine and 
12 receiving doxorubicin. The study concluded 
that chemotherapy might decrease tumor size 
and improve blood pressure control in approxi-
mately 33% of patients with metastatic pheochro-
mocytoma, potentially leading to more prolonged 
survival [160].
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3.3.4 Methyltyrosine

3.3.4.1 Physiology

Clinical Pearl
This is a detailed practice guide on the perioperative 
management of patients of PPGLs (see Table 3.4).

TABLE 3.4 Perioperative management pearls for PPGLs.

Practice question Recommendation Pearl(s)

Timing of alpha 
blockade

For tumors <3 cm in size, start 7 days 
prior to surgery. For tumors >3 cm, 
start 10–14 days prior to surgery.

In hospitalized patients, titration can be 
accelerated in a monitored setting.

Choice of 
alpha- blocker

Doxazosin 1 mg at bedtime or 
1 mg twice daily.
Phenoxybenzamine 10 mg daily or 
10 mg twice daily.

Phenoxybenzamine’s effect tends to plateau 
at 90 mg/day.
Phenoxybenzamine is associated with a 
significant risk for reflex tachycardia.

Choice of 
beta- blocker

Propranolol 10 mg every 6–8 h.
Metoprolol succinate 25 mg once daily.

This should be started 2–3 days prior to 
surgery.

What if the patient is 
already on 
antihypertensive 
therapy?

Diuretics should be stopped.
ACEi and ARBs may be tapered or 
even stopped.
Continue calcium channel blockers.

Diuretics will counteract the goal of 
expanding plasma volume.
CCBs are associated with decreased mortality 
and morbidity in this patient population.

Source: Adapted from ref. [161].

FIGURE 3.6 Catecholamine synthesis pathway.
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3.3.4.2  Mechanism of Action

Metyrosine inhibits the enzyme tyrosine hydroxylase 
(TH), the rate- limiting step in catecholamine syn-
thesis (see Figure 3.6). As you may recall, TH converts 
L- tyrosine to L- dihydroxyphenylalanine (L- DOPA), 
and by inhibiting this enzyme, metyrosine effectively 
reduces the production of catecholamines [161].

3.3.5 MIBG

3.3.5.1  Physiology

The mechanism of catecholamine synthesis was 
reviewed in Section 3.3.4.

3.3.5.2  Mechanism of Action

Metaiodobenzylguanidine (MIBG) is a radiophar-
maceutical agent used for the diagnosis and 
treatment of PPGLs [163]. The mechanism of MIBG 
action in PPGLs relies on its structural similarity 
with  norepinephrine and its ability to selectively be 
taken up by neurons that express norepinephrine 
transporters [163].

MIBG can be labeled radioactively (usually with 
iodine 123 or 131) for diagnostic purposes. When 
injected into the patient, the radiolabeled MIBG is 
taken up by the catecholamine- secreting tumors 
through the norepinephrine transporters. The tumor 
can be imaged using a gamma camera, which helps 
detect and locate PPGLs within the body [164].

The radiolabeled compound used in MIBG therapy 
is iodine 131, which emits both beta and gamma radi-
ation. The beta radiation emitted by MIBG causes cell 
damage and ultimately leads to the  death of tumor 
cells. Gamma cameras can detect  gamma rays and 
monitor the therapeutic response [165].

FIGURE 3.6 Synthesis of catecholamines. The rate- limiting step in the synthesis of catecholamine occurs at the initial 
conversion of L- tyrosine into L- 3,4- dihydroxyphenylalanine (DOPA) via the tyrosine hydroxylase enzyme. DOPA is then converted 
to dopamine. Next, dopamine is hydroxylated into L- norepinephrine, which is then converted into epinephrine. The conversion of 
norepinephrine to epinephrine requires the cortisol- induced enzyme phenylethanolamine- N- methyl transferase (PNMT) [54]. 
Consequently, epinephrine and its metabolite (metanephrine) are produced exclusively by PNMT- containing tissues such as 
chromaffin cells in the adrenal gland and the organ of Zuckerkandl (located at the aortic bifurcation). Finally, catecholamines 
(norepinephrine and epinephrine) are converted into their metabolites, i.e. normetanephrine and metanephrine, respectively, 
by catechol- O- methyltransferase (COMT) [58].

Clinical Trial Evidence

This retrospective study compared the outcomes of 
abdominal surgical resection in pheochromocytoma 
or paraganglioma patients pretreated with metyro-
sine (MET) vs. phenoxybenzamine (PBZ). MET was 
administered in 63 cases, and all patients experi-
enced wide perioperative hemodynamic oscillations. 
Patients who received MET+PBZ, on the other hand, 
had lower minimum systolic and diastolic blood 
pressures (median systolic: 74 vs. 80 mmHg, P = 0.01; 
median diastolic: 42 vs. 46 mmHg, P  = 0.005) and 
larger intraoperative blood pressure oscillations than 
PBZ- only patients. However, no significant differ-
ences in postoperative comorbid outcomes were 
found between the two groups [162].

Practice Pearl(s)
Metyrosine is used cautiously in pheochromocy-
toma cases when other agents are ineffective or for 
patients requiring tumor resection [161]. The Mayo 
Clinic’s short- term pre- procedure protocol involves 
increasing metyrosine doses (250–1000 mg) every 
six hours.

Practice Pearl(s)
High- specific- activity 131I- meta- iodobenzylguanidine 
HSA- 131I- MIBG is a treatment option for patients 
with inoperable or metastatic pheochromocytoma 
or paraganglioma who have positive MIBG 
scans  and disease progression or symptoms. The 
treatment aims to stabilize the disease and control 
symptoms. The treatment involves dosimetry 
assessment using HSA- 131I- MIBG imaging over 
three to five days, followed by two doses of 500 mCi 
(or 8 mCi/kg if weight < 62.5 kg) of HSA- 131I- MIBG 
given at least 90 days apart. Thyroid blockade with 
stable iodide is mandatory, and a 60- minute infu-
sion time is recommended for pediatric patients 
aged 12 years and older [166].
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3.3.6 Calcium Channel Blockers

3.3.6.1 Physiology

Upon depolarization of the chromaffin cell mem-
brane, voltage- gated calcium channels (VGCCs) open, 
allowing the entry of calcium ions. These calcium ions 
bind to calmodulin, forming a calcium–calmodulin 
complex, which subsequently activates myosin light 
chain kinase [167]. This activation leads to the phos-
phorylation of myosin light chains. The phosphory-
lated myosin light chains then interact with actin 
filaments, resulting in the contraction of the actin 
cytoskeleton. As a result, the chromaffin granules are 
propelled toward the plasma membrane. Once  the 
granules dock at the plasma membrane, they undergo 
fusion, which ultimately leads to the release of cate-
cholamines such as epinephrine and norepinephrine 
into the bloodstream [167].

3.3.6.2  Mechanism of Action

Calcium channel blockers (CCBs) are a class of 
 medications that block the influx of calcium ions 
into  cells through voltage- dependent L- type calcium 
channels [168].

In the context of pheochromocytoma, CCBs act 
to  reduce the release of catecholamines, including 
 epinephrine and norepinephrine, from the tumor 
cells. By blocking calcium channels, CCBs decrease 
the intracellular calcium concentration, which in turn 
inhibits the exocytosis of catecholamines from the 
chromaffin granules [169]. This results in a decrease 
in blood pressure and a reduction in the severity 
and  frequency of hypertensive crisis and other 
catecholamine- mediated symptoms such as palpita-
tions, sweating, and anxiety [170, 171].

CCBs prevent the depolarization of cells, resulting 
in the inhibition of calcium- mediated contraction of 
smooth muscle cells in blood vessels. This leads to vaso-
dilation and reduced blood pressure. CCBs are often 
used in combination with alpha and beta- adrenergic 
blockers for the management of PPGL [143].

Clinical Trial Evidence

This is a phase 2 multicenter trial that evaluated 
the efficacy and safety of high- specific- activity 
131I- meta- iodobenzylguanidine (HSA 131I- MIBG) 
in patients with advanced pheochromocytoma 
and paraganglioma (PPGL). Of the 68 patients 
who received at least one therapeutic dose of HSA 
131I- MIBG, 25% had a durable reduction in base-
line antihypertensive medication use, and 92% 
had a partial response or stable disease as the 
best  objective response within 12 months. HSA 
131I- MIBG also resulted in decreased elevated 
serum chromogranin levels in 68% of patients. 
The median overall survival was 36.7 months, 
and the most common adverse events were 
nausea, myelosuppression, and fatigue. HSA 
131I- MIBG has the potential to provide sustained 
blood pressure control and tumor response in 
patients with advanced PPGL, making it a viable 
treatment option [12].

Clinical Trial Evidence

A retrospective study was conducted to evaluate 
the impact of calcium channel blockers (CCBs) on 
postoperative morbidity and mortality in patients 
undergoing surgery for phaeochromocytoma or 
paraganglioma.

The authors analyzed the medical records of 
105 patients who underwent surgery between 1991 
and 2002. All patients received nicardipine as the 
CCB of choice for perioperative blood pressure 
management.

The study indicated that 61.9% of patients expe-
rienced transient intraoperative hypertension, with 
13% having systolic blood pressure (SBP) > 220 mmHg 
and 2.8% having SBP > 180 mmHg for more than 
10 minutes. Furthermore, 12.3% of patients had 
SBP < 80 mmHg for more than 10 minutes, 10.4% 
of patients developed postoperative complications, 
and 2.8% died.

Practice Pearl(s)
• Calcium channel blockers such as nicardip-

ine and amlodipine can control blood pressure 
pre-  and intra- operatively [172].

• The starting dose for nicardipine is 30 mg 
twice daily (sustained- release), and for amlo-
dipine, 2.5–5 mg once daily.
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3.4  CLASSIC CONGENITAL ADRENAL 
HYPERPLASIA

3.4.1 Glucocorticoids

3.4.1.1 Physiology

The steroidogenesis pathway illustrates the various 
enzyme defects in congenital adrenal hyperplasia 

The median ICU and hospital length of stay 
were 1 day and 10 days, respectively. In conclusion, 
the use of CCBs alone did not prevent all hemody-
namic changes, but it was associated with low 
 morbidity (10.4%) and mortality (2.8%) [173].

Concepts to Ponder

Understanding terminology

The ongoing intratumoral conversion of catechol-
amines (epinephrine and norepinephrine) into 
their respective metabolites (metanephrine and 
normetanephrine) by COMT makes fractionated 
metanephrines in plasma or urine valuable for 
screening. However, because catecholamines are 
released intermittently, screening tests that only use 
catecholamines might not detect a PPGL [174].

FIGURE 3.7 Adrenal steroidogenesis.

The term “fractionated metanephrines” refers 
to the metabolites of epinephrine and norepineph-
rine, specifically metanephrine and normetaneph-
rine [175].

A clinically significant increase in epinephrine 
or metanephrine (its metabolite) typically indicates 
the presence of adrenal pheochromocytoma. 
Although the cortisol- induced enzyme PNMT is 
present in extra- adrenal tissues such as paraganglia, 
it does not undergo paracrine stimulation by locally-
derived  cortisol in these tissues and, therefore, does 
not  convert norepinephrine into epinephrine [176].



104 Chapter 3 Adrenal Gland Therapies 

(CAH). Steroidogenic acute regulatory protein (StAR) 
mobilizes cholesterol from the outer to the inner 
 mitochondrial membrane within the adrenal gland. 
Cytochrome P450 side- cleavage enzyme (P450scc) in 
the inner mitochondrial membrane converts choles-
terol to pregnenolone, representing the rate- limiting 
step of adrenal steroidogenesis. Both ACTH and 
luteinizing hormone (LH) exert trophic stimulation 
on the downstream effects of StAR [177].

In the zona glomerulosa, pregnenolone is 
 converted to progesterone by 3beta- hydroxysteroid 
dehydrogenase (3β- HSD). Progesterone then undergoes 
a series of enzymatic transformations involving 
21- hydroxylase (CYP21A2) and aldosterone synthase 
to produce aldosterone. In the zona fasciculata, preg-
nenolone is hydroxylated into 17- hydroxypregnenolone 
by CYP17A1 (17- alpha- hydroxylase enzyme/17,20 
lyase). Subsequent reactions involving 3β- HSD, 
CYP21A2, and CYP11B1 (11 beta- hydroxylase) lead to 
cortisol production. Finally, in the zona reticularis, 
CYP17A1 and 3β- HSD participate in the formation of 
androgen precursors such as DHEA and androstene-
dione [178] (See Figure 3.7).

Glucocorticoid physiology was reviewed in 
Section 3.1.1.

3.4.1.2  Mechanism of Action

Classic CAH is primarily caused by a deficiency in the 
enzyme 21- hydroxylase (21OHD)  [15]. This enzyme 
deficiency reduces the synthesis of both cortisol and 
aldosterone production while increasing the produc-
tion of adrenal androgens  [179]. The main goals of 
treatment for CAH include replacing the deficient 
hormones and suppressing the excess production of 
adrenal androgens [180].

Glucocorticoids such as hydrocortisone replace 
the deficient cortisol in patients with CAH  [181]. 
Also, glucocorticoids exert negative feedback control 
on the hypothalamus and the pituitary gland, leading 
to a decrease in both corticotropin- releasing hormone 
(CRH) and adrenocorticotropic hormone (ACTH) 
production, respectively  [182]. Consequently, exoge-
nous steroids suppress adrenal androgen overproduc-
tion, reducing the symptoms of androgen excess, such 
as premature puberty, hirsutism, and acne [183].

Practice Pearl(s)
Patients with 21OHD need to take stress doses of 
 steroids during times of acute stress such as surgery, 
illness, or labor in order to avoid an adrenal 
crises  [184] (see  Table  3.5). It is important that 
women who are  trying to conceive or are pregnant 

use a   glucocorticoid inactivated by the placental 
11β- hydroxysteroid dehydrogenase type 2, such as 
prednisone or prednisolone [186]. This will prevent 
fetal exposure to excess glucocorticoids that can neg-
atively affect fetal development [187].

TABLE 3.5 Glucocorticoid replacement therapy in congenital adrenal hyperplasia.

Glucocorticoid(s) Dosing schedule Practice pearls

Hydrocortisone Administered in three divided doses totaling 
15–30 mg/day

Preferred due to fewer 
Cushingoid complications

Prednisolone or 
methylprednisolone

Longer- acting glucocorticoids, usually given twice 
a day – a larger dose (4–6 mg) in the morning and 
a smaller dose (1–2.5 mg) at bedtime

Prednisone Not applicable Not preferred since it has to 
undergo hepatic metabolism 
into prednisolone.

Dexamethasone Bedtime administration of 0.25–1 mg. Effective for ACTH suppression.

Combination therapy Hydrocortisone during the day and a small dose 
of a long- acting glucocorticoid at bedtime 
(1–2 mg prednisolone or methylprednisolone; 
0.1–0.25 mg dexamethasone).

Effective in minimizing 
glucocorticoid exposure and 
keeping ACTH low

Source: Adapted from ref. [185].
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3.4.2 Mineralocorticoids

3.4.2.1 Physiology

Also, see Section 3.1.2.

3.4.2.2  Mechanism of Action

In salt- wasting CAH, the adrenal glands are unable 
to produce adequate amounts of mineralocorticoids, 
primarily aldosterone, due to a mutation in the 
CYP21A2 gene, which encodes the enzyme 
21- hydroxylase [15].

Aldosterone plays a crucial role in regulating elec-
trolyte balance and maintaining blood pressure [189]. 
It promotes the reabsorption of sodium and water in 
the renal tubules and the excretion of potassium [190]. 
This process helps maintain blood volume and blood 
pressure and prevents dehydration and electrolyte 
imbalances [189].

Fludrocortisone acts as a replacement for the 
 deficient aldosterone in patients with salt- wasting 
CAH [181]. It binds to the MRs in the kidneys, mim-
icking the effects of aldosterone  [191]. As a result, 
fludrocortisone helps to restore normal sodium and 
potassium levels, maintain blood pressure, and pre-
vent dehydration [180].

Clinical Trial Evidence

In this pediatric study, the authors evaluated the 
benefits of one- year treatment with a single morn-
ing oral dose of prednisolone (PD) in comparison to 
traditional thrice- daily (TID) hydrocortisone (HC) 
administration in 44 patients with 21- hydroxylase 
deficiency (21OHD). The patients were divided into 
two age-  and sex- matched groups, with one group 
receiving PD (2.4–3.5 mg/m2 body surface area) and 
the other receiving TID HC (10–15 mg/m2 body sur-
face area). After one year, the PD group maintained 
a stable bone maturation ratio and preserved growth 
velocity, while the HC group showed a slight 
increase in both parameters. Additionally, height 
standard deviation scores for bone age significantly 
increased in the PD group. The results suggest that 
patients with 21OHD treated with a single morning 
dose of PD achieve better clinical and hormonal 
control than those on TID HC, allowing for a 
reduction in the replacement dose [188].

Practice Pearl(s)
Mineralocorticoid therapy in CAH is typically 
administered as 9- alpha- fludrocortisone acetate to 
restore normal serum potassium levels, standing 
blood pressure, and plasma renin activity. 
Overdosing may lead to hypertension and hypoka-
lemia, while optimal dosing can potentially reduce 
glucocorticoid dosage. The need for mineralocorti-
coids generally decreases post- infancy but remains 
relatively stable in adulthood [180].

Underdosing may result in chronic volume 
depletion, which could be clinically inapparent or 
cause chronic fatigue. The usual adult dose of 
fludrocortisone ranges from 0.1 to 0.2 mg/day, with 
some patients requiring higher doses to normalize 
clinical and laboratory parameters [180].

Clinical Trial Evidence

The study authors investigated the effects of 9 
alpha- fluorohydrocortisone (9 alpha- F) therapy 
on growth in salt- losing congenital adrenal hyper-
plasia (CAH) patients aged 2–12 years. Patients 
were divided into two groups: group I had an 
increased 9 alpha- F dosage after 6 months, while 
group II maintained the same dosage. In group I, 
the height velocity decreased significantly from 
baseline. In group II, no significant changes 
were  observed. The results highlight the impor-
tance of careful monitoring of 9 alpha- F to main-
tain proper growth rates in salt- losing CAH 
patients [192].

Concepts to Ponder

What are the distinct clinicopathologic  
 phenotypes of congenital adrenal 
hyperplasia (CAH)?

CAH is primarily caused by a defect in adrenal 
 steroidogenic enzymes, leading to a decrease in 
serum cortisol levels. This loss of negative feedback 

(continued)
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3.5  NONCLASSIC CONGENITAL 
ADRENAL HYPERPLASIA

3.5.1 Insulin Sensitizers

3.5.1.1  Physiology

The effect of insulin resistance on adrenal androgen 
production was reviewed earlier. There is limited data 
on the role of insulin resistance in nonclassic congen-
ital adrenal hyperplasia (NCCAH) [205].

3.5.1.2  Mechanism of Action

There is limited data on the role of metformin in the 
management of NCCAH. Metformin is an oral antihy-
perglycemic medication that is primarily used to treat 
type 2 diabetes mellitus. It has been studied in the 
 context of polycystic ovary syndrome (PCOS), which 
shares some symptoms with NCCAH, such as hyper-
androgenism and insulin resistance. However, specific 
studies focusing on the use of metformin in NCCAH 
are limited [206].

control stimulates the hypothalamic–pituitary–
adrenal (HPA) axis, resulting in increased 
adrenocorticotropic hormone (ACTH) production. 
ACTH then causes the buildup and diversion of 
precursor steroids into either androgen or mineral-
ocorticoid synthesis [193].

It is essential to understand the adrenal 
 steroidogenesis pathway to appreciate the various 
clinicopathologic phenotypes of CAH.

Congenital lipoid hyperplasia (CLH), a severe 
form of CAH, is caused by an autosomal recessive 
mutation in the StAR- encoding gene. CLH is char-
acterized by severe adrenal insufficiency (both min-
eralocorticoid and glucocorticoid deficiencies) and 
external female genitalia in male infants [194].

3beta- hydroxysteroid dehydrogenase type 2 
(3BHSD) deficiency presents with a clinical 
 spectrum ranging from presentations similar to 
CLH (both mineralocorticoid and glucocorticoid 
deficiencies) to a less severe subtype without 
salt- wasting [195].

17- hydroxylase deficiency results from a 
CYP17A1 gene mutation, affecting steroidogenesis in 
both adrenal glands and gonads  [196]. Genetic 
females exhibit normal- appearing female genitalia at 
birth but later present with delayed puberty. 
Male infants cannot synthesize testosterone, leading 
to the development of female- appearing external 
genitalia [197]. Males lack internal  Müllerian struc-
tures as their anatomic testes still produce anti- 
Müllerian hormone. Patients with this  deficiency 
rarely experience overt adrenal crises due  to  the 
accumulation of precursors like corticosterone and 
11- deoxycorticosterone (DOC), which  maintain 
blood pressure and contribute to hypertension [198].

11β- hydroxylase deficiency results from a 
CYP11B1 gene mutation, causing defective cortisol 
synthesis due to a nonfunctional 11β- hydroxylase 
enzyme [199, 200]. The accumulation of proximal 
precursors like DOC and 11- deoxycortisol leads to 
hypertension and hypokalemia  [201]. Increased 
proximal steroid production also results in elevated 
androgen levels (DHEA, DHEA- S, and androstene-
dione). Genetic males exhibit enlarged penile shafts 
at birth, while genetic females display ambiguous 
genitalia due to intrauterine exposure to high serum 
androgens [202].

21- hydroxylase deficiency results from a 
CYP21A2 gene mutation, impairing 21- hydroxylation 
of progesterone (mineralocorticoid synthesis 
pathway) and 17- hydroxyprogesterone (glucocor-
ticoid synthesis pathway)  [203] See Figure 3.7. 
As  a result, proximal steroidogenic precursors 
are diverted into androgen production.  Newborns 
with more deleterious CYP21A2  mutations are 
hemodynamically unstable due to impaired 
 glucocorticoid and mineralocorticoid synthesis, 
and genetic females present with ambiguous 
genitalia [204].

(continued)

Practice Pearl(s)
For diabetic patients with nonclassic CAH, the 
starting dose is 500 mg daily, which is gradually 
uptitrated over 4 weeks to 850–1000 mg three times 
a day.
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3.5.2 Oral Contraceptive Pills 
and Antiandrogens

3.5.2.1  Physiology

In NCCAH, the role of androgens is central to the 
development of symptoms and other clinical manifes-
tations. Due to a partial deficiency of the 21- hydroxylase 
enzyme caused by mutations in the CYP21A2 
gene,  cortisol synthesis is impaired, leading to the 
accumulation of precursor hormones, particularly 
17- hydroxyprogesterone (17- OHP) [208].

As a result of increased 17- OHP levels, precursors 
are shunted toward the androgen synthesis pathway, 
causing an increase in the production of androgens 
such as testosterone and androstenedione  [209]. See 
Figure 3.7.

The excess androgens in individuals with NCCAH 
are associated with premature pubarche (early 
development of pubic hair), hirsutism (excessive hair 
growth in females), acne, menstrual irregularities, and 
infertility [210].

3.5.2.2  Mechanism of Action

Oral contraceptives increase the production of sex 
hormone- binding globulin (SHBG) in the liver. This 
increase in SHBG reduces the concentration of free 
androgens (such as testosterone) in the bloodstream. 
This is because by binding to androgens, SHBG 
decreases the biological activity of these hormones 
and improves the clinical manifestations of androgen 
excess in NCCAH patients [211].

Also, oral contraceptives inhibit the hypothalamic 
pituitary ovarian (HPO) axis. By suppressing the pro-
duction of gonadotropin- releasing hormone (GnRH) 
from the hypothalamus, oral contraceptives decrease 
the secretion of LH and follicle- stimulating hormone 
(FSH) from the pituitary gland. This suppression 
 ultimately results in reduced ovarian androgen pro-
duction, further contributing to an improvement of 
hyperandrogenemia in patients with NCCAH [212].

Also, see Section 6.1.2 for the effects of oral con-
traceptive pills on hirsutism.

Clinical Trial Evidence

This study aimed to investigate the impact of met-
formin on androgen production in type 2 diabetic 
patients with nonclassic congenital adrenal hyper-
plasia (NCCAH), comparing it to the drug’s effect 
in diabetic patients with normal androgen levels. 
The participants were women aged 30–45 years 
recently diagnosed with type 2 diabetes and 
NCCAH. The study found that metformin decreased 
fasting plasma glucose by 19% (p  < 0.001) in 
NCCAH patients and 17% (p < 0.001) in those with 
normal adrenal function. HOMA- IR, a measure of 
insulin resistance, decreased by 44% (p < 0.001) in 
the NCCAH group and 48% (p  < 0.001) in the 
normal adrenal function group [207].

Practice Pearl(s)
Alternative approaches to managing androgen 
excess and menstrual irregularity in nonclassic 
CAH should be considered for long- term 
treatment, especially when fertility is not a primary 
concern. These approaches may include the use of 
antiandrogens and oral contraceptives [213].

Antiandrogens, such as spironolactone or 
cyproterone acetate, can effectively block the 
actions of androgens at the cellular level, miti-
gating the effects of androgen excess. These medi-
cations are particularly helpful in managing 
symptoms such as hirsutism and acne associated 
with nonclassic CAH [210].

Oral contraceptives (OCPs) can also play a 
significant role in the long- term management 
of  nonclassic CAH. OCPs help regulate men-
strual  cycles, reducing the frequency of irregular 
periods [210].

Clinical Trial Evidence

This study aimed to compare the effects of combined 
oral contraceptives (COCs) containing estradiol val-
erate (EV) and ethinylestradiol (EE) on cortisol and 
other adrenal steroid hormones. Fifty- nine healthy 
women participated in the study and were divided 
into groups using EV + dienogest (DNG), EE + DNG, 
or DNG only for 9 weeks. The results showed that 
EE + DNG treatment increased total cortisol and 
cortisone levels, while no significant changes were 
observed for the EV + DNG and DNG- only groups. 
In conclusion, EV had a milder effect on circulating 
corticosteroid binding globulin (CBG) and adrenal 
steroid levels than EE in COCs [214].
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PRACTICE- BASED QUESTIONS

1. Interpret this adrenal venous sampling (AVS) 
report and recommend the next step in this patient’s 
management

Vein Aldosterone 
(A), ng/dL

Cortisol (C), 
mcg/dL

A : C 
ratio

Aldosterone 
ratioa

Right  
adrenal  
vein

9200 470 19.6 65.3

Left  
adrenal  
vein

 125 410  0.3

Inferior  
vena  
cava

 33 10  3.3

a Right adrenal vein A/C ratio divided by the left adrenal vein A/C ratio. 
This should always be a ratio of the dominant to nondominant side.

a. Perform a left adrenalectomy
b. Perform a right adrenalectomy
c. Perform bilateral adrenalectomy
d. Start spironolactone
e. Incomplete testing, repeat adrenal vein sampling

Correct answer: The correct answer is b (perform a 
right adrenalectomy)

Explanation:
Q1.) Step A : Calculate the selectivity index

The cortisol level in each adrenal vein is more than 
five- fold higher than the cortisol in the inferior 
vena cava.

Step B: Calculate the lateralization index
The A : C ratio of the dominant (right adrenal, 19.6) 
to nondominant (left adrenal, 0.3) adrenal gland is 
65.3. The estimated LI is greater than 4. This is 
diagnostic for a unilateral source of hyperaldoste-
ronism (from the right adrenal gland).

Step C: Calculate the contralateral suppression  
index
Evaluation of the contralateral suppression index is 
required in this patient with a unilateral source of 
hyperaldosteronism. The A : C ratio in the nondom-
inant adrenal (left adrenal vein, 0.30) is less than 
the A : C ratio in the periphery (inferior vena 
cava, 3.3).

This implies the left adrenal gland is not the 
source of hyperaldosteronemia and confirms the 
right adrenal gland as the source.

2. A 45- year- old male presents to the emergency 
department with severe fatigue, abdominal pain, 
and vomiting. He has a history of primary adrenal 
insufficiency and is suspected to be in an adrenal 
crisis. Which glucocorticoid should be adminis-
tered as the first- line treatment for this patient?

a. Dexamethasone
b. Hydrocortisone
c. Prednisone
d. Methylprednisolone

Correct answer: b) Hydrocortisone. Explanation: 
Hydrocortisone is the preferred glucocorticoid 
for the treatment of an adrenal crisis because it 
closely resembles the natural hormone cortisol 
produced by the adrenal glands, having both 
glucocorticoid and mineralocorticoid prop-
erties. Hydrocortisone is rapidly absorbed and 
has a relatively short half- life, making it suit-
able for acute management. It provides the 
necessary glucocorticoid effects for managing 
an adrenal crisis and also addresses the miner-
alocorticoid deficiency that may occur in pri-
mary adrenal insufficiency. Dexamethasone, 
prednisone, and methylprednisolone are not 
the first choices for stress dosing during an 
adrenal crisis due to their varying degrees of 
mineralocorticoid activity and differences in 
half- life.

Concepts to Ponder
What are the genetic differences between NCCAH 
and classic congenital adrenal hyperplasia?

Table  3.6 summarizes a comparison of CAH 
and NCCAH.

TABLE 3.6 Comparison of CAH and NCCAH.

CAH NCCAH

Large gene deletion 
involving the 
CYP21A2 gene.

Usually, a point mutation 
(70% of patients) in the 
CYP21A2 gene.

Loss of 21- hydroxylase 
enzyme activity by 
95–100%.

Loss of 21- hydroxylase 
enzyme activity by 
20–50%.

Source: Adapted from ref. [215].
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3. A 35- year- old female presents with signs of 
Cushing’s syndrome, including central obesity, 
facial rounding, and easy bruising. Lab results con-
firm excessive cortisol production. Which enzyme 
is responsible for amplifying cortisol’s effects on 
various tissues in this condition?

a. 11β- hydroxysteroid dehydrogenase type 1 
(11β- HSD1)

b. 11β- hydroxysteroid dehydrogenase type 2 
(11β- HSD2)

c. Aldosterone synthase
d. 21- Hydroxylase

Correct answer: a) 11β- hydroxysteroid dehydrogenase 
type 1 (11β- HSD1). Explanation: 11β- HSD1 is 
primarily expressed in the liver and adipose 
tissue and is responsible for converting the 
relatively inactive cortisone to the active cortisol. 
In conditions of excess cortisol production, such 
as Cushing’s syndrome, the activity of 11β- HSD1 
can amplify cortisol’s effects on various tissues.

4. Which of the following physiological effects is NOT 
directly related to the action of cortisol?

a. Maintenance of blood glucose levels
b. Suppression of the immune system
c. Regulation of sleep–wake cycle
d. Increased absorption of dietary calcium in the 

intestines

Correct answer: d) Increased absorption of dietary 
calcium in the intestines. Explanation: Cortisol 
is involved in maintaining blood glucose levels, 
suppressing the immune system, and regulating 
the sleep–wake cycle. However, it does not play 
a direct role in increasing the absorption of 
 dietary calcium in the intestines. This function 
is mainly carried out by active vitamin D 
( calcitriol) and parathyroid hormone (PTH).

5. A 55- year- old male presents with symptoms of 
hypertension and hypokalemia. Laboratory tests 
reveal increased levels of aldosterone. Which of the 
following enzymes is primarily responsible for 
converting angiotensin I to the potent vasocon-
strictor angiotensin II?

a. Renin
b. Angiotensin- converting enzyme (ACE)
c. Angiotensin- converting enzyme 2 (ACE2)
d. 11β- hydroxysteroid dehydrogenase type 1 

(11β- HSD1)

Correct answer: b) Angiotensin- converting enzyme 
(ACE). Explanation: Angiotensin- converting 
enzyme (ACE) is a peptidase widely expressed 
in the vascular endothelium of various tissues, 
including the brain, skeletal muscle, skin, heart, 
kidneys, and lungs. It is particularly abundant 
in the pulmonary vasculature endothelium, 
where it converts the inactive angiotensin I into 
the potent vasoconstrictor angiotensin II. 
Angiotensin II is involved in the regulation of 
blood pressure and stimulation of aldosterone 
release by the zona glomerulosa of the 
adrenal cortex.

6. A 63- year- old female presents with hypertension 
and fluid retention. Investigations reveal a dysreg-
ulation of the renin–angiotensin–aldosterone 
system (RAAS). Which of the following effects is 
NOT a direct result of AT1 receptor activation by 
angiotensin II?

a. Vasoconstriction
b. Stimulation of aldosterone release
c. Vasodilation and urinary sodium loss
d. Promotion of atherosclerosis and vascular 

smooth muscle proliferation

Correct answer: c) Vasodilation and urinary sodium 
loss. Explanation: Activation of AT1 receptors 
by angiotensin II leads to various effects, such 
as vasoconstriction, stimulation of aldosterone 
release, promotion of atherosclerosis, and 
vascular smooth muscle proliferation. In con-
trast, vasodilation and urinary sodium loss are 
the result of AT2 receptor activation, which coun-
teracts the effects of AT1 receptor stimulation.

7. What is the primary target of aldosterone in 
the kidneys?

a. Proximal convoluted tubule
b. Loop of Henle
c. Distal convoluted tubule and collecting ducts
d. Glomerulus

Correct answer: c. Distal convoluted tubule and 
 collecting ducts. Explanation: Aldosterone, a 
mineralocorticoid, primarily targets the distal 
convoluted tubule (DCT) and the collecting ducts 
(CD) in the kidneys. This is where it binds to min-
eralocorticoid receptors (MRs), and subsequently 
modulates the transcription of target genes to 
regulate electrolyte balance and blood pressure.
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8. Which enzyme is responsible for converting 
adrenal- derived androgens into more potent 
androgens, such as testosterone or dihydrotestos-
terone (DHT)?

a. 3β- hydroxysteroid dehydrogenase (3β- HSD)
b. 17β- hydroxysteroid dehydrogenase (17β- HSD)
c. 5α- reductase
d. Aromatase

Correct answer: c. 5α- reductase. Explanation: 
The  enzyme 5α- reductase is responsible for 
converting adrenal- derived androgens, such 
as dehydroepiandrosterone (DHEA) and 
androstenedione, into more potent androgens 
like testosterone or dihydrotestosterone 
(DHT) in peripheral tissues. These potent 
androgens then bind to androgen receptors 
(ARs) and regulate various physiological 
processes, including the development of 
secondary sexual characteristics and regula-
tion of body composition.

9. What is the primary mechanism of action of aldo-
sterone antagonists in the treatment of primary 
hyperaldosteronism?

a. Increasing the production of renin
b. Inhibition of sodium and water reabsorption 

in the proximal tubule
c. Competitive inhibition of mineralocorticoid 

receptors in the distal tubules and col-
lecting ducts

d. Direct inhibition of aldosterone synthesis in 
the adrenal glands

Correct answer: c. Competitive inhibition of 
 mineralocorticoid receptors in the distal 
tubules and collecting ducts. Explanation: 
Aldosterone antagonists, such as spironolac-
tone and eplerenone, work by competitively 
inhibiting the mineralocorticoid receptors in 
the distal tubules and collecting ducts of the 
nephron in the kidneys. This prevents aldoste-
rone from exerting its effects on sodium and 
water reabsorption and potassium excretion, 
leading to a decrease in blood pressure and the 
normalization of electrolyte levels.

10. Which of the following side effects is more com-
monly associated with spironolactone compared 
to eplerenone in the treatment of primary 
hyperaldosteronism?

a. Hyperkalemia
b. Gynecomastia in males and mastodynia 

in females
c. Hypokalemia
d. Increased blood pressure

Correct answer: b. Gynecomastia in males and 
mastodynia in females. Explanation: In a 
multicenter, randomized, double- blind study 
comparing the efficacy, safety, and tolera-
bility of eplerenone and spironolactone in 
patients with hypertension associated with 
primary aldosteronism, spironolactone was 
associated with a higher incidence of male 
gynecomastia (21.2 vs. 4.5%) and female 
 mastodynia (21.1 vs. 0.0%). Despite the lower 
antihypertensive effect of eplerenone, it had 
fewer antiandrogenic side effects than 
spironolactone.

11. A patient diagnosed with pheochromocytoma is 
scheduled for surgery. In the preoperative period, 
alpha- adrenergic blockers are administered to 
normalize blood pressure and expand intravas-
cular space. Which of the following is the preferred 
drug for this purpose?

a. Prazosin
b. Terazosin
c. Doxazosin
d. Phenoxybenzamine

Correct answer: d. Phenoxybenzamine. 
Explanation: Phenoxybenzamine is the 
preferred drug for preoperative administration 
in patients with pheochromocytoma, as it 
 provides sustained vasodilation and reduced 
blood pressure, with a longer duration of 
action compared to selective alpha- 1 blockers. 
Selective alpha- 1- adrenergic blockers like 
 prazosin, terazosin, or doxazosin may be used 
for their favorable side- effect profiles and 
lower cost, but phenoxybenzamine is the drug 
of choice.

12. A patient with pheochromocytoma has been 
treated with alpha- adrenergic blockers to manage 
hypertension. They are now experiencing tachy-
cardia and arrhythmias. Which of the following 
medications should be introduced to address 
these symptoms?
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a. Alpha- blockers
b. Beta- blockers
c. Calcium channel blockers
d. Angiotensin- converting enzyme (ACE) 

inhibitors

Correct answer: b. Beta- blockers. Explanation: 
Beta- blockers should be introduced to address 
tachycardia and arrhythmias in patients with 
pheochromocytoma after adequate alpha- 
blockade has been achieved and blood pressure 
has been stabilized. Beta- blockers work by com-
petitively inhibiting the binding of catechol-
amines to beta- adrenergic receptors, preventing 
their activation and subsequently decreasing 
the effects of catecholamines on heart rate and 
contractility. However, it is essential to empha-
size that beta- blockers should not be used as 
the first line of treatment, as they can exacer-
bate hypertension by causing unopposed 
alpha- adrenergic receptor activation.

13. What is the primary mechanism of action of vin-
cristine in the treatment of pheochromocytoma 
and paragangliomas?

a. Formation of DNA cross- links
b. Methylation of purine bases in DNA
c. Inhibition of tyrosine hydroxylase
d. Disruption of microtubule formation during 

cell division

Correct answer: d. Disruption of microtubule 
formation during cell division. Explanation: 
Vincristine is a vinca alkaloid that binds to 
tubulin, a protein that forms microtubules, 
which are essential components of the cell’s 
cytoskeleton and play a crucial role in cell divi-
sion (mitosis). By binding to tubulin, vincristine 
disrupts microtubule formation, leading to the 
arrest of mitosis in the metaphase. This disrup-
tion of cell division eventually leads to cell death.

14. What is the mechanism of action of metyrosine in 
the management of pheochromocytoma?

a. Inhibition of tyrosine hydroxylase
b. Blocking voltage- gated calcium channels
c. Formation of DNA cross- links
d. Methylation of purine bases in DNA

Correct answer: a. Inhibition of tyrosine hydroxy-
lase. Explanation: Metyrosine, also known as 

alpha- methyl- L- tyrosine or α- MT, inhibits 
the enzyme tyrosine hydroxylase (TH), which 
is the rate- limiting step in catecholamine 
 synthesis. Tyrosine hydroxylase converts 
L- tyrosine to L- dihydroxyphenylalanine 
(L- DOPA). By inhibiting this enzyme, metyro-
sine effectively reduces the production of 
dopamine, norepinephrine, and epinephrine, 
leading to a decrease in catecholamine levels 
in the tumor and circulation, and a reduction 
in the symptoms associated with excessive 
 catecholamine release.

15. Which of the following drugs in the CVD therapy 
regimen is responsible for the methylation of 
purine bases in DNA?

a. Cyclophosphamide
b. Vincristine
c. Dacarbazine
d. Metyrosine

Correct answer: c. Dacarbazine. Explanation: 
Dacarbazine is an alkylating agent that 
works by methylating the purine bases of 
DNA, particularly guanine. This methylation 
leads to the formation of abnormal base 
 pairing, ultimately inhibiting DNA replica-
tion and RNA synthesis. The DNA damage 
triggers cellular repair mechanisms, and if 
the damage cannot be repaired, the cell 
undergoes apoptosis.

16. How do calcium channel blockers (CCBs) help in 
the management of pheochromocytoma symptoms?

a. Inhibition of tyrosine hydroxylase
b. Blocking voltage- gated calcium channels
c. Formation of DNA cross- links
d. Methylation of purine bases in DNA

Correct answer: b. Blocking voltage- gated calcium 
channels. Explanation: Calcium channel 
blockers (CCBs) are a class of medications that 
block the influx of calcium ions into cells 
through voltage- dependent L- type calcium 
channels. In the context of pheochromocy-
toma, CCBs act to reduce the release of cate-
cholamines, including epinephrine and 
norepinephrine, from the tumor cells. By 
blocking calcium channels, CCBs decrease the 
intracellular calcium concentration, which in 
turn inhibits the exocytosis of catecholamines 
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from the chromaffin granules. This results in a 
decrease in blood pressure and a reduction in 
the severity and frequency of hypertensive 
crisis and other catecholamine- mediated 
symptoms such as palpitations, sweating, 
and anxiety.

17. A 28- year- old female patient with salt- wasting 
CAH is being treated with fludrocortisone. Which 
of the following is the primary mechanism of 
action of fludrocortisone in managing her 
condition?

a. Inhibition of 21- hydroxylase enzyme
b. Mimicking the effects of aldosterone
c. Blocking the action of androgens
d. Suppressing the hypothalamic–pituitary–

adrenal axis

Correct answer: b. Mimicking the effects of aldo-
sterone. Explanation: Fludrocortisone is a 
synthetic mineralocorticoid used in the 
treatment of salt- wasting CAH to replace the 
deficient aldosterone. It binds to mineralocor-
ticoid receptors in the kidneys, mimicking the 
effects of aldosterone. This action helps to 
restore normal sodium and potassium levels, 
maintain blood pressure, and prevent dehy-
dration in patients with salt- wasting CAH.

18. A 25- year- old woman with nonclassic congenital 
adrenal hyperplasia (NCCAH) is experiencing 
symptoms of hyperandrogenism. Which of the 
following treatment options would be most appro-
priate for managing her symptoms?

a. Insulin sensitizers, such as metformin
b. Oral contraceptives and antiandrogens
c. Corticosteroid replacement therapy
d. Mineralocorticoid replacement therapy

Correct answer: b. Oral contraceptives and 
a ntiandrogens. Explanation: In NCCAH, 
symptoms of hyperandrogenism result from 
increased production of androgens due to a 
partial  deficiency of the 21- hydroxylase 
enzyme. Oral contraceptives and antiandro-
gens, such as  spironolactone or cyproterone 
acetate, can help manage these symptoms. 
Oral contraceptives increase the production 
of  SHBG in the liver, which reduces the 
levels  of free androgens in the bloodstream. 

Antiandrogens block the actions of androgens 
at the cellular level, mitigating the effects of 
androgen excess.

19. Which of the following can result from the use of 
mineralocorticoid receptor antagonists during 
aldosterone- renin ratio (ARR) testing?

a. A false- negative aldosterone- renin ratio
b. A false- positive aldosterone- renin ratio
c. No effect on aldosterone- renin ratio
d. A false- negative plasma renin activity

Correct answer: a. A false- negative aldosterone- 
renin ratio. Explanation: Mineralocorticoid 
receptor antagonists, such as eplerenone and 
spironolactone, block the mineralocorticoid 
receptor and inhibit aldosterone from binding 
to its receptor. This leads to sodium excretion, 
a decrease in extracellular volume, and an 
increase in plasma renin levels. An increase in 
plasma renin levels can result in a false- 
negative aldosterone- renin ratio, which may 
cause some cases of primary hyperaldosteron-
ism to be missed.

20. How do ACE inhibitors, Angiotensin Receptor 
Blockers (ARBs), or direct renin inhibitors affect 
aldosterone- renin ratio testing?

a. They increase plasma renin levels, potentially 
causing a false- negative aldosterone- renin ratio

b. They decrease plasma renin levels, poten-
tially causing a false- positive aldosterone- 
renin ratio

c. They have no effect on plasma renin levels
d. They cause a false- positive plasma renin  

activity

Correct answer: a. They increase plasma renin 
levels, potentially causing a false- negative 
aldosterone- renin ratio. Explanation: ACE 
inhibitors, ARBs, and direct renin inhibitors 
interfere with renin receptor activation, reflex-
ively increasing plasma renin levels. This may 
result in a falsely negative aldosterone- renin 
ratio. If plasma renin activity is >1 ng/mL/hr., 
primary aldosteronism cannot be ruled out 
without discontinuing these agents. In con-
trast, if plasma renin activity is <1 ng/mL/hr. 
while on these agents, it strongly suggests a 
diagnosis of primary aldosteronism.
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C H A P T E R  4
Pancreatic Gland Therapies

4.1 DIABETES MELLITUS

4.1.1 Insulin

4.1.1.1 Physiology

Structure of Insulin
Insulin is a 51 amino acid peptide hormone that con-
sists of two chains (A and B) linked by a pair of disul-
fide bonds. The A (21 amino acids) and B (30 amino 
acids) chains of insulin are linked by an intervening 
sequence of amino acids known as the connecting pep-
tide (c- peptide)  [1]. The gene that encodes human 
insulin produces an mRNA transcript that is trans-
lated  into a large 110 amino acid polypeptide 
sequence  known as preproinsulin. Preproinsulin 
then undergoes further processing in the lumen of the 
rough endoplasmic reticulum to produce proinsulin. 
Proinsulin is then ferried into the Golgi apparatus, 
where it is subsequently cleaved into the native insulin 
peptide and c- peptide [2]. Along with these products of 
proinsulin processing, amylin and other intermediate 
peptides are packaged into secretory granules by the 
pancreatic beta cell [3].

Regulation of Blood Glucose
Glucose homeostasis depends on the action of insulin 
and a host of other counterregulatory hormones. This 
fine- tuned system depends on the action of hormones, 
neural stimuli, and other regulatory cytokines 
working together in various organs to control plasma 

glucose. In fact, the pancreatic beta cell is crucial in 
directing the orchestra of this complex homeostatic 
system [4].

During the fasting state, the relative decrease in 
insulin levels results in the oxidation of fatty acids in 
adipose tissue, making fatty acids a primary source of 
energy in the fasting state. For example, the liver uses 
fatty acids for gluconeogenesis during a prolonged fast. 
On the contrary, the brain has obligatory glucose require-
ments, which makes it necessary to have alternative 
sources of energy supply during a fast. The liver serves 
as a valuable source of glucose during a prolonged fast. 
Glucagon is released by alpha cells of the pancreas 
during fasting and promotes hepatic gluconeogenesis 
and glycogenolysis, thus maintaining plasma glucose 
concentration within a physiological range.

In contrast, during the postprandial state, glucose 
sensing by the pancreatic beta cell results in insulin 
release. Insulin then exerts its metabolic action 
through various processes, including the inhibition of 
hepatic glucose output (reduced glycogenolysis and 
gluconeogenesis), the promotion of glucose uptake by 
peripheral tissues (muscle and adipose tissue), and a 
reduction in lipolysis (adipose tissue)  [5]. Next, we 
will explore the effects of insulin on various tissues, 
including skeletal muscle, adipose tissue, and liver.

The Effects of Insulin on Various Tissues
Skeletal muscle relies on glucose and free fatty acids as 
energy sources in the postprandial and fasting states, 
respectively.
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Skeletal muscle serves as the primary site of 
glucose uptake after ingestion of a meal (postprandial 
period), with insulin being the primary hormone 
responsible for this function. An increase in serum 
glucose after meal intake is sensed by pancreatic beta 
cells, which subsequently release insulin. Insulin then 
binds to the insulin receptor (IR) and initiates a sig-
naling cascade that results in the ferrying of glucose 
transporter 4 (also known as GLUT 4) from the sarco-
plasm to the plasma membrane of skeletal muscle [6, 7] 
through a process of exocytosis  [7]. GLUT- 4 then 
mediates glucose uptake by the skeletal muscle.

When glucose enters the myocyte of skeletal mus-
cles, it is phosphorylated by the hexokinase enzyme to 
glucose- 6- phosphate, which can be channeled into 
either glycogen synthesis (and storage) or used in the 
glycolytic pathway. A substantial amount of glucose 
entering the glycolytic pathway is oxidized to produce 
energy, with only 10% being channeled into lactate 
production [8].

On the other hand, during the fasting state, relatively 
low insulin levels impair the usual anti- lipolytic action 
of insulin in white adipose tissue. Consequently, 
increased lipolysis in white adipose tissue results in the 
production of fatty acids. These free fatty acids become 
the primary source of fuel for skeletal muscle [9].

Also, during fasting, the liver serves as the main 
source of endogenous glucose production. This allows 
cells that can only utilize glucose as a primary source 
of energy, such as neurons, red blood cells, and renal 
medulla cells, to function optimally. The liver achieves 
this goal by increasing glycogenolysis, gluconeogen-
esis, and glycogen synthesis in the postabsorptive 
period. This complex system requires the interaction of 
various hormones (insulin, glucagon, catecholamines, 
glucocorticoids), substrates (glucose, glycerol), and 
allosteric factors (acetyl CoA, glucose, and glucose- 6- 
phosphate) [10] beyond the scope of this text.

In the postprandial period, insulin mediates var-
ious processes that suppress glucose production by 
the liver.

1. Through its antilipolytic action, insulin sup-
presses the breakdown of triglycerides into 
free fatty acids in white adipose tissue. 
Consequently, free fatty acid, a substrate for 
gluconeogenesis in the liver, is reduced, result-
ing in the suppression of hepatic glucose pro-
duction [10, 11].

2. Glucagon stimulates hepatic glycogenolysis 
(increased hepatic glucose production). The 
presence of high levels of circulating insulin 

after a meal inhibits the release of glucagon by 
alpha cells of the pancreas which consequently 
reduces hepatic glucose output [11].

Insulin Receptor
The IR has an extracellular portion composed of two 
alpha subunits and a transmembrane section com-
prising two beta subunits. In normal physiology, alpha 
subunits inhibit the intrinsic tyrosine kinase activity 
of beta subunits [12].

When insulin binds to the alpha subunit of the IR, 
it suppresses the ability of the alpha subunit to inhibit 
the beta subunit. Consequently, insulin binding to IR 
promotes the phosphorylation of intracellular pro-
teins required for various downstream signaling cas-
cades in different tissues [13]. See Figure 4.1.

4.1.1.2  Mechanism of Action

The mechanism of insulin action was reviewed earlier 
in Section 4.1.1.

Insulin resistance is central to our understanding 
of persistent hyperglycemia in patients with type 2 
diabetes mellitus (see Table 4.1). It is characterized by 
an inability of normal plasma insulin to exert its 
glucose- lowering effects in the fed state (postpran-
dial). Consequently, increased hepatic glucose output, 
increased lipolysis, and impaired peripheral glucose 
uptake lead to hyperglycemia [16].

Practice Pearl(s)
Insulin therapy may be either adjunctive or utilized 
primarily in managing type 2 diabetes mellitus. 
However, insulin therapy is required to prevent life- 
threatening ketoacidosis for patients with either 
anatomic or functional pancreatic insufficiency 
(e.g. type 1 diabetes mellitus).

Although guided by clinical evidence, the rec-
ommendations for insulin use in type 2 diabetes 
mellitus vary significantly across various clinical 
practice guidelines. It is, however, generally 
accepted that insulin should be initiated in patients 
with anticipated beta- cell failure and worsening 
hyperglycemia despite adherence to optimized 
doses of non- insulin therapies [17, 18].

Patients with type 1 diabetes mellitus require 
both basal and prandial insulin if they are on multiple 
daily insulin injections. The usual starting total daily 

(continued)
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FIGURE 4.1  Schematic diagram of the intracellular effects of insulin receptor activation. Insulin- to- IR binding promotes 
intracellular effects, including increased glycogen, protein, and lipid synthesis. Lipolysis and gluconeogenesis are, however, 
inhibited. Insulin further promotes the recruitment of glucose transporter channels on peripheral tissues (e.g. skeletal muscle).

dose of insulin (TDDi) is 0.5 units per kg body per day. 
The TDDi is split up into basal (40–60%) and bolus 
(40–60%) insulin. Furthermore, patients with optimal 
carbohydrate counting skills may use a carbohydrate 
ratio to estimate the amount of bolus insulin [19].

Pathophysiology Pearl
Ketosis is a physiological state characterized by an 
elevated concentration of ketone bodies in the blood-
stream. This condition could originate from various 
situations, such as diabetic ketoacidosis (DKA), alco-
holic ketoacidosis, or starvation. Diabetic ketoacido-
sis is commonly observed among patients with type 1 
diabetes mellitus and might occur either as the pri-
mary presenting feature of diabetes mellitus or as a 
secondary outcome of an intercurrent illness such as 
an infection or myocardial infarction.

In terms of pathophysiology, insulin deficiency 
in patients with type 1 diabetes mellitus impedes 
glucose uptake by cells, thereby preventing its 

utilization for glycolysis or glycogenesis. Concur-
rently, a surge in circulating glucagon levels is 
observed due to a perceived cellular glucose require-
ment. Consequently, beta- oxidation is facilitated by 
hormones such as glucagon, adrenaline, and cortisol.

The rapid turnover of fatty acids due to accelerated 
beta- oxidation produces large quantities of acetyl- CoA, 
which, when in excess, are converted into ketones, 
culminating in ketosis. As the concentration of ketones 
in the blood escalate, diabetic ketoacidosis sets in.

In a scenario where acetoacetic acid accrues, a 
portion is transformed into acetone. Given its 
volatile nature, acetone is exhaled in the breath of 
the patient, resulting in the characteristic sweet, 
fruity breath odor associated with DKA.

The therapeutic approach for DKA primarily 
involves a constant- rate insulin infusion and 
 rigorous intravenous rehydration to reinstate 
circulating volume, rectify acidosis, and promote 
glucose uptake by cells. Recognizing the necessity 
of supplementing the infusion fluid with potassium 
is crucial, as insulin administration will encourage 
cellular potassium uptake and result in hypokalemia.

(continued)
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The pharmacodynamic profile of various insulins 
used in treating diabetes mellitus is summarized in 
Table 4.2.

Refer to Table 4.3 for the pharmacokinetic  profile of 
exogenous insulin, after subcutaneous administration.

Insulin analogs are produced as a result of amino 
acid substitutions or additions to the human insulin 
amino acid sequence (Figure 4.2).

TABLE 4.1  Mechanisms of insulin resistance 
in type 2 diabetes mellitus.

Tissue Pathophysiologic defect Result

Skeletal 
muscle

Impaired translocation 
of GLUT4 to the plasma 
membrane of myocytes. 
Defective tyrosine 
phosphorylation of 
various proximal insulin 
receptor substrates.

Reduction in 
glucose uptake by 
skeletal muscle [5].

Adipose 
tissue

Reduced sensitivity of 
adipose to tissue to the 
anti- lipolytic action of 
insulin (an unknown 
underlying mechanism).
Release of adipokines 
associated with insulin 
resistance.

Increased 
lipolysis [14].

Liver Adipokines and free 
fatty acids (adipose 
tissue- derived) impair 
insulin signaling in the 
liver.

Impaired 
suppression of 
hepatic glucose 
output, which 
results in persistent 
hyperglycemia [15].

TABLE 4.2  Pharmacodynamic profile 
of various insulins.

Type Onset Peak Duration

Long- acting

Detemir U100 1–2 h Mild effect 
at 4 ha

<24 h

Glargine U100 1 h None 24 h

Glargine U300 6 h None 24–36 h

Degludec U100/
U200

1 h None 42 h

Intermediate- 
acting

NPH insulin U100 1–2 h 4–14 h 4–14 h

Bolus insulin

Lispro, Aspart, 
Glulisine U100 
(rapid- acting)

5–15 min 0.5–1.5 h 3–5 h

Fiasp (ultra- rapid 
acting)

2.5–5 min 1 h 3–5 h

Regular human 
insulin 
(short- acting)

30–60 min 2–4 h 6–12 h

TABLE 4.3  Pharmacokinetic profile 
of exogenous insulin.

Pharmacokinetic 
factor

Characteristics

Absorption SC administration of exogenous 
insulin results in direct absorption 
into the bloodstream. The T50% 
has an intraindividual variability 
of 50% and an interindividual 
variability of 25%.

Distribution The volume of distribution is 
dependent of the extracellular 
space.

Metabolism and 
elimination

Degradation of exogenous insulin 
occurs in the kidney (~60%) and 
liver (~40%) after SC 
administration.

SC, Subcutaneous.
T50% Coefficient of variation of absorption of 50% (Time for 
50% of the administered dose to be absorbed).
Endogenous insulin (50% of insulin delivered into the portal vein 
by the pancreas is metabolized in the liver).
Source: Adapted from refs. [23–26].

Type Onset Peak Duration

Concentrated 
insulin
Humulin R U500

6–10 h

Inhaled insulin

Afreeza 5–15 min 50 min 3 h

Oral insulin

ORMD- 0801b – – –

U100 refers to 100 units of insulin in 1 mL of liquid.
U200 refers to 200 units of insulin in 1 mL of liquid.
U300 refers to 300 units of insulin in 1 mL of liquid.
a 
b ORMD- 0801 is a potential oral insulin therapy for the 
management of type 2 diabetes. There are ongoing phase 3 
trials of this medication [20].
Source: Adapted from refs. [19, 21, 22].

TABLE 4.2  (Continued)



FIGURE 4.2  A schematic diagram of the amino acid sequence of human insulin. Various amino acid substitutions or additions 
to recombinant human insulins are shown (color- coded).

Clinical Pearl
What are the factors associated with improved 
absorption of insulin administered subcutaneously?

1. Exercise of a limb will improve insulin 
absorption within an hour of injection.

2. Rubbing or massaging the site of the 
injection.

3. Warm compresses, hot shower, or bath 
improves and accelerates insulin 
absorption.

4. Site of injection: absorption is faster if insu-
lin is injected into abdominal subcutane-
ous tissue than at alternative sites.

Clinical Trial Evidence

(Refer to Table 4.4)
TABLE 4.4  Important trials of long- acting insulin therapies.

Study Population Intervention Outcome

Comparison of 
insulin degludec 
and glargine.

T2DM, mean body 
mass index was 
25 kg/m2. The mean 
level of glycated 
hemoglobin (HbA1c) 
was 8.5% (n = 435).

Patients were randomized 
(2 : 1) to degludec or glargine, 
with each treatment 
administered once daily along 
with one or more oral 
antidiabetic drugs.

The study concluded that initiating 
insulin therapy with IDeg provides 
similar long- term glycemic control to 
IGlar, but with a significantly lower rate 
of overall confirmed hypoglycemia 
once stable glycemic control and 
insulin dosing are achieved; RR 0.63, 
95% CI 0.42 to 0.94, P = 0.02)[27].

Comparison of 
insulin glargine 
and human NPH 
insulin in addition 
to oral therapy.

T2DM, HbA1C >7.5% 
on or two oral 
agents for diabetes 
(n = 756).

Patients received bedtime 
glargine insulin or NPH insulin 
once daily with dose titration 
using a predefined algorithm to 
aim for fasting capillary glucose 
of ≤100 mg/dl (5.5 mmol/l).

Mean fasting glucose and HbA1C 
were similar in both groups; however, 
documented nocturnal hypoglycemia 
was less in the glargine compared to 
the NPH arm, 26.7% vs. 33.2%, P 
value <0.05) [28].
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4.1.2 Biguanides

4.1.2.1 Physiology

Glucose Metabolism
Glucose is the central source of energy for all cells in 
the human. Plasma glucose is therefore kept within a 
very narrow physiologic range of 64.8–104.4 mg/dl, 
independent of dietary intake  [30]. To achieve this, 
various adaptive processes that prevent hypoglycemia 
and hyperglycemia coexist in a delicate balance.

The processes for preventing a significant 
decline in plasma glucose (hypoglycemia) during 
a  fast state include the synthesis of glucose from 

noncarbohydrate sources (gluconeogenesis) and the 
breakdown of glycogen stores (glycogenolysis) [31].

On the other hand, synthesizing glycogen from 
glucose (glycogenesis) [32] and converting glucose to 
triacylglycerol (fats) helps mitigate significant hyper-
glycemia in the postprandial period [33, 34].

Ultimately, plasma glucose is ferried to various tis-
sues and metabolized based on prevailing conditions – 
dependent on fasting or a postprandial state [5].

Gluconeogenesis
The normal human body requires, on average, about 
160 g of glucose per day [35], of which 75% is utilized 
primarily by the central nervous system for energy 
production [36].

There are, however, very limited stores of readily 
accessible glucose in humans. Indeed, only 20 g of 
glucose is present in body fluids, with almost 190 g 
present in a stored form known as glycogen [37].

Depending on the level of energy expenditure 
by  an individual, additional sources of glucose may 
be  required. Furthermore, survival beyond 24 hours 
without extra dietary glucose intake would be 
impossible since most of these reserves would be 
depleted [38]. This makes gluconeogenesis a critical 
process for producing valuable glucose molecules 
needed for energy production. Gluconeogenesis gen-
erates glucose endogenously from mainly non- glucose 
precursors such as pyruvate, lactate, glycerol, and 
amino acids (see Table  4.5). It occurs mainly in 

Pathophysiology Pearl

What is the challenge in administering insulin 
via the oral route?

Endogenous insulin is secreted via either high- 
frequency pulses every 5–15 minutes or low- 
frequency ultradian pulses every 80–120 minutes. 
After an oral glucose challenge, about 40–80% of 
insulin released into the portal vein undergoes first- 
pass metabolism in the liver.

This phase of hepatic metabolism enables 
insulin to exert various effects on glucose metabo-
lism, such as the promotion of glycogenolysis, inhi-
bition of glycogenesis, increased gluconeogenesis, 
and a reduction in glucagon secretion [25].

Of all the routes of potential insulin 
administration (pulmonary, subcutaneous, rectal, 
ocular, vaginal), the oral route is the closest to mim-
icking the portal- systemic blood insulin gradient 
seen with endogenous insulin. This is because 
orally administered insulin is delivered into the 
portal vein after absorption. Thus, oral insulin 
administration mimics what exists physiologically. 
Unfortunately, insulin is a peptide hormone; hence, 
it is subject to degradation in the harsh acidic pH of 
the stomach. Also, additional hindrances to oral 
insulin absorption, such as enzymatic degradation, 
efflux pumps, and epithelial barriers, contribute to 
its poor bioavailability [29].

The pharmaceutical industry has attempted 
various means of delivering oral insulin. This has, 
however, remained a persistent challenge due to the 
reasons outlined above [20].

TABLE 4.5  Sources of glucose precursors required 
for gluconeogenesis.

Glucose 
precursor

Source

Lactate It is produced by anaerobic respiration in 
skeletal muscle. Lactate is then 
transformed into pyruvate by lactate 
dehydrogenase in the liver.

Glycerol It is produced by the breakdown of 
triglycerides in adipose tissues. Glycerol is 
then converted into dihydroxyacetone 
phosphate (DHAP) in readiness for 
gluconeogenesis.

Amino 
acids

Hydrolysis of protein in food or skeletal 
muscle generates amino acids, which are 
converted either into pyruvate or DHAP.

Source: Adapted from ref. [39].



128 Chapter 4 Pancreatic Gland Therapies 

hepatocytes and renal tissue, with these sites 
accounting for 75% and 25% of glucose produced 
through gluconeogenesis, respectively [40, 41].

The first two steps of gluconeogenesis aim to 
 convert pyruvate into phosphoenolpyruvate (PEP), 
with oxaloacetate being an intermediate product. 
These steps required ATP and carbon dioxide [42] (see 
Figure 4.3).

Once PEP is formed, a series of sequential enzy-
matic steps results in the formation of fructose  1,6 
bisphosphate. 

Fructose 1,6 bisphosphate is hydrolyzed into fruc-
tose 6- phosphate under the influence of the allosteric 
enzyme, fructose 1,6 bisphosphate.

Subsequently, fructose 6- phosphate then 
undergoes an isomerization step which produces 
glucose- 6- phosphate mediated by phosphoglucose 

isomerase. The fate of glucose- 6- phosphate varies 
significantly by the tissue in which it is formed. 
Unlike glucose, glucose- 6- phosphate cannot per-
meate cellular membranes, thus making it an 
easily  accessible substrate for further metabolic 
processes.

In skeletal  muscle, for example, glucose- 6- 
phosphate can be turned into either glycogen (a 
storage form of glucose) or pyruvate to be utilized in 
energy production (glycolysis) [40, 43].

Conversely, in hepatocytes and renal  cells, 
glucose- 6- phosphate is converted to glucose in the 
presence of the enzyme glucose- 6- phosphatase. Since 
cellular membranes contain glucose transporters, 
glucose can readily leave these primary sites of gluco-
neogenesis in order to be transported to other cells in 
the human body [44].

FIGURE 4.3  Comparison of glycolysis and gluconeogenesis.

ALGrawany
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Glycolysis
Glycolysis involves a sequence of reactions that ulti-
mately changes glucose into two pyruvate molecules, 
two ATP, two NADH, and two water molecules [45]. 
See Figure 4.3.

Glucose is converted to glucose- 6- phosphate via 
the enzyme hexokinase. The formation of glucose- 6- 
phosphate destabilizes the glucose molecule and traps it 
inside the cell. Phosphoglucose isomerase then facilitates 
an isomerization step that converts glucose- 6- phosphate 
to fructose- 6- phosphate. Phosphofructokinase then 
promotes the phosphorylation of fructose- 6- phosphate 
into fructose- 1,6- bisphosphate. Sequential enzymatic 
steps ultimately result in the formation of pyruvate [45].

Glycogenesis
Glycogenesis is the process of the formation of gly-
cogen molecules (a storage form of glucose). After 
ingesting a meal rich in carbohydrates, plasma glucose 
levels rise. Pancreatic beta cells detect this increase in 
plasma glucose and, in turn, release insulin. Insulin 
then travels through the bloodstream to hepatocytes, 
binding to its corresponding IR and initiating a signal 
transduction pathway that activates various protein 
kinases in the cytoplasm [46].

These protein kinases inactivate glycogen syn-
thase kinase (an enzyme that is responsible for the 
inactivation of glycogen synthase). Consequently, 
glycogen formation is promoted due to the loss of inhi-
bition of the key regulatory enzyme, glycogen syn-
thase [47]. See Figure 4.4.

Upon insulin binding to its receptor, a signaling 
cascade is initiated, involving the activation of insulin 
receptor substrate (IRS) and phosphatidylinositol 
3- kinase (PI3K). This leads to the activation of Akt 
(protein kinase B), which inhibits glycogen synthase 

Basic Science Pearl
Glycolysis is the anaerobic metabolic breakdown 
of glucose into lactate and pyruvate.

FIGURE 4.4  Insulin- mediated glycogen synthesis.
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kinase- 3 (GSK- 3). The inhibition of GSK- 3 promotes 
the conversion of inactive glycogen synthase b to its 
active form, glycogen synthase a, facilitating glycogen 
synthesis and storage  [48]. Glycogen synthase ulti-
mately catalyzes the elongation of glycogen by sequen-
tially attaching glucose monomers via alpha 1,4 
glycosidic bonds [32].

Glycogenolysis
Glycogen breakdown or degradation (glycogenolysis) 
involves various enzymes, which result in the 
liberation of glucose from the glycogen molecule [49]. 
There is an initial phosphorolysis step that requires 
glycogen phosphorylase. This is followed by a gly-
cogen remodeling step which requires a transferase 
and alpha 1,6- glucosidase enzymes. This remodeled 
glycogen molecule then releases glucose which is 
transformed by the hexokinase enzyme into glucose- 
1- phosphate. Glucose 1 phosphate is then acted 
upon by phosphoglucomutase in order to change it 
into glucose- 6- phosphate.

As was previously discussed, the fate of glucose- 6- 
phosphate is dependent on its location. In skeletal 
muscle, it will be utilized in glycolysis and energy (ATP) 
production. However, in hepatocytes, glucose- 6- 
phosphate will be converted into glucose which is sub-
sequently released into the systemic circulation [50].

Glycogen degradation and glycogen synthesis 
do not occur simultaneously in normal physiology. 
Indeed, cells have a unique mechanism that regulates 
both metabolic processes reciprocally [51].

The role of insulin in the fed state in promoting 
glycogen synthesis was described earlier. Glucagon, 
on the other hand, is required for glycogen degradation.

Glucagon binds to the glucagon receptor and initiates 
a cascade of downstream processes, which results in the 
formation of cyclic AMP (a second messenger) that binds 
to regulatory sites on Protein Kinase A. Activated PKA 
ultimately inhibits glycogen synthase (involved in gly-
cogenesis), while conversely activating glycogen phos-
phorylase (involved in glycogenolysis) [5, 50].

4.1.2.2  Mechanism of Action

Metformin, a biguanide, exerts its pharmacotherapeu-
tic effects at various sites involved in the pathogenesis 
of type 2 diabetes mellitus.

• Decreases hepatic gluconeogenesis [52].
• Improves glucose uptake in skeletal muscle and 

adipose tissue [53].

• Improves insulin sensitivity by enhancing intra-
cellular IRS signaling pathways [54].

Refer to Table  4.6 for a summary of proposed 
mechanisms of action of metformin in type 2 
diabetes mellitus.

TABLE 4.6  Mechanisms and sites of action 
of metformin.

Site of action Cellular effects Glycemic 
outcome

Mitochondria 
(hepatocyte)

Inhibits complex I of the 
ETC, which reduces ATP 
production (increased 
ADP: ATP and AMP: ATP 
ratios). A deficit in 
cellular ATP is detected 
by the “cellular energy 
sensor” AMPK. AMPK 
then promotes catabolic 
processesΔ, which 
generate ATP and 
inhibits anabolic 
processesβ that 
consume ATP.

Reduced 
hepatic 
glucose 
output.

Cytoplasm 
(hepatocyte)

Inhibition of fructose 1,6 
bisphosphatase 
(gluconeogenic enzyme) 
by the high AMP: ATP 
ratio (AMPK- independent 
pathway).

Reduced 
hepatic 
glucose 
output.

Gastrointestinal 
tract (colonic 
enterocyte)

Increases anaerobic 
glucose metabolism in 
enterocytes.

Skeletal muscle Glucose uptake by 
glucose transporters 
(GLUT- 4).

Catabolic processesΔ: Glycolysis and oxidation of fatty acids.
Anabolic processesβ: Fatty acid synthesis, glycogen synthesis, 
protein synthesis, gluconeogenesis.
Source: Adapted from refs. [55, 56].

Practice Pearl(s)
Metformin is a synthetic derivative of natural gua-
nidine isolated from the French lilac plant (Galega 
officinalis)  [57, 58]. Interestingly, this plant was 
used in medieval Europe for the treatment of an 
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A summary of the study outcomes is shown in 
Table 4.8.

4.1.3 Meglitinides

4.1.3.1 Physiology

Phases of Insulin Release After a Meal
Insulin acts to lower high blood glucose levels by 
simultaneously promoting the uptake of glucose into 
cells and inhibiting the liver’s production of glucose. 
Insulin release is a complex process that occurs in a 
biphasic manner (two distinct phases), known as the 
first and second phases of insulin release [63].

First Phase of Insulin Release: The first phase of 
insulin release occurs within minutes of a meal and is 
a rapid, short- lived response (lasting approximately 
10 minutes) to an increase in arterial glucose 
concentration  [64]. The rapid release of preformed 
secretory granules of insulin accounts for this phase. 
This initial surge of insulin is thought to be triggered 
by the stimulation of the beta cells in the pancreas by 
glucose and other nutrients in the meal. The first 
phase of insulin release helps to quickly lower blood 

 ailment characterized by “sweet tasting urine”  – 
now known as diabetes mellitus.

The recommended starting dose is 500 mg 
daily, which can be slowly titrated upwards in 
increments of 500 mg per week to a typical mainte-
nance dose of 1000 mg twice daily [59].

Metformin is associated with significant gas-
trointestinal discomfort and diarrhea, which is mit-
igated by a slow up- titration in dose at the time of 
medication initiation.

Due to the risk of metformin- associated lactic 
acidosis (MALA), the dose of metformin should 
be  adjusted in patients with chronic kidney 
 disease [60] (see Table 4.7).

TABLE 4.7  Adjustment of metformin dose 
in chronic kidney disease.

Estimated GFR Dose adjustment

> 60 mL per minute per 
body surface area

None, monitor renal 
function annually

>45–<60 mL per minute 
per body surface area

None, monitor renal 
function every three to 
six months

30–45 mL per minute 
per body surface area

Reduce to 500 mg per 
day. Do not initiate 
metformin in treatment- 
naïve patients

<30 mL per minute per 
body surface area

Contraindicated

Source: Adapted from ref. [61].

Clinical Trial Evidence

In the multicenter Metformin  Study  Group 
(MSG) trial, the efficacy of metformin in patients 
with non- insulin- dependent diabetes mellitus was 
evaluated [62].

Inclusion Criteria of the MSG Trial

• Fasting plasma glucose >140 mg/dL
• Age of 40–70 years
• Body weight of 120–170% of ideal body  

weight

TABLE 4.8  The metformin study group outcomes.

Study 
protocol

Intervention Outcome

I Metformin 
(n = 143) or 
placebo  
(n = 146)

FPG concentration 
decreased by 52 ± 5 mg per 
deciliter (2.9 ± 0.3 mmol per 
liter) in the metformin arm 
and increased by 6 ± 5 mg 
per deciliter (0.3 ± 0.3 mmol 
per liter) in the placebo 
group (P < 0.001).

II Metformin 
(n = 210), 
glyburide 
(n = 209) or  
metformin +  
glyburide 
(n = 213)

FPG decreased by 63 ± 5 mg 
per deciliter (3.5 ± 0.3 mmol 
per liter) in the combination- 
therapy group, increased by 
14 ± 4 mg per deciliter 
(0.8 ± 0.2 mmol per liter) in 
the glyburide- only group 
decreased by 1 ± 5 mg per 
deciliter (0.1 ± 0.3 mmol per 
liter) in the metformin 
group, (P < 0.001 for the 
comparison of combination 
therapy with glyburide).

Fasting Plasma Glucose (FPG).
Source: Adapted from ref. [62].
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glucose levels by promoting the uptake of glucose into 
cells while inhibiting hepatic glucose production [65].

Second Phase of Insulin Release: The second phase 
of insulin release occurs several minutes to several 
hours after the first phase and is a slower, sustained 
response to elevated blood glucose levels  [3]. This 
phase of insulin release is thought to be regulated by 
the release of other hormones, such as incretins, that 
are produced in response to a meal. The second phase 
of insulin release helps to maintain stable blood 
glucose levels for several hours after a meal by pro-
moting the uptake of glucose into cells and inhibiting 
the liver’s production of glucose [3, 66].

Various circulating factors, including glucose, 
incretins, amino acids, ketone bodies, lactic acid, and 
fatty acids, facilitate the release of insulin by pancreatic 
beta cells. Furthermore, glucose- induced insulin 
release plays a predominant role in determining the 
concentration of extracellular insulin in both the fast-
ing and postprandial state. Glucose enters pancreatic 
beta cells through the active glucose transporter 2 
(GLUT- 2) transporter (see Figure 4.5). Glucokinase 
then catalyzes the metabolism of glucose into glucose- 
6- phosphate, which then results in the generation of 
intracellular ATP through the process of glycolysis. 
NADH and FADH2 produced from glycolysis are further 
incorporated into the mitochondrial electron transport 
chain to augment intracellular ATP levels [67]. Conse-
quently, the high ATP to ADP ratio in the pancreatic 
beta cell inhibits the ATP- sensitive potassium (KATP) 
channels in the plasma membrane [68]. This results in 
the depolarization of the plasma membrane, the open-
ing of voltage- gated calcium channels, and the influx of 
calcium via the L- type voltage- gated calcium chan-
nels [69, 70]. A rise in intracellular calcium then facili-
tates the fusion of insulin secretory granules with the 
pancreatic plasma membrane. Finally, insulin, c pep-
tide, proinsulin, and other secretory products are 
released through the process of exocytosis [3].

GLUT- 2 channels ferry glucose into the pancreatic 
beta cell (see Figure 4.5). This is followed by the 
phosphorylation of glucose into glucose- 6- phosphate 
by glucokinase. ATP generated as a consequence of 
glycolysis blocks potassium channels on pancreatic 
cell membranes, consequently depolarizing the cell 
membrane. Depolarization of the pancreatic beta- cell 
membrane  activates pancreatic L- type voltage- gated 
calcium channels, which funnels calcium into the 
pancreatic beta cell. Increased intracellular calcium 
leads to the liberation of endocytic stores of insulin 
into systemic circulation [71].

Additionally, fatty acids are an alternative insulin 
secretagogue. Fatty acids undergo beta- oxidation and 
oxidative phosphorylation in pancreatic beta cells. 
ATP produced as a consequence then inhibits the 
ATP- dependent or sensitive potassium channels, 
which results in the eventual release of insulin via 
exocytosis (previously described as glucose- mediated 
insulin release)  [72]. Furthermore fatty acids in the 
gut stimulate the release of incretins. Incretins then 
augment the release of insulin by pancreatic beta 
cells [66] (see Section 4.1.7).

4.1.3.2  Mechanism of Action

Meglitinides stimulate early- phase insulin release by 
blocking the ATP- dependent potassium channels 
(KATP) of the pancreatic beta cell directly [73]. This 
occurs independent of the intracellular ATP to ADP 
ratio (see Figure  4.5). Inhibition of the potassium 
channels results in the depolarization of the cell mem-
brane, the opening of voltage- gated calcium channels, 
an influx of calcium, and finally, the exocytosis of 
insulin- laden granules [74].

Refer to Table 4.9 for a summary of the pharmaco-
kinetic profile of meglitinides.

Practice Pearl(s)
1. Repaglinide (Prandin) is administered 

orally, between 0.5 and 4 mg twice to three 
times a day (maximum daily dose of 16 mg). 
It should be taken about half an hour to an 
anticipated meal. Patients should be advised 
to skip a scheduled dose of repaglinide if a 
meal is skipped due to the risk of hypogly-
cemia. The time to its onset of action is 
about 30 minutes, with a duration of action 
of 4–6 hours [76]. One of the advantages of 
repaglinide is that it has a quick onset and 
offset of action, which makes it effective in 
controlling post- meal glucose spikes [77].

2. Being an insulin secretagogue, repaglinide, 
like sulfonylureas, is associated with weight 
gain. Other side effects include rhinosinus-
itis, diarrhea, and joint pain [78].

3. Repaglinide is excreted primarily through the 
biliary system, making it a suitable alternative 
to metformin and sulfonylureas in patients 
with chronic kidney disease [77].

4. Repaglinide is contraindicated in patients 
taking clopidogrel or gemfibrozil [79].
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FIGURE 4.5  Schematic representation of insulin release from the pancreatic beta cell.

TABLE 4.9  Pharmacokinetic profile of meglitinides.

Pharmacokinetic factor Repaglinide Nateglinide

Absorption Peak plasma concentration 
30–60 min after oral administration.

Peak plasma concentration within 1 hour after 
oral administration.

Distribution 98% is bound to plasma albumin. 98% is bound to plasma albumin.

Metabolism and 
elimination

Metabolized by hepatic 
CYP450(CYP3A4) and eliminated 
through the biliary system (90% 
biliary tract, 8% renal system, 2% 
unchanged) [74].

Metabolized by hepatic CYP450 (CYP3A4). It is 
eliminated primarily by the renal system (85% 
renal, 15% unchanged) [75].

CYP450, Cytochrome P450.
Source: Adapted from refs. [74, 75].

Clinical Trial Evidence

The efficacy of repaglinide in the treatment of type 2 
diabetes mellitus, either as monotherapy or add- on 
therapy, has been evaluated in various clinical trials. 

Table 4.10 summarizes selected clinical trials evalu-
ating the efficacy of meglitinide therapy in type 2 
diabetes mellitus.

(continued)
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4.1.4 Sulfonylureas

4.1.4.1 Physiology

The physiology of insulin release was reviewed in 
Section 4.1.3.

4.1.4.2  Mechanism of Action

The KATP channel typically regulates insulin secre-
tion in response to changes in glucose levels. When 
plasma glucose levels are low, the KATP channel is 
open, which hyperpolarizes the beta- cell membrane 
and reduces insulin secretion [83]. See Figure 4.5.

When glucose levels in the blood increase, glucose 
enters the beta cells of the pancreas and is metabolized 
to produce ATP. The increase in intracellular ATP levels 
leads to the closure of the KATP channel, which in turn 
depolarizes the cell membrane and leads to an influx of 

calcium ions through voltage- gated calcium channels. 
The rise in intracellular calcium concentration stimu-
lates the exocytosis of insulin granules, which releases 
insulin into the bloodstream [84].

Sulfonylureas work by binding to and inhibiting 
the function of the SUR1 subunit of the KATP chan-
nels, which are predominantly expressed in pancreatic 
beta cells. It is worth noting that the SUR1 subunit is 
one of two subunits that make up the KATP channel, 
the other being the Kir6.2 subunit [85].

By inhibiting the KATP channel, sulfonylureas 
prevent it from opening and hyperpolarizing the cell 
membrane in response to decreases in glucose levels. 
This maintains membrane depolarization and the 
influx of calcium ions, leading to increased insulin 
secretion [86].

In addition to inhibiting the KATP channel, 
 sulfonylureas may also enhance insulin release by 
increasing the sensitivity of beta cells to glucose. This 

TABLE 4.10  Clinical trials evaluating the efficacy of repaglinide in type 2 diabetes mellitus.

Study Population Intervention Outcome

Comparison with 
sulfonylureas [80]

T2DM with no 
known ASCVD 
(n = 124)

Repaglinide (RPG) 1 mg 
per day (n = 62) or 
glimepiride (GMP) 1 mg 
per day (n = 62). The 
dose was optimized 
over a 2- month 
titration period. 
12- month study.

Change in HbA1c from baseline was −1.2 
(95% CI 6.2 to −0.48), P < 0.01 in the RPG 
arm. Change in HbA1C from baseline 
was- 1.1 (95% CI −5.6 to −0.54) in the GMP 
arm. Change in PPG from baseline was 
−46 (95% CI −64 to −12) in the RPG arm; 
−21 (95% CI −48 to −13) in the GMP arm, 
P < 0.05 comparing RPG to GMP.

Comparison with 
metformin [81]

T2DM, treatment 
naïve, diet managed 
with an HbA1C > 7%. 
No known ASCVD 
(n = 112)

RPG 1 mg per day 
(n = 56) or metformin 
1000 mg per 
day(n = 56). The dose 
was optimized over a 
2- month titration 
period. 12- month study.

There was no statistically significant 
difference between the RPG and MET arms 
when mean changes in HbA1c and FPG 
were compared.
The reduction in PPG was greater in the 
RPG compared to the MET group (P < 0.05).

Comparison with 
pioglitazone [82]

T2DM, treatment- 
experienced with 
HbA1C 7.0–12%, 
BMI <45 kg/m2 
(n = 246)

Randomized to RPG 
(n = 61), PGZ (n = 62), or 
a combination of both 
(n = 123).

The combination therapy of repaglinide and 
pioglitazone was more effective in improving 
glycemic parameters than either drug alone. 
The mean reduction in HbA(1c) was −1.76% 
for the combination therapy, compared to 
−0.18% for repaglinide alone and an increase 
of +0.32% for pioglitazone alone.

PPG, Postprandial glucose; HbA1C, glycated hemoglobin A1C; FPG, fasting plasma glucose; RPG, repaglinide; PGZ, pioglitazone; 
MET, metformin.
Source: Adapted from refs. [80–82].

(continued)
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may involve activating intracellular signaling path-
ways that promote insulin secretion or increasing the 
expression of other proteins involved in insulin exocy-
tosis [87, 88].

The different sulfonylurea drugs vary in their 
binding affinity for the SUR1 subunit and in their 
duration of action. For example, glyburide and 
glimepiride have a higher binding affinity for SUR1 
and a longer duration of action than tolbutamide and 
glipizide, which have lower binding affinities and 
shorter durations of action [89].

Table 4.11 summarizes the pharmacokinetic pro-
file of selected sulfonylureas.

Sulfonylureas carry an increased risk for hypogly-
cemia (especially among the elderly and people living 
with chronic kidney disease), weight gain, and pro-
gressive pancreatic beta- cell exhaustion.

Also, there may be cardiovascular safety concerns 
with sulfonylureas; therefore, they should be used cau-
tiously among this population of patients. The DIGAMI 
trial (Diabetes Mellitus, Insulin Glucose Infusion in 
Acute Myocardial Infarction) was an iconic clinical trial 
conducted during the 90s that assessed intensive 
glucose regulation using insulin therapy on type 2 dia-
betic patients who had experienced an acute myocar-
dial infarction (AMI). Trial participants included 620 
patients with type 2 diabetes who had experienced an 
AMI. They were randomly assigned to either an 
intensive insulin treatment group or conventional 
treatment group, with intensive insulin treatment 
proving less successful with regards to cardiovascular 
outcomes than conventional therapy [98]. Interestingly, 
the SUR2 subtype of the KATP is present in cardiomyo-
cytes. Impaired coronary vasodilation due to interfer-
ence with potassium conductance predisposes ischemic 
cardiomyocytes to arrhythmia [99].

The cardiovascular safety of sulfonylureas, a class of 
medications commonly used to treat type 2 diabetes, has 
been a topic of interest and investigation in recent years. 
While early studies suggested that sulfonylureas may be 
associated with an increased risk of cardiovascular 
events, more recent evidence suggests that the cardio-
vascular safety of these medications may be comparable 
to other commonly used diabetes medications.

CAROLINA (Cardiovascular Outcome Study of 
Linagliptin vs. Glimepiride in Patients with Type 2 
Diabetes) was a randomized, controlled trial designed to 
directly compare cardiovascular safety and efficacy of 

Practice Pearl(s)
Glipizide is metabolized by the liver into several 
inactive metabolites, which means that its clearance 
and elimination half- life remain unaffected despite 
any reduction in the estimated glomerular filtration 
rate (GFR). It is considered the sulfonylurea of 
choice for this patient population [90].

Both glibenclamide and glyburide are metabo-
lized by the liver but are eliminated equally through 
bile and urine. However, in individuals with an 
estimated GFR of less than 60 mL/min, the use of 
these drugs is contraindicated [91, 92].

Glimepiride undergoes hepatic metabolism, 
resulting in two main metabolites, one of which 
has hypoglycemic activity [93]. In CKD, the metab-
olites may accumulate, and the drug is contraindi-
cated in individuals with an estimated GFR of 
less than 60 mL/min. Compared to glyburide, 
glimepiride causes less hypoglycemia [90].

Gliclazide is metabolized into inactive metabo-
lites, which are primarily eliminated through urine 
(80%). This drug presents a lower risk of hypogly-
cemia than glibenclamide and glimepiride [94].

TABLE 4.11  Pharmacokinetic profile of sulfonylureas.

Drug name 
(Trade name)

Dose range Maximum 
daily dose

Frequency Onset of 
action

Duration of 
action

Glimepiride (Amaryl) 1–2 mg daily 8 mg Once or twice daily 2–3 h 24 h

Glipizide (Glucotrol)

Glipizide (Glucotrol XL)

2.5–5 mg daily 20 mg Once daily 1–3 h 12–24 h

20 mg daily 20 mg Daily 6–12 h 12–24 h

Glyburide (Glynase) 1.25–5 mg daily 20 mg Once or twice daily 2–4 h ≤24 h

Glyburide, micronized 
(Glynase)

0.75–3 mg daily 12 mg Once or twice daily 2–4 h ≤24 h

Source: Adapted from refs. [95–97].
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both linagliptin and glimepiride among 6033 partici-
pants with type 2 diabetes and high cardiovascular risk. 
The primary endpoint was defined as cardiovascular 
death, nonfatal myocardial infarction, and stroke rates 
among all subjects randomly allocated. Results of CAR-
OLINA showed that both treatments were noninferior 
in terms of cardiovascular outcomes among both groups, 
with similar rates being achieved for their primary end-
point outcomes among both groups (the results showed 
similarity of rates among both groups) [100].

4.1.5 Dopaminergic Agonists

4.1.5.1 Physiology

There are dopaminergic receptors in various tissues, 
including central and peripheral sites. Dopaminergic 
receptors exist in the basal ganglia, frontal cortex, 
anterior pituitary gland, kidneys, pancreas, and 
vascular system [102].

Under physiologic conditions, increased sympa-
thetic tone promotes hyperglycemia, lipolysis (which 
increases free fatty acids), and an increased appetite. 
Dopamine activates central dopamine type 2 receptors 
(D2R), reducing noradrenaline secretion (sympatho-
lytic effect), which, consequently, has favorable effects 
on glucose homeostasis [103].

Also, the activation of dopaminergic receptors 
on  islet cells of the pancreas inhibits insulin 
secretion [104].

4.1.5.2  Mechanism of Action

Bromocriptine, a sympatholytic  D2- dopamine 
 agonist, exerts its hypoglycemic effects through two 
proposed mechanisms.

1. Inhibition  of  excessive  sympathetic  tone 
within  the  CNS: Bromocriptine inhibits 
sympathetic tone within the CNS, reducing 
post- meal plasma glucose levels due to the 
inhibition of hepatic glucose production [105].

2. Reduction of plasma glucose, triglyceride, 
and  FFA  levels: Bromocriptine reduces 
plasma glucose, triglyceride, and FFA levels 
due to its ability to reduce insulin secre-
tion [105, 106].

Clinical Trial Evidence

Metformin has historically been the first- line drug 
for the treatment of type 2 diabetes mellitus. How-
ever, the choice of add- on therapy to metformin 
for patients with uncontrolled diabetes has been 
based on expert opinion. The GRADE (Glycemia 
Reduction in Type 2 Diabetes  – Glycemic Out-
comes) study evaluated the efficacy of various add-
 on therapies to metformin (see Table 4.12).

TABLE 4.12  Summary of the GRADE study.

Study Population Intervention Outcome

GRADE Type 2 
diabetes 
mellitus, 
duration of 
diabetes 
<10 years, 
HbA1c 
6.8–8.5% 
on met-
formin 
mono-
therapy.

Patients 
were 
assigned to 
four groups, 
glimepiride, 
liraglutide, 
sitagliptin, 
or glargine 
insulin 
(n = 5047).

The primary 
outcome of an 
estimated HbA1c 
>7.5% differed 
significantly 
across all groups 
(P < 0.001). The 
rate of the 
primary outcome 
was 26.5 per 100 
participant years 
for glargine and 
26.1 for 
liraglutide, which 
was similar but 
lower than those 
with glimepiride 
(30.4) and 
sitagliptin (38.1). 
Glimepiride was 
associated with 
the highest risk 
for hypoglycemia.

GRADE, Glycemia Reduction in Type 2 Diabetes – 
 Glycemic Outcomes.
Source: Adapted from ref. [101].

Practice Pearl(s)
Bromocriptine in a quick- release (QR) formulation 
is approved by the US Food and Drug Administration 
(FDA) as an adjunct to diet and exercise in patients 
with type 2 diabetes mellitus. The quick- release for-
mulation (cycloset®) has a different pharmacokinetic 
profile from the more conventional bromocriptine 
(parlodel®) used to treat hyperprolactinemia. Bro-
mocriptine QR has a high bioavailability, approxi-
mately 95%, reaching a peak plasma concentration 
within an hour after oral administration [107].
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4.1.6 PPAR- Gamma Agonists

4.1.6.1  Physiology

Peroxisome proliferator- activated receptors (PPARs) 
are transcription factors belonging to the nuclear 
receptor superfamily. This large superfamily of nuclear 
hormone receptors includes the thyroid hormone 
receptor, steroid hormone receptors, vitamin D3 receptor 
(VDR), retinoid acid receptor (RAR), and PPARs. The 
three isoforms of the PPARs (α, δ, and γ) act on various 
DNA response elements present on the nuclear 
 retinoic acid receptor [109].

For example, PPAR- α transcription factors are 
found in the kidney, cardiomyocytes, intestinal 

mucosa, and brown adipose tissue. Activation of the 
PPAR alpha receptor modulates fatty acid metabolism, 
leading to the lowering of lipid levels. PPAR- δ is found 
throughout the body and can also promote fatty acid 
oxidation and lipid uptake when activated. Finally, 
PPAR- γ is found in adipose tissue(both white and 
brown), intestines, and immune cells. Its activation 
stimulates adipocyte differentiation and triglyceride 
storage [110] (see Table 4.13).

The mechanism of gene transcription by PPARs 
involves the formation of PPAR- RXR (Retinoid X 
Receptor) heterodimers. This step involves PPARs 
binding to specific ligands, such as fatty acids, which 
induce a conformational change in the PPAR protein, 
allowing it to form a heterodimer with RXR [112].

Once the PPAR- RXR heterodimer is recruited to 
the promoter region, it binds to specific DNA sequences 
called peroxisome proliferator response elements 
(PPREs) located upstream of the target gene. The 
PPAR- RXR heterodimer interacts with other tran-
scription factors and coactivators to initiate the tran-
scription of the target gene. Additionally, PPAR- RXR 
heterodimers can compete with other transcription 
factors for binding to identical DNA sequences and 
inhibit the expression of specific genes [113].

It is important to note that the regulation of 
gene  transcription by PPAR- RXR heterodimers 
plays a critical role in regulating metabolic pathways 
and other biological processes. The transcription 
of  the target gene is completed with pre- mRNA 
formation and subsequent mRNA processing, leading 
to the production of functional proteins involved in 
metabolism.

The starting dose of bromocriptine QR is 0.8 mg 
daily which can be slowly uptitrated to a maximum 
total daily dose of 4.8 mg. It should ideally be dosed 
within two hours of awakening. This is because 
patients with type 2 diabetes have a low level of 
central dopaminergic activity in the morning, 
which increases central sympathetic tone and pro-
motes hyperglycemia (refer to the physiology of 
dopamine in glucose regulation) [106].

Clinical Trial Evidence

In the Cycloset Safety Trial, 3095 patients with type 
2 diabetes were randomly assigned to either quick- 
release bromocriptine or placebo in a ratio of 2 : 1. 
The study found that 8.6% of patients in the bro-
mocriptine- QR group reported serious adverse 
events, while 9.6% of patients in the placebo group 
reported similar adverse events (HR 1.02 [96% one- 
sided CI 1.27]).

Furthermore, the frequency of cardiovascular 
disease (CVD) endpoint in the bromocriptine- QR 
group was 1.8%, compared to 3.2% in the placebo 
group (HR 0.60 [95% CI 0.35–0.96]). This suggests 
that the use of bromocriptine- QR may have a 
beneficial effect on cardiovascular outcomes in 
patients with type 2 diabetes, with the most commonly 
reported adverse event in the bromocriptine- QR 
group being nausea [108].

TABLE 4.13  Physiologic effects of PPAR activation.

PPAR 
subtype

Physiologic effects

PPARα Stimulates beta- oxidation of fatty acids 
(lipid catabolism).
Controls vascular integrity.

PPARδ Increases glucose uptake and 
glycogenesis in skeletal muscle.

PPARγ Increases fatty acid oxidation in skeletal 
muscle, liver, and adipose tissue.
Augments insulin- stimulated glucose 
uptake by adipocytes, skeletal muscles, 
and hepatocytes.
Increases HDL cholesterol and reduced 
triglycerides.

Source: Adapted from ref. [111].
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4.1.6.2  Mechanism of Action

Pioglitazone binds to PPARs found in adipose tissue, 
liver, and skeletal muscle. PPARs are crucial in 
controlling glucose and lipid metabolism by regulating 
the transcription of genes involved in glucose utiliza-
tion, fat storage, and insulin sensitivity [114].

Pioglitazone improves insulin sensitivity by 
increasing glucose uptake and utilization in adipose 
tissue, skeletal muscle, and liver tissue  – ultimately 

leading to better glycemic control as more glucose 
enters cells for energy use [115]. Furthermore, piogli-
tazone decreases the hepatic gluconeogenesis rate, 
reducing the incidence of fasting hyperglycemia [114].

Also, pioglitazone can increase insulin sensitivity 
by encouraging preadipocyte differentiation and pro-
liferation, which in turn increases adipose tissue 
mass. This adipose tissue repository is critical for 
 storing glucose and fat and improving insulin 
sensitivity [116].

Practice Pearl(s)
Pioglitazone improves insulin resistance, maintains 
the function of beta cells of the pancreas in patients 
with type 2 diabetes mellitus, improves lipid profile, 

and reverses steatosis in patients with nonalcoholic 
fatty liver disease [117].

A review of the mechanism of pioglitazone- 
mediated side effects is shown in Table 4.14.

TABLE 4.14  Mechanism of cardinal side effects associated with pioglitazone.

Side effect Mechanism

Weight gain Stimulates PPAR gamma receptors in adipocytes which induces adipogenesis [118].

Fluid retention Promotes peripheral vasodilation and enhances renal sodium conservation [119].

Fragility fractures Unclear.

Bladder cancer Unclear.

Source: Adapted from refs. [118, 119].

Clinical Trial Evidence

The cardiovascular safety of pioglitazone is shown in 
Table 4.15.

TABLE 4.15  Studies evaluating the  cardiovascular safety of pioglitazone.

Study Population Intervention Outcome

IRIS Recent ischemic 
stroke or TIA with 
insulin resistance 
(n = 3676).

Pioglitazone to a target 
dose of 45 mg/d 
(n = 1939) or placebo 
(n = 1937).

Primary outcome of fatal or nonfatal stroke or 
MI was 9.0% in the pioglitazone arm and 
11.8% in the placebo arm, HR 0.76 (95% CI of 
0.62–0.93, P = 0.007) [120].

PROactive 
Study

Recent macrovascular 
disease and T2DM 
(n = 5238).

Pioglitazone titrated to 
45 mg/d (n = 2605) or 
matching placebo 
(n = 2633).

The secondary endpoint of all- cause mortality, 
nonfatal MI, and stroke was 301 patients 
in the pioglitazone arm and 358 patients in 
the placebo arm, HR 0.84 (95% CI of 0.72–
0.98, P = 0.027) [121].

IRIS, Insulin Resistance Intervention after Stroke; MI, myocardial infarction; PROactive, PROspective pioglitAzone Clinical Trial In 
macroVascular Events; T2DM, Type 2 diabetes mellitus.
Source: Adapted from refs. [120, 121].
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4.1.7 GLP- 1 Agonists

4.1.7.1 Physiology

What Is the Incretin Effect
Incretins are gut- derived hormones that are secreted 
in response to food intake. Two essential incretin 
hormones are glucagon- like peptide- 1 (GLP- 1) 
and  glucose- dependent insulinotropic polypeptide 
(GIP)  [122], which are produced by selective post-
translational modification of proglucagon, a 160- residue 
peptide expressed by the α- cells of the pancreas, K and 
L cells of the small intestine. K cells from the upper 
intestine are responsible for the production of GIP, 
while L cells of the lower intestine produce GLP- 1 [123].

The effects of these hormones on glucose metabo-
lism are mediated through their interactions with 
specific G protein- coupled receptors (GPCRs) present on 
pancreatic beta cells. The activation of GPCRs by incretin 
hormones initiates intracellular cyclic AMP formation 
and the eventual activation of protein kinase A. Protein 
kinase A is then involved in promoting various sequen-
tial intracellular processes, which result in augmented 
insulin secretion by the beta cells of the pancreas [124].

The “incretin effect” is described as enhanced 
insulin secretion in response to an oral glucose load 
(two to threefold increase in insulin release) compared 
with intravenous glucose administration [123].

Effects of Incretins on Metabolism
GLP- 1 and GIP stimulate insulin secretion from 
pancreatic beta cells in a glucose- dependent manner, 

which means they increase insulin secretion in 
response to an elevation in plasma glucose. This 
glucose- dependent insulinotropic effect of incretins 
helps to maintain glucose homeostasis, especially in 
the postabsorptive period.

In addition to their insulinotropic effects, incre-
tins also inhibit glucagon secretion from pancreatic 
alpha cells, which helps to reduce hepatic glucose 
production.

Furthermore, GLP- 1 and GIP promote beta- cell 
growth and survival. These effects of incretins on beta 
cells are significant in the context of type 2 diabetes, 
where there is impaired beta- cell function [125].

Incretins also have extrapancreatic effects that 
contribute to their glucose- lowering effects. For 
example, GLP- 1 and GIP can slow gastric emptying, 
which helps reduce the nutrient absorption rate and 
improve glycemic control. They can also promote early 
satiety, contributing to weight loss and improved gly-
cemic control [125, 126].

In summary, incretins play a critical role in glucose 
metabolism by stimulating insulin secretion, inhibit-
ing glucagon secretion, promoting beta- cell function 
and survival, and reducing appetite and food intake.

4.1.7.2  Mechanism of Action

GLP- 1 receptor agonists, such as semaglutide and lira-
glutide, and dipeptidyl peptidase- 4 (DPP- 4) inhibitors, 
such as sitagliptin and saxagliptin (see Section 4.1.9), 
are two classes of drugs that are commonly used in 
clinical practice (see Figure 4.6).

FIGURE 4.6  Mechanism of action of incretin mimetics.
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GLP- 1 receptor agonists mimic the effects of 
GLP- 1 by activating the GLP- 1 receptor, whereas 
DPP- 4 inhibitors increase the half- life of endogenous 
GLP- 1 by inhibiting its degradation. Both of these drug 

classes can improve glycemic control and have addi-
tional benefits, such as weight loss and cardiovascular 
risk reduction [127].

Practice Pearl(s)
Here is a detailed summary of the starting and 
titrating doses of GLP- 1 agonists:

• Victoza (liraglutide): The initial dose of Victoza is 
0.6 mg subcutaneously once daily, which can be 
titrated up to 1.2 mg subcutaneously once daily 
after a week. If further glycemic control is 
necessary, the dose can be increased to 1.8 mg sub-
cutaneously once daily [128].

• Semaglutide (Ozempic): The initial dose of Sema-
glutide is 0.25 mg subcutaneously once weekly for 
the first month, followed by an increase to 0.5 mg 
subcutaneously once weekly. If additional glycemic 
control is needed, the dose can be increased to 1 mg 
and eventually 2 mg (maximum dose for diabetes 
treatment) subcutaneously once weekly [129].

• Bydureon (exenatide extended- release): Bydureon 
is administered in a fixed 2 mg subcutaneous dose 
once weekly [130].

• Byetta (exenatide immediate- release): The initial 
dose of Byetta is 5 mcg subcutaneously twice daily, 
and it can be titrated up to 10 mcg subcutaneously 
twice daily after one month [131].

• Rybelsus (semaglutide oral): The starting dose of 
Rybelsus is 3 mg once daily for the first month, fol-
lowed by an increase to 7 mg once daily for the 
next two months. If additional glycemic control is 
needed, the dose can be increased to 14 mg orally 
once daily [132].

• Trulicity (dulaglutide): The initial dose of Moun-
jaro is 0.75 mg subcutaneously once weekly, and it 
can be titrated up to 1.5 mg subcutaneously once 
weekly after four weeks if necessary. Additional 
doses include 3 mg and 4.5 mg once weekly [133].

• Mounjaro (tirzepatide): A starting dose of 5 mg 
subcutaneously once weekly, followed by a weekly 
titration up to 15 mg or 20 mg, depending on the 
patient’s response and tolerability [134].

Patients should be closely monitored during 
treatment for adverse effects, such as gastrointestinal 
side effects, hypoglycemia, and injection site 
reactions. Additionally, GLP- 1 agonists should be 
cautiously administered in patients with a history of 
pancreatitis or thyroid C- cell tumors, as these medi-
cations may increase the risk of these conditions.

Clinical Trial Evidence

Cardiovascular Outcome Trials (CVOTs) for diabetes 
are clinical trials designed to assess the cardiovas-
cular safety of medications used for treating this 
condition. Their purpose is to establish whether any 
particular drug increases risk factors like myocardial 
infarction, stroke, or cardiovascular death [135].

Since 2008, the US Food and Drug Administration 
(FDA) has mandated that new medications for treat-
ing diabetes undergo cardiovascular risk assessment 
trials before being approved for use [136]. The require-
ment was issued due to concerns that certain diabetes 
medications could increase cardiovascular event risks, 
according to studies and observations  [137]. These 

trials have led to important shifts in the treatment of 
diabetes, with greater focus placed on cardiovascular 
risk reduction beyond the previous management goal 
of controlling blood glucose levels [138].

CVOTs are large- scale randomized, double- 
blind, placebo- controlled trials conducted to assess 
cardiovascular outcomes in type 2 diabetes patients 
with established disease or high cardiovascular 
risk [139]. They usually last several years and seek to 
demonstrate whether an investigational drug is non-
inferior to placebo in terms of cardiovascular safety 
or provides additional cardiovascular benefits that go 
beyond controlling glycemia [140] (see Table 4.16).
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CVOTs go beyond simply evaluating cardiovas-
cular safety to also evaluate potential cardiovascular 
benefits from medications. For example, some CVOTs 
have shown that certain diabetes medications can 
reduce the risk of major cardiovascular events, such 
as empagliflozin and canagliflozin, which belong to 
the class of sodium- glucose cotransporter- 2 (SGLT2) 
inhibitors [138].

Overall, CVOTs are an integral component of 
drug development processes for new diabetes medica-
tions and provide valuable information regarding the 
cardiovascular safety and efficacy of these treatments. 
Their role ensures patients with diabetes receive safe 
and effective care while also offering vital insights into 
the complex relationship between diabetes, cardiovas-
cular disease, and drug therapy [135].

TABLE 4.16  Summary of landmark CVOTs for incretin mimetics.

Study Population Intervention Outcome

LEADER Patients with T2DM 
and HbA1c >7% and 
at least one CV 
conditiona (n = 9340).

Liraglutide titrated to 
1.8 mg daily or the 
maximum tolerated dose 
(n = 4668) vs matching 
placebo (n = 4672).

Primary composite outcome of death from 
CV causes, nonfatal MI or nonfatal stroke 
occurred in fewer patients in the liraglutide 
arm 13% than in the placebo arm 14.9% HR, 
0.87; 95% CI, 0.78–0.97; P < 0.001 for 
noninferiority; P = 0.01 for superiority [128].

SUSTAIN- 6 Patients with T2DM 
and HbA1c >7% and 
at least one CV 
conditio‡ (n = 3297).

Semaglutide 0.5 mg weekly 
(n = 826), semaglutide 1 mg 
weekly (n = 822), matching 
placebo 0.5 mg (n = 824) or 
matching placebo (n = 825) 
assigned in a 1 : 1 : 1 : 1 ratio.

Primary composite outcome of death from 
CV causes, nonfatal MI or nonfatal stroke 
occurred in fewer patients in the 
semaglutide arm 6.6% than in the placebo 
arm 8.9% HR, 0.74; 95% CI, 0.58–0.95; 
P < 0.001 for noninferiority; P = 0.02 for 
superiority [141].

REWIND Patients with T2DM 
and HbA1c ≤ 9.5% with 
either a previous 
cardiovascular event 
or cardiovascular risk 
factors (n = 9901).

Dulaglutide 1.5 mg weekly 
(n = 4949) or matching 
placebo (n = 4952).

Primary composite outcome of vascular 
death, nonfatal MI or nonfatal stroke 
occurred in fewer patients in the dulaglutide 
arm 12.0% than in the placebo arm 13.4% 
HR, 0.88; 95% CI, 0.79–0.99; P = 0.026 [133].

ELIXA T2DM with recent MI 
or hospitalization for 
unstable angina within 
the previous 180 days 
(n = 6068).

Once daily SC lixisenatide 
10 mcg daily (n = 3034) or 
matching placebo 
(n = 3034).

Composite primary outcome of CV death, 
nonfatal MI, nonfatal stroke or hospitalization 
for unstable angina occurred in 13.4% of 
patients in the lixisenatide arm and 13.2% in 
the placebo arm, HR 1.02 with 95% CI of 
0.89–1.17; P < 0.001 for noninferiority and 
P = 0.81 for superiorityΔ [142].

SURPASS- 4 T2DM with established 
CV disease or at high 
risk for CV events 
(n = 3045).

Tirzepatide 5 mg 
weekly(n = 329), tirzepatide 
10 mg weekly(n = 328), 
tirzepatide 15 mg 
weekly(n = 338), or glargine 
insulin (n = 1000) assigned 
in a 1 : 1 : 1 : 3 ratio.

Composite 4- point MACE occurred in 3% of 
patients in the tirzepatide arm and 4% of 
patients in the glargine arm, HR 0.74 with 
95% CI of 0.51–1.08. Tirzepatide was not 
associated with an excess CV risk based on 
this study [143].

a CV, Conditions included coronary artery disease, cerebrovascular disease, peripheral vascular disease, chronic kidney disease III 
or more, chronic heart failure of New York Heart Association class II or III for those ≥50 years of age. For those ≥60 years of age: 
persistent microalbuminuria, left ventricular hypertrophy, left ventricular dysfunction (either systolic or diastolic), or an ankle 
brachial pressure index <0.9.
b Lixisenatide did not change the rates of CV outcomes in this study.
MACE (cardiovascular death, myocardial infarction, stroke, and hospitalization for unstable angina).
Source: Adapted from refs. [128, 133, 141–143].
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4.1.8 SGLT- 2 Inhibitors

4.1.8.1  Physiology

Plasma glucose is filtered through the glomerulus and 
reabsorbed in the proximal tubule through a complex 
process mediated by various transporters. Most glucose 
reabsorption in the proximal tubule is facilitated by 
the sodium- glucose cotransporter 2 (SGLT2) protein, 
primarily expressed in the apical membrane of the S1 
and S2 segments the proximal tubule.

The sodium- glucose cotransporter 1 (SGLT1) 
 protein reabsorbs the remaining glucose in the 
apical membrane of the S3 segment of the proximal 
tubule  [146, 147]. The reabsorption of glucose and 
sodium is driven by the electrochemical potential gra-
dient of sodium, which is maintained by the Na+/K+ 
pump in the basolateral membrane. The accumulated 
glucose in the epithelium is then transported into the 
blood through the GLUT2 protein located in the baso-
lateral membrane [148]. See Figure 4.7.

Pathophysiology Pearl

What are the mechanisms of the cardiovascu-
lar benefit of GLP- 1 agonists

The major consequences of uncontrolled type 2 
diabetes include deposition of atherosclerotic 
plaque, endothelial dysfunction, cardiac myocyte 
hypertrophy, and myocardial fibrosis  – each 
 having negative impacts on ventricular function 
as well as myocardial perfusion  [144]. GLP- 1 
receptor agonists have demonstrated cardiovas-
cular protection through reduced inflammation, 
improved left ventricular function, increased 
plaque stability, and amelioration of ischemic 
injury. Furthermore, these agents induce vasodi-
lation and modify atherosclerotic processes while 
decreasing infarct size by increasing glucose 
uptake by myocardial cells [145].

FIGURE 4.7  Mechanism of action of SGLT2 inhibitors.
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4.1.8.2  Mechanism of Action

The mechanism of action of SGLT- 2  inhibitors 
involves the inhibition of the SGLT- 2 protein in the 
kidneys, which is primarily responsible for the reab-
sorption of glucose from the glomerular ultrafiltrate. 
SGLT- 2 inhibitors block the function of SGLT- 2, which 
leads to increased urinary glucose excretion and 
decreased blood glucose levels [149].

SGLT- 2  inhibitors, such as dapagliflozin, cana-
gliflozin, and empagliflozin, primarily inhibit glucose 
reabsorption in the S1 and S2 segments of the proximal 

tubule, where SGLT- 2 is primarily expressed  [150]. 
The S3 segment of the proximal tubule, where SGLT- 1 
is primarily expressed, is responsible for reabsorbing 
the remaining glucose from the glomerular filtrate. 
However, because SGLT- 1 has a lower glucose transport 
capacity than SGLT- 2, its inhibition by SGLT- 2 inhibi-
tors is considered clinically insignificant [146].

Overall, the inhibition of SGLT- 2 by these medica-
tions reduces the amount of glucose that is reabsorbed 
into the bloodstream, leading to a decrease in blood 
glucose levels [151].

Practice Pearl(s)
Here is a summary of the dosing recommendations 
for some common SGLT2 inhibitors:

Dapagliflozin (Farxiga): The recommended 
starting dose is 5 mg once daily (The maximum 
dose is 10 mg once daily).
Canagliflozin (Invokana): The recommended 
starting dose is 100 mg once daily. (The maximum 
dose is 300 mg once daily).
Empagliflozin (Jardiance): The recommended 
starting dose is 10 mg once daily (Maximum dose 
is 25 mg once daily).

Ertugliflozin (Steglatro): The recommended 
starting dose is 5 mg once daily (The maximum 
dose is 15 mg once daily).

SGLT2 inhibitors are generally safe and effective 
medications for the treatment of type 2 diabetes. 
However, like all medications, they can have side 
effects and precautions that should be considered. 
Some common side effects and precautions associ-
ated with SGLT2  inhibitors include urinary tract 
infections, dehydration, and diabetic ketoacidosis 
(DKA) [152].

Clinical Trial Evidence

The cardiovascular outcome trials (CVOTs) for 
SGLT- 2 inhibitors have shown consistent benefits in 
reducing the risk of major adverse cardiovascular 

events, hospitalization for heart failure, and progres-
sion of kidney disease in patients with type 2 diabetes 
(Table 4.17).

TABLE 4.17  Summary of landmark CVOTs for SGLT2 inhibitors.

Study Population Intervention Outcome

EMPA- REG 
OUTCOME

T2DM at a high 
risk for CVD 
(n = 7020).

Empagliflozin 10 mg or 
25 mg once a day 
(n = 4687), or matching 
placebo (n = 2333).

Composite primary outcome of CV mortality, nonfatal 
MI or nonfatal stroke occurred in 10.5% of the 
empagliflozin arm and 12.1% of the placebo arm, HR 
0.86; 95% CI 0.74–0.99, P = 0.04 for superiority) [138].

CANVAS T2DM with an A1C 
≥7% to ≤10.5% 
and at a high risk 
for CVD 
(n = 10 142).

Canagliflozin 100 mg 
or 300 mg once a day 
(n = 5795) or matching 
placebo (n = 4347).

The composite primary outcome of CV mortality, 
nonfatal MI or nonfatal stroke was lower in the 
canagliflozin arm (26.9 events per 1000 person- years) 
compared to the placebo arm (31.5 events per 1000 
person- years), HR 0.86; 95% CI 0.75–0.97, P = 0.02 for 
superiority [153].

(continued)
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4.1.9 DPP- 4 Inhibitors

4.1.9.1  Physiology

DPP- 4 is a multifunctional enzyme expressed on the 
surface of many cell types, including immune cells, epi-
thelial cells, and endothelial cells. DPP4 plays a cru-
cial role in several physiological processes, including 
glucose metabolism, immune regulation, and inflam-
mation [155, 156].

In glucose metabolism, DPP4 regulates insulin 
secretion by cleaving incretin hormones such as 
GLP- 1 and GIP. GLP- 1 and GIP are hormones released 
from the gut in response to food intake that stimulate 
insulin secretion and decrease  glucagon secretion, 
leading to improved glycemic control  [157]. By 

cleaving these hormones, DPP4 reduces their activity 
and may contribute to impaired insulin secre-
tion [156, 158].

4.1.9.2  Mechanism of Action

DPP- 4  inhibitors block the activity of DPP4, an 
enzyme that degrades incretin hormones such 
as GLP- 1 and GIP [159].

DPP4  inhibitors block the degradation of  GLP- 1 
and GIP by DPP4, resulting in increased levels of these 
hormones in the blood. Incretins can then exert their 
physiological effects of increa sing  insulin secretion 
and decreasing glucagon secretion, which ultimately 
lowers blood glucose levels [160].

Practice Pearl(s)
The DPP- 4 inhibitor class exhibits structural heteroge-
neity, resulting in varying pharmacokinetic (PK) and 
pharmacodynamic (PD) profiles among members.

Sitagliptin is primarily eliminated unchanged in 
the urine, while vildagliptin is mainly metabolized in 
the kidneys to inactive metabolites, with 25% being 
excreted unchanged in the urine [161]. Saxagliptin is 
primarily metabolized in the liver to an active metab-
olite that is eliminated via the urine [162].

In contrast, linagliptin is the only DPP- 4 inhib-
itor that is entirely eliminated through the biliary 
system  [163]. Due to this unique elimination 
pathway, linagliptin is the preferred DPP- 4 inhibitor 
for patients with all stages of kidney failure, as no 
dose adjustments are required [164].

A summary of the pharmacokinetic profiles of 
various DPP4 inhibitors is shown in Table 4.18.

TABLE 4.18  Pharmacokinetic profile of DPP4 inhibitors.

Drug name 
(Trade name)

Dose range Maximum 
daily dose

Frequency Onset of 
action

Duration 
of action

Sitagliptin (Januvia) 25–100 mg daily 100 mg Once daily 1–4 h 24 h

Linagliptin (Tradjenta) 5 mg daily 5 mg Once daily 1.5 h 24 h

Saxagliptin (Onglyza) 2.5–5 mg daily 5 mg Once daily 2 h 24 h

Alogliptin (Nesina) 12.5–25 mg daily 25 mg Once daily 2–3 h 24 h

DPP4 inhibitors are generally well tolerated and have a favorable safety profile [165, 166].

Study Population Intervention Outcome

DECLARE- 
TIMI 58

T2DM with 
established ASCVD 
or at risk for 
ASCVD (n = 17,160).

Dapagliflozin 10 mg 
daily (n = 8574) or 
matching placebo 
(n = 8569).

CV death or hospitalization for heart failure occurred 
in less patients on dapagliflozin (4.9%) compared to 
those on placebo (5.8%), HR 0.83; 0.73–0.95, 
P = 0.005 for superiority [154].

ASCVD, Atherosclerotic cardiovascular disease.

TABLE 4.17  (Continued)

(continued)
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4.1.10 Alpha- Glucosidase Inhibitors

4.1.10.1 Physiology

Alpha- glucosidases are enzymes located in the brush 
border of the small intestine required for the digestion 
and absorption of carbohydrates. These enzymes are 
responsible for the hydrolysis of alpha- glycosidic 
bonds of disaccharides and oligosaccharides to pro-
duce absorbable monosaccharides, such as glucose.

The two main types of alpha- glucosidases found 
in the small intestine are sucrase- isomaltase and 
maltase- glucoamylase  [169]. Sucrase- isomaltase, 
hydrolyzes the alpha- 1,4- glycosidic bonds in sucrose, 
which yields glucose  [170]. Maltase- glucoamylase 
hydrolyzes the alpha- 1,4- glycosidic bonds in maltose 
and oligosaccharides, producing glucose as the pri-
mary product [171].

4.1.10.2  Mechanism of Action

Alpha- glucosidase inhibitors (AGIs) are compounds 
that act as pseudocarbohydrates in the intestine, 
 competing with ingested carbohydrates for the alpha- 
glucosidase enzymes located in the brush border 
of  the gut epithelium. As mentioned earlier, these 
enzymes are responsible for breaking down complex 

carbohydrates, such as oligosaccharides and polysac-
charides, into easily absorbable monosaccharides.

Acarbose, a pseudo- tetrasaccharide, contains 
nitrogen between its first and second glucose 
 molecule, which gives it a high affinity for the alpha- 
glucosidase enzyme. Acarbose exerts competitive 
inhibition with ingested carbohydrates for the alpha- 
glucosidase enzyme. Acarbose and other AGIs delay 
carbohydrate digestion and glucose absorption, 
leading to improved postprandial glycemic control in 
patients with diabetes [172, 173].

TABLE 4.19  Summary of landmark CVOTs for DPP4 inhibitors.

Study Population Intervention Outcome

EXAMINE T2DM with either an 
acute MI or unstable 
angina requiring 
hospitalization (n = 5380).

Alogliptin 6.25 mg 
daily, 12.5 mg or 
25 mg daily vs 
placebo.

Primary composite outcome of 11.3% in the 
alogliptin arm and 11.8% in the placebo arm, 
HR 0.96, upper limit one- sided CI of 1.16 
P < 0.001 for noninferiority [167].

CARMELINA T2DM at high risk for 
CV and renal outcomes 
(n = 6979).

Linagliptin 5 mg once 
daily (n = 3494) or 
matching placebo 
(n = 3485).

Primary composite outcome of CV death, 
nonfatal MI or nonfatal stroke occurred in 
12.4% of the linagliptin arm and 12.1% of the 
placebo arm, HR 1.02; 95% CI of 0.89–1.17 
P < 0.001 for noninferiority [100].

TECOS T2DM with established 
cardiovascular disease.

Sitagliptin 50 mg 
daily, 100 mg daily 
(n = 7257) or matching 
placebo(n = 7266).

Primary composite outcome occurred in 11.4% 
of patients in the sitagliptin arm and 11.6% of 
the placebo arm, HR in the ITT analysis was 0.98; 
95% CI 0.89–1.08 P = 0.65 for superiority [168].

ITT, Intention to treat.

Clinical Trial Evidence

See Table 4.19 for a summary of selected landmark 
CVOTs for DPP4 inhibitors.

Practice Pearl(s)
It is recommended to administer acarbose with the 
first bite of a meal to maximize its effect on postpran-
dial hyperglycemia. The starting dose for acarbose is 
typically 25 mg three times daily, which can be titrated 
to a maximum of 100 mg three times daily [174–176].

Acarbose may cause some gastrointestinal side 
effects such as bloating, flatulence, and diarrhea, 
which can limit its tolerability by patients. These 
side effects may be managed with a lower dose and 
gradual titration. Hypoglycemia is not a significant 
concern when acarbose is used alone but can occur 
when it is used in combination with insulin or 
other hypoglycemic agents [174].
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4.1.11 Amylin Agonists

4.1.11.1 Physiology

Amylin is a pancreatic peptide hormone that plays an 
important role in the regulation of glucose metabo-
lism. It is co- secreted with insulin by beta cells of the 
pancreas in response to food ingestion. Amylin works 

to slow gastric emptying and suppress postprandial 
glucagon secretion, resulting in a reduction in glucose 
release from the liver, and thereby helping to control 
postprandial hyperglycemia [178, 179].

4.1.11.2  Mechanism of Action

Amylin analogs, such as pramlintide, have a similar 
mode of action to natural amylin, a hormone that is 
co- secreted with insulin by pancreatic β- cells. These 
analogs have been developed to mimic the effects of 
amylin in regulating glucose metabolism.

Pramlintide acts by slowing the rate at which food 
is digested, which leads to a delay in the absorption of 
glucose into the bloodstream. By inhibiting the secre-
tion of glucagon after a meal, pramlintide also helps to 
reduce the levels of glucose produced by the liver. Fur-
thermore, pramlintide works on the satiety center of 
the brain to suppress appetite, leading to a reduction 
in food intake and body weight [180].

Pramlintide is administered subcutaneously 
before meals after which it is rapidly absorbed with a 
peak effect within 30 minutes of administration. The 
duration of its action is around 3–4 hours, making it 
suitable for administration prior to each meal [181].

TABLE 4.20  Evaluation of the efficacy of 
acarbose in type 2 diabetes mellitus.

Study Population Intervention Outcome

ACE Patients 
with 
coronary 
heart 
disease and 
impaired 
glucose 
tolerance 
evaluated at 
outpatient 
clinics in 
China 
(n = 6522).

Acarbose 
50 mg three 
times a day 
(n = 3272) or 
matching 
placebo 
(n = 3250).

The primary 
outcomea 
occurred in 
14% of 
patients in the 
acarbose arm 
and 15% of 
those in the 
placebo arm, 
HR 0.98; 95% 
CI 0.86–1.11 
P = 0.73) [177].

a Primary outcome was defined as a composite of cardiovas-
cular death, nonfatal myocardial infarction, nonfatal stroke, 
hospital admission for unstable angina, and hospital 
admission for heart failure.

Clinical Trial Evidence

A summary of the acarbose on cardiovascular and 
diabetes outcomes in patients with coronary heart 
disease and impaired glucose tolerance (ACE) 
study is shown in Table 4.20.

Practice Pearl(s)
Pramlintide (Symlin) is an amylin analog that is 
administered as a subcutaneous injection before 
meals  [182]. The initial dose is typically 15  mcg, 
and it can be increased to 30 or 60 mcg based on 
individual response.

The dose of prandial insulin would need to be 
titrated downwards in patients starting amylin 
mimetics, this is because these agents reduce the 
degree of postprandial hyperglycemia.

Clinical Trial Evidence

A 52- week, double- blind, placebo- controlled, multi-
center study involved 480 patients with type 1 
diabetes mellitus randomized to receive preprandial 
injections of placebo or 30 micrograms of pramlint-
ide q.i.d., in addition to their insulin treatment. 
Pramlintide treatment led to a mean reduction in 

HbA1c of 0.67% from baseline to week 13 that was 
significantly greater than the reduction in HbA1c in 
the placebo arm (0.16%). This significant treatment 
difference was sustained through week 52.

The greater HbA1c reduction was associated with 
an average weight loss and was not accompanied by 
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an increased risk of severe hypoglycemia. The open- 
label extension of the study revealed that pramlintide 
treatment improved glycemic control without 
inducing weight gain or increasing the overall risk of 
severe hypoglycemia in patients with type 1 diabetes.

The most common adverse events reported were 
mild nausea and anorexia, which dissipated over 
time. The findings of this study suggest that pramlint-
ide treatment may be a viable option for long- term 
glycemic control in patients with type 1 diabetes [183].

Concepts to Ponder Over
The “ominous octet” is a term introduced by Dr. Ralph 
A. DeFronzo, an eminent diabetes researcher, to 
describe the eight crucial pathophysiological mecha-
nisms implicated in the development of type 2 diabetes 
mellitus. These mechanisms include insulin resis-
tance, incretin deficiency, glucagon excess, increased 
hepatic glucose production, adipokine dysregulation, 
inflammation, neurotransmitter dysfunction, and 
increased renal glucose reabsorption (see Figure 4.8).

Important trials in diabetes care every diabetes 
care specialist should know

The diabetes prevention program study
The Diabetes Prevention Program (DPP), approved 
by the National Institute of Health, set out to explore 
whether specific interventions might prevent or delay 
diabetes in 27  locations across America, randomly 
assigning participants one of four treatment 

FIGURE 4.8  Pathophysiologic defects of T2DM and the medications addressing the defects.

(continued)
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strategies – lifestyle changes and behavioral modifica-
tions, metformin therapy, troglitazone therapy (a pre-
viously discontinued thiazolidinedione), or placebo.

3234 participants aged 25 or above participated in 
this study and all met criteria for prediabetes: elevated 
fasting plasma glucose and impaired glucose tolerance.

The lifestyle intervention group was offered exten-
sive education and counseling about diet, physical 
activity, and behavioral modification. This group’s aim 
was to achieve sustained weight loss of at least 7% 
through lower fat and caloric consumption and an aer-
obic exercise routine of 150 minutes each week. The 
metformin group was given two doses of 850 mg met-
formin twice daily, while the placebo group received 
inert pills twice daily. Patients in the metformin and 
placebo groups also received basic lifestyle education 
but without intensive counseling services. Troglitazone 
group participants initially received daily doses of 
400 mg; however, due to concerns of liver toxicity from 
troglitazone, they were removed from this arm of 
research but continued being monitored; troglitazone 
was eventually withdrawn from US markets in 2000.

The outcomes of the Diabetes Prevention 
Program were encouraging. Participants who suc-
cessfully lost modest amounts through diet modifica-
tion and physical activity greatly decreased their risks 
of diabetes; similarly, metformin group demonstrated 
decreased risks as well, though to a lesser degree [184].

The diabetes complication and control trial
Studies have demonstrated the significance of 
maintaining near euyglycemia as a way to protect 
individuals with diabetes from severe microvascular 

complications. According to the Diabetes Compli-
cation and Control Trial (DCCT), which examined 
traditional and intensive approaches in managing 
type 1 diabetes complications, 1441 participants were 
randomized to traditional and intensive therapies.

Trial results demonstrated that intensive glycemic 
control significantly lowered the risk of microvascular 
complications among type 1 diabetic patients. Patients in 
a high- intensity treatment group, with an average hemo-
globin A1c level around 7%, experienced about 60% 
fewer diabetes- related eye, kidney, or nerve diseases as 
compared with standard treatment groups with average 
HbA1cs around 9% over a period of 6.5 years [185].

Following the conclusion of the Diabetes Control 
and Complication Trial in 1993, researchers initiated the 
Epidemiology of Diabetes Interventions and Complica-
tions (EDIC), a long- term follow- up study that continued 
to monitor over 90% of DCCT participants [186].

United Kingdom Prospective Diabetes Study

The United Kingdom Prospective Diabetes Study 
(UKPDS), conducted between 1977 and 1997, fol-
lowed on the research conducted by DCCT by study-
ing newly diagnosed type 2 diabetes patients. This 
study divided patients into two groups, the conven-
tional therapy or the while intensive therapy arm.

Results from the 10- year follow- up study of 
UKPDS participants revealed that those randomized 
to the intensive therapy arm during the trial experi-
enced lower risks of myocardial infarction and death 
than their conventional therapy counterparts, despite 
HbA1c levels becoming equal soon after the 
conclusion of the research study [187].

4.2  NEUROENDOCRINE TUMORS

4.2.1 Telotristat

4.2.1.1 Physiology

Synthesis of Serotonin
Neuroendocrine cells of the gastrointestinal tract, 
such as enterochromaffin cells, have long been recog-
nized for producing serotonin, also referred to as 
5- hydroxytryptamine (5- HT). Serotonin can be pro-
duced using amino acids like tryptophan. Initial steps 
involve the uptake of tryptophan from the blood-
stream via carrier- mediated transport. Subsequently, 

tryptophan is converted to 5- hydroxytryptophan (5- 
HTP) through tryptophan hydroxylase (TPH) enzyme 
activity – this being the rate- limiting step in serotonin 
synthesis. Next, 5- HTP is decarboxylated using aromatic 
L- amino acid decarboxylase (AADC) to produce sero-
tonin. Once synthesized, serotonin is transported into 
vesicles via vesicular monoamine transporter (VMAT) 
for storage until being released in response to nerve 
impulses. Serotonin is secreted via exocytosis and inter-
acts with receptors on postsynaptic neurons. Once 
released, serotonin is then metabolized by monoamine 
oxidase (MAO) and aldehyde dehydroge nase (ALDH), 
producing 5- hydroxyindoleacetaldehyde (5- HIAA), 
which is excreted via urine [188] (see Figure 4.9).

(continued)
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4.2.1.2  Mechanism of Action

Telotristat is a tryptophan hydroxylase inhibitor that 
irreversibly binds to the active site of TPH, thereby 
preventing the conversion of tryptophan to 5- HTP, the 

precursor to serotonin. Through its inhibitory action 
on TPH, telotristat ultimately results in a decrease in 
the synthesis and release of serotonin in the gastroin-
testinal tract, which leads to a reduction in the symp-
toms of carcinoid syndrome [189].

FIGURE 4.9  Biosynthesis of serotonin by neuroendocrine cells. Tryptophan hydroxylase is the rate- limiting step in the series 
of enzymatic reactions which converts tryptophan to 5HT.

Practice Pearl(s)
Telotristat is typically administered orally and is gen-
erally well tolerated. It is often used in combination 
with somatostatin analogs, which are another class 
of medications used in the treatment of carcinoid 

syndrome [190] (see Table 4.21). For the treatment of 
carcinoid syndrome related-diarrhea, the recom-
mended starting dose of telotristat ethyl is 250 mg 
three times daily with food [191].

TABLE 4.21  Summary of the TELESTAR and TELECAST studies.

Study Population Intervention Outcome

TELESTAR Patients with well- 
differentiated NETs 
complicated by carcinoid 
syndrome and not 
adequately controlled 
with somatostatin 
analogs (n = 135).

Telotristat 250 mg (n = 45) 
or 500 mg (n = 45) three 
times a day or matching 
placebo (n = 45) for up to 
12 weeks. This was followed 
by a 36 week open label 
extension.

The estimated difference in bowel movement 
frequency per day compared to placebo was 
−0.81 for telotristat ethyl 250 mg (P < 0.001) 
and − 0.69 for telotristat ethyl 500 mg 
(P < 0.001) [191].

TELECAST Patients with well- 
differentiated NETs 
complicated by carcinoid 
syn- drome and not 
ad- equately controlled 
with somatostatin 
analogs (n = 76).

Telotristat 250 mg (n = 25) 
or 500 mg (n = 25) three 
times a day or matching 
pla- cebo (n = 26).

At the 12- week mark, a significant decrease 
in u5- HIAA levels from baseline was observed 
in both the 250 mg and 500 mg telotristat 
ethyl groups. The treatment differences from 
placebo were −54.0% (95% confidence limits 
−85.0%, −25.1%) for the 250 mg group 
and − 89.7% (95% confidence limits −113.1%, 
−63.9%) for the 500 mg group (P < 0.001 for 
both groups compared to placebo) [192].
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4.2.2 Acid- Lowering Drugs

4.2.2.1 Physiology

Secretion of Gastric Acid
Gastric acid secretion is regulated by a complex inter-
play of endocrine and paracrine signaling pathways 
involving various cells in the stomach (see Figure 4.10).

G cells, which are located in the antrum of the 
stomach, secrete the hormone gastrin largely in 
response to stimuli such as the presence of food. Gas-
trin is responsible for the release of hydrochloric acid 
(HCl) from parietal cells, which are located in the 
body and fundus of the stomach.

Furthermore, histamine, which is released from 
the enterochromaffin- like (ECL) cells in response 
to  gastrin and other stimuli, also stimulates HCl 
secretion from the parietal cells. Histamine acts on 
the H2 receptors located on the parietal cells to 
 stimulate the production of cyclic AMP, which in 

turn activates the proton pump on the surface of the 
parietal cells.

Acetylcholine, which is released from the vagus 
nerve and from local enteric neurons, also stimulates 
HCl secretion from the parietal cells. Acetylcholine 
acts on the M3 receptors located on the parietal cells 
to increase intracellular calcium, which activates the 
proton pump. The proton pump, located on the apical 
surface of the parietal cells, is responsible for the final 
step in gastric acid secretion. It actively transports H+ 
ions into the lumen of the stomach in exchange for 
K+ ions, a process that establishes a highly acidic 
environment (pH 1.5–3.5) necessary for the digestion 
of food and the activation of various digestive 
enzymes [193].

Islet Cells of the Pancreas
The islets of Langerhans, or islet cells, are a group of 
pancreatic endocrine cells embedded within a rich 
background of acinar exocrine tissue. These endocrine 
cells make up roughly 2% of the pancreatic volume, 
with most islets located in the tail of the pancreas [194]. 
The islets of Langerhans contain various types of cells, 
including beta, alpha, delta, PP, epsilon, G, and EC 
cells [195] (see Table 4.22).

Clinical Trial Evidence

See Table 4.21.

FIGURE 4.10  Regulation of gastric acid production by the parietal cell.
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A typical adult pancreas is comprised of approxi-
mately one million islet cells  [204], with beta cells 
being polyhedral in shape and evenly dispersed 
throughout the pancreas  [205]. Alpha cells are 
columnar in shape and primarily found in the body 

and tail of the pancreas [206], while the distribution 
of delta cells is more variable and characterized by 
dendritic processes. PP cells are present in the head 
and uncinate process of the pancreas  [196] (see 
Figure 4.11).

TABLE 4.22  Hormones produced by islets cells.

Islet cell (frequency) Hormone 
produced

Effects(s)

Beta cells (50–70%) Insulin and 
amylin

Insulin enhances peripheral glucose uptake and inhibits hepatic 
gluconeogenesis and glycogenolysis [195, 196].
Amylin slows gastric emptying and stimulates early satiety [197].

Alpha cells (20–30%) Glucagon Promotes both hepatic gluconeogenesis and glycogenolysis. Glucagon 
stimulates hepatic ketogenesis during a prolonged fast [198, 199].

Delta cells (10%) Somatostatin Inhibits the secretion of insulin, glucagon, and pancreatic polypeptide [195].

PP cells (2%) Pancreatic 
polypeptide

Inhibits the secretion of glucagon by alpha cells and also promotes early 
satiety [195].

Epsilon cells (1%) Ghrelin Inhibits the incretin effect (insulin release after an oral glucose load). Stimulates 
the secretion of growth hormone and is also called the “hunger hormone” [200].

G cells (absent) Gastrin Pancreatic gastrin- producing cells are present during embryonic development 
but undergo involution in adults. Re- expression of gastrin occurs in pancreatic 
neuroendocrine tumors (Zollinger–Ellison syndrome) [201].

EC cells (rare) Serotonin Carcinoid syndrome [202, 203].

FIGURE 4.11  Pancreatic islet cells. The distribution of various islet cells and their corresponding hormones.



152 Chapter 4 Pancreatic Gland Therapies 

4.2.2.2  Mechanism of Action

Proton pump inhibitors (PPIs) are commonly used 
in  the treatment of gastric acid- related disorders, 
including gastroesophageal reflux disease (GERD), 
peptic ulcers, and Zollinger–Ellison syndrome (ZES), 
which is caused by gastrinomas, a type of neuroendo-
crine tumor.

Gastrinomas are rare tumors that produce large 
amounts of gastrin, a hormone that stimulates gastric 
acid production. Excessive gastric acid production 
can lead to complications such as peptic ulcers, diar-
rhea, and abdominal pain  [207]. PPIs work by irre-
versibly binding to and inhibiting the H+/K+- ATPase 
proton pump located on the apical surface of the 
parietal cells in the stomach. This inhibits the final 
step in gastric acid secretion, accounting for a 
significant reduction in the amount of acid produced 
by the parietal cells [208].

4.2.3 Somatostatin Analogs

4.2.3.1 Physiology

Somatostatin, an inhibitory peptide hormone pro-
duced by delta cells of the pancreas and neuroendo-
crine cells throughout the body, exerts wide- ranging 
inhibitory effects on endocrine function. A summary 
of its effects may include these:

1. Somatostatin works within the digestive tract 
by targeting G cells of the stomach to inhibit 
gastrin release and ultimately lower acid 
secretion [211].

2. Somatostatin acts to block serotonin release, an 
essential hormone in controlling intestinal 
motility that may also contribute to pathogenic 
conditions like carcinoid syndrome [212].

3. Somatostatin inhibits insulin and glucagon 
release from beta and alpha cells of the pan-
creas, respectively. [213].

4. Somatostatin plays an integral part in regu-
lating endocrine health and can even block 
GHRH secretions from the hypothalamus, 
thus lowering the secretion of growth hor-
mone from the pituitary gland  [213] (see 
Chapter 1).

Practice Pearl(s)
The management of gastrinomas, a type of 
 neuroendocrine tumor that causes hypergastrin-
emia,  typically involves the use of acid- lowering 
medications, such as proton pump inhibitors 
(PPIs) [209].

The use of gastric resection surgery for peptic 
ulcers has diminished with the advent of H2 
blockers and PPIs. This is due to the fact that PPIs 
are capable of nearly fully suppressing acid secre-
tion in the stomach, thereby preventing complica-
tions such as duodenal ulcer perforation, severe 
esophagitis, and frequent diarrhea. As a result, gas-
trectomy is no longer required for gastrinoma 
patients  [210]. However, while PPIs can prevent 
the development of complications from hyper-
acidity, they are not effective in halting the pro-
gression and growth of gastrinomas. The following 
are the usual adult doses for some of the commonly 
used PPIs:

Omeprazole: 20–40 mg once daily
Lansoprazole: 15–30 mg once daily
Esomeprazole: 20–40 mg once daily
Pantoprazole: 40 mg once daily
Rabeprazole: 20 mg once daily

Clinical Trial Evidence

Intravenous pantoprazole is an effective option for 
controlling gastric acid hypersecretion in conditions 
such as Zollinger–Ellison syndrome or idiopathic 
gastric acid hypersecretion when oral medications 
are not feasible. This study evaluated the efficacy and 
safety of 15- minute infusions of pantoprazole (80–
120 mg every 8–12 hours) in controlling gastric acid 
output for up to 7 days. The study found that all 
patients had effective control of gastric acid output 
within the first hour of treatment, and 81% of patients 
had effective control for up to 7 days with doses of 
80 mg every 12 hours. Some patients required upward 
dose titration. No serious adverse events were 
observed. Intravenous pantoprazole is a safe and 
effective option for perioperative control of gastric 
acid hypersecretion in conditions such as ZES [209].
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Thus, Somatostatin is integral in managing our 
endo crine systems while acting as an effective thera-
peutic target against various related disorders [214].

4.2.3.2  Mechanism of Action

Somatostatin analogs are synthetic compounds 
designed to replicate the inhibitory effects of somato-
statin on hormone secretion. As part of their treatment 
for carcinoid syndrome, somatostatin analogs such 
as octreotide and lanreotide may help decrease symp-
toms caused by excessive hormone production, 
such  as diarrhea, flushing, and abdominal pain. At 
90–120 minutes, Octreotide’s half- life far exceeds that 
of  endogenous somatostatin. When administered 
subcutaneously, it inhibits hormone secretion  [215]. 

Octreotide has physiological actions similar to somato-
statin by binding to somatostatin receptor subtypes 2 
and 5, which are highly expressed in neuroendocrine 
tumors [216].

Somatostatin analogs not only promote hormone 
secretion but can also have antiproliferative properties 
against neuroendocrine tumors. By inhibiting secre-
tions of growth factors and angiogenic factors, they may 
slow growth rates of neuroendocrine tumors as well as 
possibly lead to tumor regression in some cases [217].

Practice Pearl(s)
Practical guidelines for the use of somatostatin ana-
logs were reviewed in Chapter 1.

Clinical Trial Evidence

Refer to Table 4.23 for a summary of clinical trials 
evaluating the role of somatostatin analogs in NETs.

TABLE 4.23  Trials evaluating the efficacy of somatostatin analogs in NETs.

Study Population Intervention Outcome

CLARINET Patients with advanced, 
well- differentiated or 
moderately differentiated, 
nonfunctioning, 
somatostatin receptor- 
positive neuroendocrine 
tumors of grade 1 or 2, and 
disease- progression status 
(n = 204).

Randomized, double- blind, 
placebo- controlled study of 
lanreotide (120 mg) or 
placebo once every 28 days 
for 96 weeks.

Lanreotide significantly 
prolonged progression- free 
survival. The 24- month 
progression- free survival rates 
were 65.1% (lanreotide) vs 
33.0% (placebo). No significant 
differences in quality of life or 
overall survival. Most common 
treatment- related adverse 
event: diarrhea (26% 
lanreotide, 9% placebo) [218].

PROMID Treatment- naive patients 
with well- differentiated 
metastatic midgut NETs 
(n = 85).

Placebo- controlled, double- 
blind, phase IIIB study with 
patients randomly assigned 
to receive either placebo or 
octreotide LAR 30 mg 
intramuscularly in monthly 
intervals until tumor 
progression or death.

Octreotide LAR significantly 
prolonged time to tumor 
progression (median 
14.3 months) compared to 
placebo (6 months) (HR = 0.34; 
95% CI, 0.20–0.59; 
P = 0.000072). After 6 months, 
stable disease was observed in 
66.7% of octreotide LAR group 
and 37.2% of placebo group. 
HR for overall survival was 0.81 
(95% CI, 0.30–2.18) [219].

Source: Adapted from refs. [218, 219].
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4.3  HYPOGLYCEMIA SYNDROMES

4.3.1 Somatostatin Analogs

4.3.1.1 Physiology

Somatostatin, also known as growth hormone- 
inhibiting hormone (GHIH), regulates insulin secre-
tion by inhibiting the release of several hormones, 
including insulin, glucagon, and growth hormone. 
Somatostatin is produced by pancreatic delta cells, and 
it binds to specific receptors on beta cells in the islets 
of Langerhans, where insulin is produced. When 
somatostatin binds to its receptors on beta cells, it 
inhibits insulin release by decreasing the amount of 
calcium that enters the cell in response to glucose. 
This ultimately leads to decreased insulin secretion 
from beta cells [221].

4.3.1.2  Mechanism of Action

Somatostatin analogs have a role in the treatment of 
hypoglycemia syndromes, including insulinoma, 
which is a rare pancreatic neuroendocrine tumor 
 associated with hyperinsulinemia. By binding to 
somatostatin receptor subtypes, somatostatin analogs 

can inhibit insulin secretion and decrease hypogly-
cemic episodes in patients with insulinoma [222, 223].
The response of insulinomas to treatment with 
somatostatin analogs is dependent on their SSTR 
density (see Table 4.24).

Concepts to Ponder Over
How does chronic achlorhydria lead to the 
formation of carcinoid tumors?

Ingestion of food triggers the activation of G cells in 
the stomach, leading to the release of gastrin by the 
gastric antrum. Gastrin binds to CCK receptors on 
gastric enterochromaffin- like (ECL) cells, inducing 
histamine release. The released histamine binds to 
H2 receptors on gastric parietal cells, producing 
hydrochloric acid, which is essential in creating an 
acidic environment in the gut. The acidic environ-
ment then triggers the release of somatostatin by 
delta cells of the pancreas, providing negative 
feedback inhibition of gastrin release from G cells. 
However, in cases of achlorhydria, such as 
pernicious anemia, this negative feedback loop is 
impaired, resulting in the uncontrolled release of 
gastrin from G cells. This uncontrolled release of 
gastrin, apart from promoting increased histamine 
production by gastric ECL cells, also leads to their 
unchecked proliferation, which can eventually 
result in tumorigenesis (carcinoid formation) [220].

TABLE 4.24  Distribution of the density 
of  somatostatin receptors in insulinomas.

Somatostatin 
receptor

Benign 
insulinoma

Malignant 
insulinoma

SSTR2 Low High

SSTR4 High High

SSTR5 Low High

Source: Adapted from refs. [224].

Practice Pearl(s)
Treatment of symptomatic benign insulinomas can 
begin with the short- acting subcutaneous form of 
octreotide, administered at a dosage of 100–600 mcg 
per day in 2–4 divided doses for a two- week period. 
This is then followed by slowly transitioning from 
short- acting to long- acting formulations. To achieve 
this, two weeks of continued treatment with short- 
acting insulin is recommended after the first dose 
of the long- acting form (initially 100–200 mcg, with 
subsequent dosage adjustments). If the response to 
treatment is appropriate, long- acting forms such as 
octreotide 20–30 mg I.M. every 4 weeks or lanreo-
tide 30 mg I.M. every 2 weeks can be considered. An 
alternative option is the use of lanreotide 60–120 mg 
subcutaneously every 4 weeks [225].

Clinical Trial Evidence

The rarity of insulinomas has led to a limited number 
of well- powered clinical studies investigating the 
role of somatostatin analogs in their treatment.

Pathophysiology Pearl
Protective mechanisms against hypoglycemia

Hypoglycemia occurs when glucose utilization 
from the circulation, primarily by the brain but also 
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4.3.2 Diazoxide and Diuretics

4.3.2.1 Physiology

See Sections  4.1.3 and  4.1.4 (mechanism of insulin 
secretion by beta cells of the pancreas).

4.3.2.2  Mechanism of Action

KATP channels are membrane- spanning proteins that 
regulate insulin secretion by controlling electrical 
activity within cells; when open, they lead to hyperpo-
larization of the beta- cell membrane, which inhibits 
insulin secretion [227].

Diazoxide works by binding to a specific site on 
the sulfonylurea receptor, a subunit of KATP chan-
nels, and stabilizing them in their open position – this 
results in decreased insulin secretion and an increase 
in blood glucose levels [228].

4.3.3 Calcium Channel Blockers

4.3.3.1 Physiology

The role of calcium in insulin secretion (see Figure 4.5).

4.3.3.2  Mechanism of Action

Verapamil is a calcium channel blocker, acting by inhib-
iting calcium from entering pancreatic beta cells  – 
leading to reduced levels of insulin. Verapamil may also 
inhibit glucagon secretion, although its exact mecha-
nism remains unknown. Case reports and small studies 
have reported its use for managing insulinomas; how-
ever, more research needs to be conducted into its effi-
cacy and safety [230, 231].

4.3.4 mTOR Inhibitors

4.3.4.1 Physiology

The mammalian target of rapamycin (mTOR) sig-
naling pathway plays an important role in the regula-
tion of cellular metabolism, growth, and proliferation. 
In particular, mTOR signaling has been implicated in 

by other tissues, exceeds the sum of glucose delivery 
into the circulation from ingested carbohydrates 
and hepatic and renal glucose production. As blood 
glucose levels decrease within the physiological 
range, the body initiates a sequence of responses. 
First, there is a decrease in insulin secretion, fol-
lowed by an increase in glucagon secretion and an 
increase in epinephrine secretion in the absence of 
glucagon. To defend against prolonged hypogly-
cemia, the body finally increases cortisol and 
growth hormone secretion. However, if these 
defenses fail, plasma glucose levels continue to fall, 
leading to severe hypoglycemia [226].

Practice Pearl(s)
The therapeutic dosage for adults is 3–8 mg/kg per 
day divided into two or three equal doses, and 
higher dosages may be required for refractory cases. 
Treatment should start with a daily dose of 150–
200 mg, administered in two or three divided doses 
to maintain glycemic control [225].

Diazoxide is a relatively safe drug, but it can 
cause adverse effects such as fluid retention and 
hypertrichosis. It is contraindicated in patients 
with a history of heart failure or pulmonary 

hypertension. Due to the risk of fluid retention, thi-
azide diuretics are recommended at the time of ini-
tiation of diazoxide [229].

Clinical Trial Evidence

The rarity of insulinomas has led to a limited 
number of well- powered clinical studies investi-
gating the role of diazoxide in their treatment.

Practice Pearl(s)
There are no standardized dosing guidelines for the 
use of verapamil in the management of insulinoma.

Clinical Trial Evidence

The rarity of insulinomas has led to a limited 
number of well- powered clinical studies investi-
gating the role of verapamil in their treatment.
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the regulation of insulin production and glucose 
homeostasis [232, 233].

4.3.4.2  Mechanism of Action

In insulinoma, mTOR inhibitors, such as everolimus 
and temsirolimus, have been studied as potential 
therapeutic option. These drugs work by inhibiting 
mTOR signaling, which reduces cell proliferation and 
induces cell death [234, 235].

4.3.5 Phenytoin

4.3.5.1 Physiology

The role of calcium in insulin secretion (see Figure 4.5).

4.3.5.2  Mechanism of Action

Phenytoin has been suggested as an effective treatment 
option for insulinoma- related hypoglycemia due to its 
ability to inhibit insulin secretion. Phenytoin may 
work by blocking calcium channels on beta cells in 
the pancreas that play an integral part in insulin secre-
tion [238, 239].

Practice Pearl(s)
The starting dose of everolimus is usually 10 mg/
day, and adjustments may be made based on the 
individual patient’s response and tolerance [236].

Practice Pearl(s)
Phenytoin should only be considered an occasional 
option to treat insulinoma- associated hypogly-
cemia due to a lack of research on its safety or effi-
cacy; diazoxide or octreotide treatments tend to be 
preferred and should be seen as first- line therapies 
in such instances.

Clinical Trial Evidence

The rarity of insulinomas has led to a limited 
number of well- powered clinical studies investi-
gating the role of everolimus in their treatment.

Refractory hypoglycemia is a significant cause 
of morbidity and mortality in patients with meta-
static insulinoma. In this retrospective, multicenter 
study conducted, everolimus was evaluated as a 
potential therapeutic option for these patients. The 
study aimed to determine the time to the first recur-
rence of symptomatic hypoglycemia after everoli-
mus initiation, as well as to assess ongoing 
hyperglycemic medical options, tumor response, 
and safety information.

The study included 12 patients with metastatic 
insulinoma and refractory hypoglycemia who were 
treated with everolimus. Everolimus was adminis-
tered at a starting dose of 10 mg/day (except for one 
patient who received 5 mg/day) after a median of 
four failed therapeutic approaches. The medication 
was given with the aim of normalizing blood 
glucose levels. After a median duration of 
6.5 months (range 1–35 months), the median time 
to the first recurrence of symptomatic hypogly-
cemia was 6.5 months (range 0–35 months). This 
occurred in 11 of the 12 patients.

Of the 12 patients, three discontinued everoli-
mus due to cardiac or pulmonary adverse events at 

1, 1.5, and 7 months after initiation, which led to 
two deaths. Another three patients discontinued 
everolimus because of tumor progression at 2, 3, 
and 10 months after initiation, without recurrence 
of hypoglycemia.

The study’s findings suggest that everolimus 
is an effective treatment for patients with meta-
static insulinoma and refractory hypoglycemia. 
However, tolerance should be carefully moni-
tored, as adverse events were observed in some 
patients [237].

Clinical Trial Evidence

The rarity of insulinomas has led to a limited 
number of well- powered clinical studies investi-
gating the role of phenytoin in their treatment.
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Concepts to Ponder Over

Interpretation of the 72- hour fast

A thorough evaluation is warranted in most cases of 
fasting hypoglycemia in nondiabetic patients, as it is 
an extremely rare occurrence. It is important to 
understand the following pathophysiologic concepts 
when interpreting a 72- hour fast result. Rote memo-
rization will likely lead to errors on a board examina-
tion and in real- life practice.

• When the plasma glucose concentration reaches a 
mean of approximately 55 mg/dl (3.0 mmol/l), symp-
toms that prompt the behavioral defense of food 
ingestion usually develop. At this glucose level and 
lower, insulin secretion is almost completely sup-
pressed, resulting in plasma insulin levels below 
3 U/ml (18 pmol/l), C- peptide levels below 0.6 ng/ml 
(0.2 nmol/l), and proinsulin levels below 5.0 pmol/l.

• Insulin or insulin- like action inhibits ketogenesis 
(this results in a low beta- hydroxybutyrate level).

• C- peptide, an essential component of insulin pre-
cursors, is present in the setting of endogenous 
insulin production (either due to an insulinoma or 
insulin secretagogue).

• Exogenous insulin contains only the alpha and 
beta chains; as such, c- peptide will remain unde-
tectable among patients who inject insulin surrep-
titiously.

• In normal physiology, glycogen stores are expected 
to be depleted after a 72- hour fast. As a result, 
glucose will fail to increase appreciably (that is, 
>25 mg/dl) at the end of a fast, except in patients 
with persistent endogenous hyperinsulinemia.

• In essence, if there is excess insulin (or insulin- like 
action), glycogen stores will never be completely 
depleted. These patients will therefore mount an 
appropriate increase in serum glucose (that is, 
>25 mg/dl) after glucagon administration.

• Finally, insulin is expected to be appropriately low 
for normal persons with severe hypoglycemia at 
the end of a 72- hour fast. Indeed, a relative decline 
in insulin levels will promote ketogenesis due to 
the action of multiple counterregulatory hormones.

Now apply these concepts in interpreting 
differential diagnosis of fasting hypoglycemia (see 
Table 4.25).

TABLE 4.25  Interpretation of the 72 h fast.

Glucose 
(mg/dl)

Insulin 
(micro 
U/ml)

C- peptide 
(nmol/L)

Proinsulin 
(pmol/L)

Beta- 
hydroxybutyrate 
(mmol/L)

Glucose increase 
after glucagon 
(mg/dl)

Diagnosis

<55 <3 <0.2 <5 >2.7 <25 Normal

<55 >>3 <0.2 <5 <2.7 or normal >25 Exogenous insulin

<55 >3 or 
normal

>0.2 or 
normal

>5 or 
normal

<2.7 or normal >25 Insulinoma or NIPHS

<55 >3 or 
normal

>0.2 or 
normal

>5 or 
normal

<2.7 or normal >25 Oral hypoglycemic agent

<55 >>3 >>0.2 >>5 or 
normal

<2.7 or normal >25 Autoimmune: agonist 
antibodies to the insulin

<55 <3 <0.2 <5 <2.7 or normal >25 IGF- II mediated

<55 >3 <0.2 <5 <2.7 or normal >25 Autoimmune: insulin 
receptor antibodies

NIPHS, Non- insulinoma pancreatogenous hypoglycemia syndrome.
Source: Adapted from ref. [240].
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Can  these  principles  be  applied  to  patients 
who  experience  postprandial  hypoglycemia, 
 such as patients with hypoglycemia after bariat-
ric surgery?

The interpretation of endogenous insulin produc-
tion for postprandial or reactive hypoglycemia can be 
challenging. This is because C- peptide, which is a 
marker of insulin secretion, has a half- life of approxi-
mately 30 minutes. As a result, C- peptide levels may 
remain detectable even if insulin (half- life of a few 
minutes) is appropriately suppressed during postpran-
dial hypoglycemia [240].

PRACTICE- BASED QUESTIONS

1. Insulin is a peptide hormone that consists of how 
many amino acid chains?

a. One
b. Two
c. Three
d. Four
e. Five

Answer: b. Two. Insulin consists of two chains 
(A and B) that are linked by disulfide bonds.

2. During the postprandial state, what is the primary 
hormone responsible for glucose uptake by 
skeletal muscle?

a. Glucagon
b. Epinephrine
c. Insulin
d. Cortisol
e. Growth hormone

Answer: c. Insulin. Insulin is the primary hormone 
responsible for glucose uptake by skeletal 
muscle during the postprandial state.

3. What is the main source of glucose production dur-
ing the fasting state?

a. Skeletal muscle
b. Adipose tissue
c. Liver
d. Pancreas
e. Kidneys

Answer: c. Liver. The liver serves as the main source 
of endogenous glucose production during the 
fasting state.

4. Which tissue is primarily responsible for lipolysis 
during the fasting state?

a. Skeletal muscle
b. Adipose tissue
c. Liver
d. Pancreas
e. Kidneys

Answer: b. Adipose tissue. Adipose tissue is primarily 
responsible for lipolysis during the fasting state.

5. What is the principal pathophysiologic defect in 
skeletal muscle that leads to insulin resistance in 
type 2 diabetes?

a. Impaired translocation of GLUT4 to plasma 
membrane of myocytes

b. Defective tyrosine phosphorylation of various 
proximal insulin receptor substrates

c. Release of adipokines associated with insulin 
resistance

Answer: a. Insulin resistance in skeletal muscle is 
characterized by impaired translocation of 
GLUT4 to the plasma membrane of myocytes.

6. What is the mechanism of action of meglitinides?

a. Inhibit the ATP- dependent potassium channels 
of the pancreatic beta cell

b. Increase the expression of other proteins 
involved in insulin exocytosis

c. Increase the sensitivity of beta cells to glucose
d. Block the function of the SUR1 subunit of the 

ATP- sensitive potassium channels

Answer: a) Inhibit the ATP- dependent potassium 
channels of the pancreatic beta cell. Meglitinides 
stimulate early- phase insulin release by block-
ing the ATP- dependent potassium channels of 
the pancreatic beta cell directly. This occurs 
independent of intracellular ATP to ADP ratio 
and results in depolarization of the cell mem-
brane, opening of voltage- gated calcium 
 channels, an influx of calcium, and finally, the 
exocytosis of insulin- laden granules.

7. Which of the following sulfonylureas is considered 
the drug of choice for individuals with chronic 
kidney disease?

a. Glipizide
b. Glibenclamide
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c. Glyburide
d. Glimepiride

Answer: a) Glipizide. Glipizide is metabolized by the 
liver into several inactive metabolites, which 
means that its clearance and elimination half- 
life remain unaffected despite any reduction in 
estimated glomerular filtration rate (GFR). In 
individuals with chronic kidney disease (CKD), 
there is no need for dosage adjustments when 
using glipizide, as it is considered the sulfonyl-
urea of choice for this patient population.

8. What is the main function of incretins in insulin  
release?

a. Stimulates the release of insulin by pancreatic 
beta cells

b. Inhibits the liver’s production of glucose
c. Promotes the uptake of glucose into cells
d. Inhibits the ATP- dependent potassium chan-

nels of the pancreatic beta cell

Answer: a) Stimulate the release of insulin by 
pancreatic beta cells. Incretins are hormones 
produced by the gastrointestinal tract in 
response to food intake. They stimulate the 
release of insulin by pancreatic beta cells, 
helping to lower blood glucose levels 
after a meal.

9. What is the mechanism of action of bromocrip-
tine in type 2 diabetes mellitus?

a. It increases insulin secretion
b. It activates alpha- adrenergic receptors
c. It inhibits sympathetic tone within the CNS
d. It reduces insulin resistance

Answer: c) It inhibits sympathetic tone within the 
CNS. Explanation: Bromocriptine inhibits 
sympathetic tone within the CNS, reducing 
post- meal plasma glucose levels due to the 
inhibition of hepatic glucose production. It 
also reduces plasma glucose, triglyceride, and 
FFA levels.

10. What is the mechanism of action of pioglitazone?

a. It activates the PPAR gamma receptors in adi-
pocytes, inducing adipogenesis

b. It increases insulin secretion
c. It decreases glucose uptake and utilization
d. It reduces adipose tissue mass

Answer: a) It activates the PPAR gamma receptors 
in adipocytes, inducing adipogenesis. 
Explanation: The mechanism of action of 
pioglitazone involves binding to peroxisome 
proliferator- activated receptors (PPARs) 
found in adipose tissue, liver, and skeletal 
muscle. PPARs are nuclear receptors that 
play a crucial role in the regulation of genes 
involved in glucose and lipid metabolism. By 
activating the PPARs, pioglitazone stimulates 
the transcription of genes involved in glucose 
uptake and utilization, fatty acid storage, and 
insulin sensitivity.

11. What is the incretin effect?

a. Enhanced insulin secretion in response to an 
oral glucose load compared to intravenous 
glucose administration

b. Enhanced glucagon secretion in response to 
an oral glucose load compared to intravenous 
glucose administration

c. Enhanced glucose uptake and utilization in 
response to an oral glucose load compared to 
intravenous glucose administration

d. Enhanced lipolysis in response to an oral 
glucose load compared to intravenous glucose 
administration

Answer: a) Enhanced insulin secretion in 
response to an oral glucose load compared 
to  intravenous glucose administration. 
Explanation: The incretin effect is described 
as enhanced insulin secretion in response 
to  an oral glucose load (two to threefold 
increase) compared with intravenous glucose 
administration.

12. How do GLP- 1 agonists improve glycemic  
control?

a. By promoting hepatic glucose production
b. By inhibiting insulin secretion
c. By reducing appetite and food intake
d. By promoting glucagon secretion

Answer: c) By reducing appetite and food intake. 
Explanation: GLP- 1 and GIP can slow gastric 
emptying, which helps to reduce the rate of 
nutrient absorption and improve glycemic 
control. They can also reduce appetite and 
food intake, which may contribute to weight 
loss and improved glycemic control.
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13. What is the mechanism of action of 
DPP- 4 inhibitors?

a. They activate the GLP- 1 receptor
b. They increase the half- life of endogenous 

GLP- 1 by inhibiting its degradation
c. They promote beta- cell growth and survival
d. They inhibit hepatic glucose production

Answer: b) They increase the half- life of endoge-
nous GLP- 1 by inhibiting its degradation. 
Explanation: DPP- 4  inhibitors increase the 
half- life of endogenous GLP- 1 by inhibiting 
its degradation. This leads to enhanced incre-
tin signaling and improved glycemic control.

14. Which protein is primarily responsible for the 
majority of glucose reabsorption in the 
proximal tubule?

a. SGLT- 1
b. SGLT- 2
c. GLUT2
d. Na+/K+ pump

Answer: b) SGLT- 2. SGLT- 2 is primarily respon-
sible for the majority of glucose reabsorption 
in the proximal tubule, which is mediated by 
various transporters.

15. Which of the following is a medication used in the 
treatment of carcinoid syndrome?

a. Telotristat
b. Metformin
c. Losartan
d. Atorvastatin

Answer: a) Telotristat. Explanation: Telotristat is 
a medication used in the treatment of carci-
noid syndrome, a group of symptoms that 
occur in some people with neuroendocrine 
tumors. It is a tryptophan hydroxylase inhib-
itor that works by irreversibly binding to 
the  active site of TPH, thereby prevent-
ing  the  conversion of tryptophan to 
5- hydroxytryptophan (5- HTP), the precursor 
to serotonin. This results in a decrease in the 
synthesis and release of serotonin in the gas-
trointestinal tract, which leads to a reduction 
in the symptoms of carcinoid syndrome.

16. Which of the following cells in the pancreas are 
responsible for the production of insulin?

a. Delta cells
b. PP cells
c. Alpha cells
d. Beta cells

Answer: d) Beta cells. Explanation: Beta cells are 
a type of islet cell in the pancreas responsible 
for the production of insulin, which enhances 
peripheral glucose uptake and inhibits hepatic 
gluconeogenesis and glycogenolysis.

17. Which of the following classes of medications 
works by inhibiting the H+/K + - ATPase proton 
pump on the surface of the parietal cells in 
the stomach?

a. Somatostatin analogs
b. H2 blockers
c. Telotristat
d. Proton pump inhibitors (PPIs)

Answer: d) Proton pump inhibitors (PPIs). 
Explanation: Proton pump inhibitors (PPIs) 
are a class of acid- lowering drugs commonly 
used in the treatment of gastric acid- related 
disorders, including gastroesophageal reflux 
disease (GERD), peptic ulcers, and Zollinger–
Ellison syndrome. PPIs work by irreversibly 
binding to and inhibiting the H+/K + - ATPase 
proton pump located on the apical surface of 
the parietal cells in the stomach, which 
inhibits the final step in gastric acid secretion, 
leading to a reduction in the amount of acid 
produced by the parietal cells.

18. Which of the following hormones is produced by 
delta cells in the pancreas?

a. Somatostatin
b. Glucagon
c. Insulin
d. Amylin

Answer: a) Somatostatin. Explanation: 
Somatostatin is a peptide hormone that has 
a  broad range of inhibitory effects on the 
endocrine system. It is produced by the delta 
cells in the pancreas and other neuroendo-
crine cells throughout the body. Somatostatin 
inhibits the secretion of various hormones, 
including serotonin, gastrin, insulin, glucagon, 
growth hormone, and thyroid- stimulating  
hormone.
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19. Which cells in the stomach secrete gastrin in 
response to food stimuli?

a. Parietal cells
b. Delta cells
c. G cells
d. EC cells

Answer: c) G cells. G cells located in the antrum of 
the stomach secrete the hormone gastrin in 
response to stimuli such as the presence of food.

20. What is the final step in gastric acid secretion?

a. Release of gastrin by G cells
b. Secretion of histamine by ECL cells
c. Activation of the proton pump on the surface 

of the parietal cells
d. Stimulation of M3 receptors on the parietal cells

Answer: c) Activation of the proton pump on the 
surface of the parietal cells. The proton pump 
is responsible for the final step in gastric acid 
secretion. It actively transports H+ ions into 
the lumen of the stomach in exchange for K+ 
ions, creating a highly acidic environment 
that is necessary for the digestion of food and 
the activation of digestive enzymes.

21. Which hormone is produced by delta cells in 
the pancreas?

a. Glucagon
b. Insulin
c. Somatostatin
d. Pancreatic polypeptide

Answer: c) Somatostatin. Delta cells in the pancreas 
produce somatostatin, which inhibits the 
secretion of various hormones, including 
serotonin, gastrin, insulin, glucagon, growth 
hormone, and thyroid- stimulating hormone. 
Somatostatin analogs are synthetic compounds 
that mimic the inhibitory effects of somato-
statin on hormone secretion and can be used in 
the treatment of various endocrine disorders.
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C H A P T E R  5
Parathyroid Gland and 
Bone Therapies

5.1 PRIMARY HYPERPARATHYROIDISM

5.1.1 Calcimimetics

5.1.1.1 Physiology

Regulation of Serum Calcium and Phosphorus
The regulation of serum calcium and phosphorus 
is  dependent on an intricate relationship between 
parathyroid hormone (PTH), 1α,25 dihydroxyvitamin 
D (1α,25 [OH]2D), and fibroblast growth factor 23 
(FGF23). The skeleton, gastrointestinal tract, and 
 kidneys are the principal sites of action of these key 
regulators of serum calcium and phosphorus  [1]. 
The skeleton serves as an extensive repository of total 
body calcium and phosphorus. It is worth noting that 
bone comprises calcium and phosphorus- containing 
hydroxyapatite crystals (Ca10(PO4)6(OH)2), collage-
nous and noncollagenous proteins. Indeed, approxi-
mately 99% (about 1 kg in a healthy adult) [2] and 85% 
(about 700 g) of total body calcium and phosphorus 
are present in bone, respectively [2, 3]. Consequently, 
only 0.1% of calcium and about 1% of phosphorus exist 
in the extracellular fluid compartment [2].

Parathyroid hormone facilitates calcium reabsorp-
tion and phosphate excretion via the kidneys. PTH is 
also critical in the hydroxylation of 25 hydroxyvitamin 
D (25- OHD) at its 1α position, resulting in calcitriol 

formation (1α,25(OH)2D). Calcitriol subsequently pro-
motes intestinal calcium and phosphate conservation 
(see Section  5.2.2)  [4]. Additionally, PTH indirectly 
activates osteoclasts responsible for the liberation of 
calcium and phosphorus from the skeleton (see 
Section 5.1.2) [5].

FGF23 inhibits both renal phosphate conservation 
and calcitriol formation, which results in a net effect 
of a reduced level of serum calcium and phosphorus 
(see Section 5.4.2) [6].

Calcitonin, a less characterized hormone in 
calcium physiology, reduces calcium resorption from 
skeletal stores and also inhibits renal reabsorption 
of calcium [7]. This explains the utility of calcitonin 
in  the acute treatment of hypercalcemia (see 
Section 5.3.2) [8].

Calcium Sensing and PTH Regulation
Calcium is required for various bodily functions, 
including hormonal secretion, muscle contraction, 
coagulation, neural transmission, to mention a few [9, 
10]. Calcium exists in several forms in extracellular 
fluid. These include its free or ionized form (about 50% 
of circulating calcium), albumin- bound (~40%), and 
complexed form (~10% bound to anions such as 
bicarbonate, citrate, phosphates, and citrate) [11].

The calcium- sensing receptor (CaSR), a G- protein-
coupled receptor expressed by chief cells of the 
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parathyroid gland  [12], C cells of the thyroid, and 
renal tubules, plays a pivotal role in regulating serum 
calcium. The activation of CaSR inhibits the synthesis 
and eventual release of PTH by the parathyroids, aug-
ments calcitonin release by C cells of the thyroid [13] 
(see Section 5.3.2), and finally inhibits renal calcium 
reabsorption (independent of PTH action)  [14] (see 
Section 5.2.2).

At the level of the parathyroid glands, CaSR 
activation by ionized calcium (an extracellular first 
messenger) results in downstream processes (Phos-
pholipase C- Inositol triphosphate- diacylglycerol 
pathway), which increases the liberation of calcium 
from its stores in the endoplasmic reticulum [15, 16]. 
Increased intracellular calcium inhibits the fusion of 
PTH- containing vesicles with the plasma membrane, 
which results in reduced secretion of PTH. Addition-
ally, the transcription and translation of PTH are regu-
lated by 1α,25(OH)2D (binding of active vitamin D to 

vitamin D response elements in the promoter region 
of the PTH gene promotes PTH synthesis) (not 
shown) [17, 18]. Similarly, magnesium, another rele-
vant extracellular divalent cation, can also activate the 
CaSR and impair PTH synthesis [15].

5.1.1.2  Mechanism of Action

Calcimimetics promote the sensitivity of the CaSR to 
serum calcium by lowering the set point for activation 
of the receptor. This, in effect, leads to the activation of 
the CaSR even at lower levels of ionized calcium, a 
process that inhibits PTH release [19]. In contrast to 
divalent cations (calcium and magnesium), which 
bind the amino- terminal domain of the CaSR, calcimi-
metics bind to the 7- transmembrane domain of the 
receptor (see Figure  5.1). Calcimimetics promote a 
conformational change in the CaSR, resulting in 
increased receptor sensitivity to extracellular calcium 

FIGURE 5.1  Schematic representation of the regulation of PTH release by ionized calcium.
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(a positive allosteric effect)  [20, 21]. Ultimately, these 
agents reduce serum calcium by inhibiting PTH 
secretion and promote renal calcium excretion  [21]. 
Cinacalcet is a prototypical calcimimetic utilized 
in the medical management of primary hyperparathy-
roidism [22, 23].

In this phase three, double- blind, multicenter 
randomized placebo- controlled trial, 140 subjects 
were randomized to either cinacalcet or placebo. 
Inclusion criteria included total corrected serum 
calcium between 11.3 and 12.5 mg/dl, failed parathy-
roidectomy, or poor surgical candidates. The pri-
mary outcome (normalization of serum calcium) 
was assessed at 28 weeks, after which subjects in 
both arms were enrolled in an open- label extension 
phase of the study. The primary outcome occurred 
in  84.8% of subjects in the intervention arm and 
5.9%  in the placebo arm. This was statistically 
significant. Interestingly, adverse events (nausea 
and muscle spasms) were similar between both arms 
of the study [26].

5.1.2 Bisphosphonates

5.1.2.1 Physiology

PTH- Mediated Osteoclastogenesis

PTH has a dual effect on bone remodeling (resorption- 
formation sequence), depending on whether the skel-
eton is continuously or intermittently exposed to PTH. 
Chronic and persistent exposure of the skeleton to ele-
vated levels of PTH typical of PHPT results in bone 
resorption, while intermittent exposure (for example, 
treatment of osteoporosis with PTH analogs) promotes 
bone formation (see Section 5.5.3) [30, 31].

Practice Pearl(s)
• Serum calcium should be checked within a 

week of a dose change of cinacalcet (sensipar).
• Hypotension and arrhythmias are possible 

severe reactions. Nausea and diarrhea are, 
however, more likely side effects [24].

• Indications for cinacalcet use in PHPT include 
poor surgical candidates (or refusal of sur-
gery) and those with hypercalcemia refractory 
to curative parathyroidectomy [25].

Clinical Trial Evidence

Cinacalcet is FDA- approved for the manage-
ment  of  significant hypercalcemia in primary 
hyperparathyroidism.

Key Message
Cinacalcet can lead to >1 mg/dL decline in serum 
calcium from baseline in patients with primary 
hyperparathyroidism.

Clinical Pearl

What is “von Recklinghausen’s disease  
of bone”?

Osteitis fibrosa cystica (OFC), also known as “von 
Recklingshausen’s disease of bone,” was first 
reported in 1891 [27]. However, the association bet-
ween this condition and a parathyroid tumor was 
clearly demonstrated by Dr. Felix Mandl in 1925 
after the removal of a parathyroid tumor in a patient 
with radiographic features consistent with OFC, 
which resulted in a dramatic resolution of hypercal-
ciuria and bone pain  [28]. Primary hyperparathy-
roidism (PHPT) is a cause of hypercalcemia and has 
a highly variable reported incidence rate. However, 
there are no population- based estimates of the prev-
alence of this condition [29]. It is characterized by 
hypercalcemia in the setting of elevated or inappro-
priately normal serum intact parathyroid hormone. 
Autonomous parathyroid hormone production, 
either in a single parathyroid adenoma or multiple 
 adenomas, accounts for manifestations of this 
condition. Kidney stones, fragility fractures (osteo-
porosis), and symptomatic hypercalcemia are 
known complications. The indications for surgical 
treatment in primary hyperparathyroidism include 
the following, age < 50 years, serum calcium greater 
than 1 mg/dl above the upper limit of normal, 
 osteoporosis, estimated glomerular filtration 
rate < 60 ml/min/1.73 m2, and nephrolithiasis/uro-
lithiasis  [23]. Medical therapy may serve as a 
bridge to surgery or a reasonable alternative to sur-
gery in special circumstances. For example, patients 
not deemed optimal surgical candidates may be 
managed with medical therapy [22].
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Osteoblasts are the primary target for PTH action 
in bone. The role of PTH in bone resorption will be 
reviewed next (see Figure 5.2).

PTH binds to its cognate PTH- 1R receptor on 
osteoblasts (derived from mesenchymal stem cells), 
thereby initiating the process of bone resorption. 
Consequently, osteoblast surface- bound receptor 
activator of nuclear factor kappa- B ligand (RANK- L) 
will bind to the RANK receptor present on osteo-
clasts (derived from hematopoietic stem cells) [32]. 
This results in the activation and differentiation of 
a  precursor osteoclast into a matured osteoclast. 
The  liberation of calcium and phosphorus from 
hydroxyapatite crystals by matured osteoclasts 
occurs in bone resorption pits. OPG, a decoy receptor 
(alternate binding site) for RANK- L, reduces osteo-
clast activation [33, 34].

Cholesterol Synthesis in Osteoclasts
Cholesterol synthesis is required for the maintenance 
of cellular membrane integrity and function in var-
ious tissues, including the skeleton. In osteoclasts, 
farnesyl pyrophosphate synthase (FPPS) plays a 

critical role in the mevalonic acid-   cholesterol syn-
thesis pathway [35].

5.1.2.2  Mechanism of Action

Nitrogen- containing bisphosphonates inhibit FPPS in 
osteoclasts [36]. Although the enzyme FPPS is present 
in several tissues, its inhibition by bisphosphonates 
occurs selectively at the level of the skeleton. This is 
due to the preferential deposition of bisphosphonates 
in hydroxyapatite crystals present in the skeleton [37]. 
Activated osteoclasts dissolve bisphosphonate-   laden 
hydroxyapatite crystals during bone resorption and 
consequently ingest bisphosphonates. Impaired lipid 
synthesis in osteoclasts promotes their eventual apo-
ptosis (inhibition of bone resorption)  [35]. A sche-
matic representation of the mechanism of action of 
bisphosphonates is shown in Figure 5.3.

Practice Pearl(s)
The exact duration of treatment with bisphos-
phonate therapy is unclear in PHPT. Also, see 
 Sections 5.3.1 and 5.5.1.

FIGURE 5.2  The role of PTH in osteoblast–osteoclast interaction.
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In this randomized, double- blind, placebo- 
controlled trial, patients with asymptomatic PHPT 
who did not meet the criteria for surgery or refused 
surgery were randomized to 10 mg of oral alendronate 
daily or placebo for 12 months. There was an 

additional 12- month phase after the first year, where 
both arms received alendronate. After 24 months of 
therapy, subjects in the alendronate arm experienced a 
statistically significant increase in bone mineral 
density at the lumbar spine and hip, compared to 
placebo [39].

FIGURE 5.3  The mechanism of action of nitrogen- containing bisphosphonates in osteoclasts. The steps involved include an 
initial deposition of bisphosphonates in hydroxyapatite crystals, followed by their ingestion by activated osteoclasts and final 
osteoclast apoptosis due to impaired synthesis of cholesterol.

Clinical Trial Evidence

Bisphosphonates can lower serum calcium acutely, 
although they do not lead to a sustained normaliza-
tion of serum calcium over an extended period of 
time [38].

Key Message
Bisphosphonates promote bone mineral density 
(BMD) at mainly trabecular sites (lumbar spine and 
hip), although their effect on fracture incidence in 
patients with PHPT remains unclear.

Concepts to Ponder Over

What is pseudohyperparathyroidism?

Pseudohyperparathyroidism is a benign cause of 
hypercalcemia in pregnant or lactating mothers. It is 

characterized by hypercalcemia, an appropriately 
suppressed serum PTH and high serum parathyroid 
hormone- related protein (PTHrp) in the absence of 

(continued)
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5.2 HYPOPARATHYROIDISM

5.2.1 Thiazide Diuretics

5.2.1.1 Physiology

The distal convoluted tubule (DCT) is a critical site 
of renal calcium regulation and is responsible for 
the  absorption of ~10% of filtered calcium in the 
nephron. In contrast to other sections of the nephron, 
which absorb calcium through largely paracellular 
routes, the DCT exclusively conserves calcium 
through active transcellular transporters  [48]. The 
additional sites of  renal calcium handling include 
the proximal convoluted tubule (PCT) (60–70% 
of   filtered calcium) and the thick ascending limb 
of  the  loop of Henle (about 25% of filtered 
calcium)  [1].  Active transcellular transport in the 
DCT is regulated by parathyroid hormone and 
 calcitonin. Conversely, passive paracellular trans-
port in the TALH and PCT is facilitated through 
 non- hormone- dependent processes  [49, 50] (see 
Section  5.2.2). The role of the thiazide- sensitive 
sodium chloride cotransporter will be reviewed next 
(see Figure 5.4).

Calcium influx across the apical membrane (i.e. 
from the glomerular ultrafiltrate into the cytosol of the 
DCT) is an active transport process mediated by the 
transient receptor potential vanilloid 5 (TRPV5) pro-
tein. Afterward, calbindin- D28K (a calcium- binding 
protein not depicted in the figure) ferries intracyto-
solic calcium through the cytosol to the basolateral 
membrane of the DCT. At this stage, ionized calcium 
will be pumped into the peritubular capillary fluid by 
the type 1 sodium- calcium exchanger (NCX1) and 
type 1 plasma membrane calcium ATPase protein 
(PMCA1) [50, 51]. Source: Adapted from [51].

The role of calcitriol and calcitonin is described in 
Section 5.2.2.

5.2.1.2  Mechanism of Action

1. Inhibition of the thiazide- sensitive Sodium-
chloride cotransporter NCC by thiazide 
diuretics promotes the loss of sodium and chlo-
ride (see Figure  5.4). As a result, there  is a 
compensatory increase in sodium reabsorption 
at the proximal tubule with the aim of restoring 
extracellular volume [52]. Sodium conservation 
at the level of the proximal tubule consequently 

malignancy [40]. Although PTHrp is typically associ-
ated with humoral hypercalcemia of malignancy, 
it  can also be secreted by the placenta and breast 
tissue as part of a normal physiologic state (see 
Section 5.5.4) [41].

Discuss the effects of either medical therapy or 
curative parathyroidectomy on cortical and 
trabecular bone in primary hyperparathyroidism.

Although PHPT promotes the loss of cortical bone 
(distal third radius) to a greater extent than it does tra-
becular bone (hip and lumbar), medical treatment 
with a bisphosphonate or curative parathyroidectomy 
does not necessarily lead to an appreciable increase in 
BMD at the third distal radius at the expense of tra-
becular sites  [42–44]. It is worth noting that classi-
cally, the rate of bone turnover at the distal third 
radius is relatively slow; thus, antiresorptive therapy 
is expected to cause a very minimal change in BMD at 
this site  [39]. Also, PHPT expands the remodeling 
space of trabecular bone to a greater degree than it 
does cortical bone. This makes the trabecular site of 

bone an ideal location for remineralization after sur-
gery or bisphosphonate therapy [31, 42].

The human skeleton consists of cortical and tra-
becular compartments, representing 80% and 20% of 
total bone mass, respectively. Trabecular bone is 
principally composed of marrow and fat (~80%) and 
only 20% bone; nonetheless, its unique microarchi-
tecture facilitates the transfer of mechanical stressors 
from the articular to the cortical surface of bone criti-
cal in maintaining bone function (see Section 5.5.1; 
Table 5.1) [47].

TABLE 5.1  Comparison of the percentage of 
cortical and trabecular at the femoral neck, lumbar 
spine, and distal radius.

Bone location Cortical bone (%) Trabecular bone (%)

Femoral neck 75 25

Lumbar spine 34 66

Distal radius 95 5

Source: Adapted from Refs. [45, 46].

(continued)
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leads to calcium conservation as well (coupling 
of sodium and  water conservation to calcium 
reabsorption)  [52, 53]. This accounts for the 
hypocalciuric effect of thiazide diuretics [51].

2. The blood pressure- lowering effect of thiazides 
activates the renin–angiotensin–aldosterone 
system, which then drives sodium (and calcium) 
conservation at the proximal tubule [51].

FIGURE 5.4  Schematic representation of calcium transport at the distal convoluted tubule.

Clinical Pearl
Hypoparathyroidism is a relatively rare endocrine 
condition compared to PHPT. The biochemical pro-
file of patients with this disorder includes serum 
calcium below the lower limit of the normal refer-
ence range and either an undetectable or inappro-
priately low serum PTH. Hypoparathyroidism in 
up  to  75% of patients can be attributed to neck 

 surgery.  Chronic management of this condition 
includes the use of calcium supplements, vitamin D 
analogs, thiazide diuretics, and recombinant human 
PTH(1–84) [54].

These are the general management goals of 
hypoparathyroidism

(continued)
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24- hour urine calcium should be in the normal ref-
erence range. For patients with hypercalciuria, reduce 
sodium and calcium intake and start a thiazide diuretic.

• The serum calcium- phosphate product 
<55 mg2/dL2.

• Serum magnesium and 25- OHD should be 
within normal.

• Serum calcium should be either close to the 
low normal range or no more than 0.5 mg/dL 
below the lower limit of normal.

• Phosphate binders or a low phosphate diet is 
recommended for patients with serum phos-
phorus >6.5 mg/dL [55].

(continued)

Practice Pearl(s)
Thiazide diuretics are indicated in patients with 
severe hypercalciuria, although the risk for diuretic-
induced renal losses of potassium and magnesium 
should be borne in mind [54, 56].

Clinical Trial Evidence

There are no available long- term randomized 
 controlled studies on the use of thiazide diuretics in 
hypoparathyroidism.

Pathophysiology Pearl
Furosemide- induced hypercalciuria

Furosemide is utilized in the acute treatment of 
hypercalcemia. This is dependent on furosemide’s 

effect on the paracellular transport of calcium at the 
TALH [57] (Figure 5.5).

FIGURE 5.5  Mechanism of action of furosemide at the TALH.
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5.2.2 Active Vitamin D

5.2.2.1 Physiology

1 alpha, 25 dihydroxyvitamin D (1α,25(OH)2D), also 
referred to as calcitriol (active vitamin D), plays a central 
role in the handling of renal and intestinal calcium.

Renal Calcium Absorption
See Figure 5.6.

Calcitriol diffuses through the basolateral 
 membranes of the DCT and subsequently engages 
its cognate cytosolic vitamin D receptor (VDR). 
The  calcitriol–VDR complex then traverses the 
nuclear membrane to bind to hormone response 
 elements (HREs) present in DNA. As a result, 
there  is an increase in the transcription and trans-
lation of calcium channels and pumps, including 
TRPV5, NCX1, and PMCA1  [58, 59] (also see 
Figure 5.4).

Maintenance of a positive luminal transepithe-
lial voltage gradient is required to facilitate the para-
cellular transport of divalent cations (calcium and 
magnesium) from the ultrafiltrate into peritubular 
capillaries. The apical Na/K/2Cl cotransporter and 
renal outer medullary potassium K+ (ROMK) are 
required to generate the necessary voltage gradient 

necessary for the sustenance of divalent cation trans-
port [57]. Furosemide inhibits the Na+/K+/2Cl− sym-
porter on the apical membrane of the TALH, which 
consequently impairs the positive transepithelial 
voltage gradient required for calcium and magnesium 
reabsorption [50, 51].

FIGURE 5.6  Mechanism of action of calcitriol at the distal renal tubular cell.
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Intestinal Calcium Absorption
Intestinal calcium absorption involves both passive 
paracellular transport through tight junctions and 
active transcellular transport across enterocytes, 
involving TRPV6 channels, calbindin proteins, PMCA, 
and NCX. Paracellular transport refers to the movement 
of calcium ions through the spaces between epithelial 
cells, which are regulated by tight junctions. This pro-
cess does not require energy and occurs passively due 
to  a concentration gradient [60].

Tight junctions, made up of proteins such as clau-
dins and occludins, form barriers between cells that 
regulate the passage of ions and solutes [61]. The per-
meability of these tight junctions to calcium ions 
depends on the extracellular calcium concentration 
and the presence of CaSR. When activated by high 
extracellular calcium levels, CaSR can increase the 
permeability of tight junctions, allowing more calcium 
ions to pass through. Transcellular transport involves 
the movement of calcium ions across the enterocytes 
(intestinal epithelial cells) from the apical (luminal) 
side to the basolateral (blood- facing) side.

Calcium ions enter the enterocytes through 
 channels called TRPV6 (transient receptor potential 
vanilloid 6) present in the apical membrane. TRPV6 
channels are highly selective for calcium ions and 
facilitate their influx from the intestinal lumen into 
the cells [62].

Once inside the enterocytes, calcium ions are 
bound to cytoplasmic proteins, mainly calbindin- D9k 
and calbindin- D28k. These proteins serve as intracel-
lular calcium buffers and shuttle calcium ions across 
the cell toward the basolateral membrane. This pre-
vents an increase in free cytosolic calcium concentra-
tions, which could otherwise lead to toxic effects [63].

The calcium ions are then actively transported 
across the basolateral membrane into the blood-
stream. This is facilitated by the plasma membrane 
calcium ATPase (PMCA) and the sodium- calcium 
exchanger (NCX). PMCA uses ATP to pump calcium 
ions out of the cell against their concentration gra-
dient, while NCX utilizes the sodium gradient to 
extrude calcium ions in exchange for sodium ions. 
Both transporters work together to maintain low 
intracellular calcium concentrations and ensure 
 efficient calcium absorption [64] (Figure 5.7).

Calcitriol diffuses into the intestinal epithelial 
cell. The binding of calcitriol to the nuclear VDR leads 
to the transcription of NCX1, TRPV6 (ubiquitously 
expressed in the intestine), and calbindin. These 

calcium channels and exchangers facilitate the trans-
location of calcium from the intestinal lumen into the 
intestinal capillary network [65].

5.2.2.2  Mechanism of Action

Calcitriol, by increasing both intestinal and renal 
calcium conservation, increases serum calcium in the 
setting of hypoparathyroidism.

In this open- label, randomized- controlled, single-
center study, a total of 45 subjects with hypopara-
thyroidism were treated with either alfacalcidol 
(1- hydroxycholecalciferol) or calcitriol. The between-
group difference in serum calcium at six months was not 
statistically significant. Serum calcium was 8.7 mg/dL 
in the alfacalcidol group and 8.9 mg/dL in the cal-
citriol group. More importantly, events of clinically 
significant hypercalciuria and hyperphosphatemia 
were no different between both arms of the study [68].

Practice Pearl(s)
Calcitriol has a short half- life (t1/2) of 4–6 hours. 
Consequently, it has a quick onset of action 
(1–3 days) and offset of action [66].

Although not previously discussed in this 
chapter, 25- OHD undergoes conversion to 
1α,25(OH)2D at nonrenal sites by 1α- hydroxylase (a 
PTH- independent process)  [66]. Supplementation 
with either ergocalciferol (vitamin D2) or cholecal-
ciferol (vitamin D3) is, therefore, reasonable even 
in hypoparathyroidism [67].

Clinical Trial Evidence

Alfacalcidol and calcitriol are routinely utilized in 
the care of patients with hypoparathyroidism in 
Europe and North America, respectively [54].

Key Message
Active vitamin D (alfacalcidol or calcitriol) leads 
to the maintenance of normocalcemia in hypo-
parathyroidism. However, this therapeutic benefit 
occurs at the expense of an increased risk of hyper-
phosphatemia and hypercalciuria.
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5.2.3 Calcium

5.2.3.1 Physiology

The role of serum calcium in regulating PTH release 
was discussed earlier in Section 5.1.1 The relationship 
between serum-   ionized calcium and PTH is shown in 
Figure 5.8.

The activation of CaSR on parathyroid glands by 
ionized calcium reduces PTH secretion (described in 
Section 5.1.1). The steep slope of the sigmoidal curve 
highlights the degree of responsiveness of parathyroid   
glands to changes in serum calcium within the physi-
ologic range (narrow band) See Figure 5.8. At extremes 
of serum calcium, either below or above the normal 
range of serum calcium, the curve flattens out. The 
setpoint depicted by the arrow is the amount of serum- 
ionized calcium that results in 50% of the maximum 
PTH secretory potential of the parathyroid glands [69]. 
PTH secretion is inhibited by elevated ionized 
calcium above the set point of the CaSR. Conversely, 

low ionized calcium below the set point of the CaSr 
promotes the release of PTH [70].

5.2.3.2  Mechanism of Action

The role of calcium in various bodily functions was 
described in Section 5.1.1.

FIGURE 5.7  Intestinal handling of calcium. Source: Adapted from [65].

Practice Pearl(s)
• Dairy products, although a rich source of 

calcium, have concomitantly high levels of phos-
phorus (hypoparathyroid glands ism is charac-
terized by hyperphosphatemia at baseline).

• Calcium carbonate contains about 40% ele-
mental calcium by weight. It is, however, 
limited by the need for normal gastric acidity 
and its significant constipating effect.

(continued)
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5.2.4 Recombinant Human PTH

5.2.4.1 Physiology

The initial messenger RNA (ribonucleic acid) tran-
script produced by the PTH gene is a 115 amino acid 
polypeptide precursor referred to as pre- proPTH. 
 Pre- proPTH is then processed into an intermediate 
90 amino acid polypeptide (pro- PTH) [72]. The final 
bioactive PTH, an 84 amino acid peptide is co- secreted 
with chromogranin A (a ubiquitous glycoprotein pro-
duced by endocrine cells) via secretory vesicles [73]. 
The role of calcium in  mediating the process of 
PTH  secretion by the parathyroid glands was 
described earlier.

The amino terminal (N- terminal) end of PTH 
is  responsible for the biological action of PTH at 
target organs expressing the PTH- 1R receptor  [74]. 
In contrast, the carboxy- terminal (C- terminal) end 
of PTH is biologically inert [75]. Bioactive PTH has 
a  circulating half- life of approximately 4 minutes 
and rapidly undergoes metabolism in the liver and 
kidney into its N- terminal and C- terminal frag-
ments  [72, 76]. Clearance of the C- terminal end 
occurs via kidneys and consequently accumulates 
in  chronic renal insufficiency. The liver is respon-
sible for the clearance of the N- terminal end of 
PTH [74, 76].

• Calcium citrate is a suitable alternative to 
calcium carbonate because it does not require 
normal gastric acidity and is not generally asso-
ciated with constipation. It contains about 21% 
elemental calcium by molecular weight [54].

Clinical Trial Evidence

In this retrospective cohort study, a total of 14 
patients with chronic hypoparathyroidism were 
switched from daily oral calcium (median intake of 
calcium carbonate was 3750 mg/day) to an alternate 
daily regimen with a median intake of 1500 mg/day. 
Symptomatic hypocalcemic events were compared 
between the preintervention (three months) and 
postintervention (three months) periods. There was 
a statistically significant decline in symptomatic 
hypocalcemic events leading to emergency room 
visits, from 21 to 3 visits during the study period [71].

Key Message
Calcium carbonate administered via an alternate daily 
schedule (every other day) can improve compliance 
and reduce episodes of symptomatic hypocalcemia.

FIGURE 5.8  The sigmoidal relationship between serum ionized calcium and parathyroid hormone secretion.

(continued)
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5.2.4.2  Mechanism of Action

Recombinant human (rh) parathyroid hormone 
rhPTH(1–84) regulates calcium and phosphorus 
homeostasis through various mechanistic pathways.

1. PTH promotes phosphaturia by inhibiting the 
function of sodium- phosphate cotransporters 
in the proximal renal tubule, which promotes 
the normalization of serum phosphate in 
 hypoparathyroidism (see Section 5.4.1) [77].

2. PTH promotes calcium reabsorption from 
the  kidneys and intestines due to its pivotal 
role  in the formation of 1α,25(OH)2D (see 
Section 5.2.2) [77].

rhPTH(1–84) has a pharmacokinetic profile that 
allows for once- daily administration, making it an 
ideal agent in managing hypoparathyroidism. In con-
trast, PTH(1–34) is approved for the management of 
osteoporosis but not hypoparathyroidism. This is 
because the shorter half- life of PTH(1–34) (a truncated 
form of endogenous PTH) results in suboptimal main-
tenance of normocalcemia with once- daily 
administration [72].

Practice Pearl(s)
• Musculoskeletal complaints are the most 

common adverse side effect of rhPTH 
(1–84) [78].

Clinical Trial Evidence

In the landmark REPLACE trial, a double- blind, 
placebo- controlled study, patients with confirmed 
hypoparathyroidism were randomized in a 2 : 1 
assignment ratio to either 50  micrograms(mcg) 
(titrated by protocol to 75 or 100 mcg) of rhPTH(1–
84) or matching placebo. The primary outcome was 
defined as the proportion of subjects who experi-
enced a 50% or greater reduction in the total daily 
dose of calcium or active vitamin D, while sus-
taining eucalcemia. 53% of subjects in the interven-
tion arm compared to 2% in the placebo arm 
experienced the primary outcome(percentage 
difference in groups of 51.1%, 95% CI 39.9–62.3; 
p < 0.0001) [79].

Key Message
Long- term therapy with rhPTH(1–84) results in 
significant reductions in the need for calcium, 
 calcitriol, or thiazide diuretics (ameliorates hyper-
calciuria) [78, 79].

Concepts to Ponder Over

What is pseudohypoparathyroidism?

This condition is characterized by hypocalcemia, 
hyperphosphatemia, and a paradoxically high 
serum PTH (resistance to PTH action)  [80]. It 
occurs because of a loss- of- function mutation in 
the guanine nucleotide-   binding protein, alpha 
stimulating polypeptide (GNAS) gene, which 
encodes the alpha subunit of the stimulatory G 
protein responsible for the downstream effects 
of PTH to PTH- 1R receptor interaction. The clas-
sic clinical features of this condition include 
short  stature, brachydactyly, obesity, and round 
facies [80, 81].

Furthermore, resistance to PTH action in the 
proximal renal tubule leads to hypocalcemia and 
hyperphosphatemia, similar to what would be 
found in isolated hypoparathyroidism patients. 
Patients, however, show paradoxical elevations 
of  serum PTH levels; hence the name 
pseudohypoparathyroidism [80].

The guanine nucleotide- binding protein alpha 
stimulating (GNAS) gene plays an essential role in 
the transcription of stimulatory G protein (Gsα). 
Gsα is expressed biallelically across tissues  – this 
means there are distinct paternal and maternal 
alleles required for its expression. Consequently, 
clinical and biochemical features depend on which 
parent gave rise to a mutant allele [82].

Normal paternal Gsα gene expression does 
not occur in proximal renal tubules, pituitary 
glands, or gonadal tissue. Therefore, this gene 
does not play any role in renal electrolyte 
handling  (calcium and phosphorus). The paternal 
Gsα gene expression occurs primarily in skeletal 
tissue [83]. Hence, a child who inherits an altered 
paternal Gsα gene will present with pseudopseu-
dohypoparathyroidism (PPHP) (i.e. short stature 

(continued)
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5.3  PAGET’S DISEASE OF BONE

5.3.1 Bisphosphonates

5.3.1.1 Physiology

Pathophysiology of osteoclastogenesis has been 
described in Section 5.1.2.

5.3.1.2  Mechanism of Action

1. Inhibition of osteoclast activity (see Figure 5.3).
2. Healing of osteolytic bone lesions and restora-

tion of normal bone histology [92].

without apparent biochemical or hormonal 
perturbations) [84].

Maternal Gsa gene expression determines most 
of the downstream effects of Gsa- coupled receptors 
in extra- skeletal tissues, including the pituitary 
gland, kidneys, and gonadal tissues. Furthermore, 
both maternal and paternal Gsα genes are expressed 
in skeletal tissue. Consequently, a mutation in the 
maternal Gsα gene results in classic Pseudohypo-
parathyroidism type 1A phenotype [85, 86].

Pseudohypoparathyroidism type 1B (PHP1B) 
occurs when there is an imprinting (methylation) 
defect in the maternal GNAS gene; unlike PHP1A, 
however, there is no mutation present [87].

Recall that a mutation in the paternal Gsα 
gene causes pseudopseudohypoparathyroidism. 
The second “pseudo” refers to the absence of PTH 
resistance (low calcium and high phosphorus 
expected in this condition) in a patient with short 
stature (Table 5.2).

What are the skeletal effects of 
hypoparathyroidism?

PTH plays an essential role in bone remodel-
ing. Suppressed bone turnover due to hypopara-
thyroidism causes an increase in bone mineral 
density compared to age-  and sex- matched con-
trols. Studies on fragility fracture risk are, how-
ever, unavailable [91].

TABLE 5.2  Comparison of the clinical features 
of inactivating PTH/PTHrp signaling disorders.

iPPSD AHO Other hormone 
resistance states

PTH resistance

PPHP Present Absent Absent [88, 89]

PHP1A Present Present Present [85, 
86]

PHP1B Absent Infrequent Present [87]

PHP1C Present Present Present [90]

iPPSD, inactivating PTH/PTHrp signaling disorders;  
AHO, Albright’s hereditary osteodystrophy.
Other hormone resistance states, LH and TSH resistance.
PTH resistance, low calcium, high phosphorus, and a 
paradoxically high PTH.
PHP1C, Pseudohypoparathyroidism type 1C.
Source: Adapted from Refs. [85–90].

(continued)

Clinical Pearl
Paget’s disease of bone (PDB) is a rare bone dis-
ease that was first described by James Paget in 
the  1870s  [93]. It presents with disordered bone 
remodeling. A focal area of increased bone resorp-
tion heralds this condition. This is then followed 
by an accelerated bone formation which results in 
disorganized bone being laid down. Consequently, 
the affected bones can be deformed or, worst still, 
fractured under mechanical stress. PDB is pri-
marily a silent disease in up to 70% of affected 
individuals [94].

Practice Pearl(s)
Remission is best assessed through the measure-
ment of bone remodeling markers. The therapeutic 
goal is defined as marker levels at or below the mid- 
reference range [95]. A single infusion of IV zole-
dronate can lead to a prolonged period of remission 
of PDB (including the normalization of ALP levels 
and symptom relief) [95].

When should bisphosphonate therapy be 
 initiated in the management of PDB?

• In symptomatic patients with bone pain.
• Pagetic lesions involving weight- bearing 

bones, peri- articular areas, or associated with 
nerve compression.

• Prophylaxis against perioperative bone loss in 
patients scheduled for orthopedic procedures 
involving pagetic bones.

• Hypercalcemia [95, 96].
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5.3.2 Calcitonin

5.3.2.1 Physiology

Calcitonin is a 32 amino acid peptide secreted by the 
parafollicular or C cells of the thyroid gland. Procalci-
tonin, a 116 amino acid peptide, is the precursor to 
calcitonin. Under normal physiologic conditions, it is 
largely produced by the C cells of the thyroid; how-
ever, in the setting of significant bacterial sepsis, the 
calcitonin gene is induced in several extra- thyroidal 
sites [98]. Calcitonin secretion is dependent on levels 
of serum calcium. Hypercalcemia induces the pro-
duction of calcitonin. On the other hand, hypocal-
cemia inhibits the release of calcitonin  [8]. The 
calcitonin receptor (CTR) is a G- protein coupled 
receptor that activates various intracellular processes 
(cyclic adenosine monophosphate/protein kinase A 
pathway) upon its activation by calcitonin  [99]. In 
summary, activation of CTR at the level of the osteo-
clast impairs osteoclast cell adhesion, ion transport, 
and enzyme activity, all critical processes in bone 
resorption [7]. Inhibition of bone resorption impairs 
the liberation of calcium from hydroxyapatite crystals 
and ultimately restores serum calcium in the setting 
of hypercalcemia [98].

Human calcitonin has a half- life of approximately 
5 minutes [100]. Salmon calcitonin, which differs from 
human calcitonin, is more potent, is cleared more 
slowly, and has a stronger affinity for the CTR than 
human calcitonin [101].

5.3.2.2  Mechanism of Action

The role of calcitonin in inhibiting osteoclast activity 
makes it a suitable agent for PDB. It is, however, 
seldom prescribed for this purpose due to the 
significant potency and efficacy of bisphosphonates 
(pamidronate and zoledronate) [97].

Clinical Trial Evidence

In this large metanalysis of over 205 subjects with 
PDB and bone pain, bisphosphonate therapy signif-
icantly reduced bone pain compared to placebo. 
The relative risk for complete resolution of bone 
pain when bisphosphonates were compared to 
placebo (31% versus 9%) was 3.42 with a 95% CI of 
1.31–8.90) [97].

Practice Pearl(s)
Nausea and facial flushing are common side 
effects.

Neutralizing antibodies may reduce the effi-
cacy of salmon- derived calcitonin in about 20% of 
patients [102].

Clinical Trial Evidence

Calcitonin has been shown in several studies to 
have the following therapeutic effects [103, 104]:

• Reduction in the incidence of fractures in PDB.
• Reduce bone remodeling markers such as 

alkaline phosphatase and urinary hydroxy-
proline.

• Relief of bone pain in PDB.

Concepts to Ponder Over

When should osteosarcoma be 
suspected in PDB?

• New onset bone pain and/or swelling [105].
• Fracture at a previous pagetic site [105].

Why do patients with PDB develop 
osteosarcoma?

In PDB, there is an imbalance between bone resorp-
tion by osteoclasts and bone formation by osteo-
blasts, leading to disorganized and weak bone 
structure [93, 106].

This aberrant bone remodeling process has been 
linked to the activation of several signaling path-
ways, such as the RANK/RANKL/OPG pathway 
and the Wnt/β- catenin pathway, which contribute to 
the increased osteoclastogenesis and abnormal oste-
oblast differentiation [107]. These dysregulated cel-
lular processes can increase the risk of malignant 
transformation of bone cells and the development of 
osteosarcoma [108].

Additionally, PDB patients have been found 
to have increased levels of various growth factors, 
such as transforming growth factor- β (TGF- β) and 
insulin- like growth factor- 1 (IGF- 1)  [109], which 
can promote cell proliferation and contribute to the 
development of osteosarcoma [110].
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5.4  X- LINKED HYPOPHOSPHATEMIA

X- linked hypophosphatemia (XLH), previously classi-
fied as vitamin D- resistant rickets, is a genetic disease 
characterized by renal phosphate wasting, rickets, 
short stature, and dental abscesses [111].

5.4.1 Phosphorus

5.4.1.1 Physiology

Renal and Intestinal Phosphate Handling
Inorganic phosphate is a ubiquitous element critical in 
various biological functions. Phosphate is an integral 
component of adenosine and guanosine triphosphates 
(ATP, GTP), phospholipid bilayers, and bone (as part 
of hydroxyapatite crystals) [112] (Figure 5.9).

Approximately 80–90% of the filtered renal phos-
phate load is conserved through proximal renal tubular 
reabsorption (see Figure  5.9). The amount of renal 

phosphate lost is offset by intestinal phosphate reab-
sorption (dietary sources of phosphate are approxi-
mately 700 mg) [113].

The sodium- potassium pump (Na- K ATPase) pre-
sent on the basolateral membrane of the proximal 
tubular cell facilitates an electrochemical gradient 
required to reabsorb both sodium and inorganic 
 phosphate from the ultrafiltrate. Sodium phosphate 
cotransporter 2a and 2c (Npt2a and Npt2c) on the 
apical membrane transport ferries both sodium and 
inorganic phosphate from the ultrafiltrate into the 
proximal tubular cell. A yet- to- be- fully characterized 
phosphate transporter on the basolateral membrane 
moves inorganic phosphate from the tubular cell into 
peritubular capillaries [50].

Intestinal phosphate handling is yet to be fully 
elucidated. There is, however, evidence that a sodium 
phosphate cotransporter facilitates the transepithelial 
transport of inorganic phosphate. Calcitriol upregu-
lates the expression of this transporter leading to the 
conservation of ingested phosphate [114].

FIGURE 5.9  Reabsorption of phosphate at the proximal renal tubule. Source: Adapted from [50].
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5.4.1.2  Mechanism of Action

XLH is associated with significant phosphaturia, a 
defect that contributes to poor skeletal growth and 
mineralization. Oral phosphate administered multiple 
times a day is required to improve serum phosphate 
and bone mineralization [115].

5.4.2 Burosumab (FGF-23 Monoclonal  
Antibody)

5.4.2.1 Physiology

Phosphate Regulating Gene with Homologies to 
the  Endopeptidase on the X chromosome (PHEX), 
an  endopeptidase that is constitutively expressed in 
 osteocytes and odontoblasts, plays a critical role in 
 regulating the circulating levels of FGF23  [119] (see 
Figure 5.10).

FGF23, a 251 amino acid peptide, is secreted by 
various bone cells (including osteocytes, osteoblasts, 
and osteoclasts)  [120] and is inactivated by PHEX 
in  normal physiology. Along with its cofactor, alpha 
klotho, FGF- 23 reduces the expression of renal 
sodium phosphate transporters (Npt2a, Npt2c), which 
results in increased renal phosphate losses. In 
addition, FGF-23 inhibits the synthesis of calcitriol by 
upregulating 24- hydroxylase and downregulating 

Practice Pearl(s)
Adults with XLH typically require oral phosphate 
salts 700–1200 mg/day (in two to three divided 
doses). Treatment aims to improve symptoms and 
not to normalize serum phosphate levels [116].

Oral phosphate should be administered along 
with active vitamin D since phosphate monother-
apy promotes secondary hyperparathyroidism and 
further exacerbates phosphaturia [117].

median of 3 years. 13 patients experienced a statis-
tically significant increase in height compared to 
baseline. However, this came at an increased risk for 
nephrocalcinosis (79% of study participants) [118].

FIGURE 5.10  FGF- 23 and phosphate regulation.

Clinical Trial Evidence

A small study of 24 pediatric subjects with con-
firmed XLH treated with conventional therapy 
(phosphate and vitamin D) was followed up for a 
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1 alpha-   hydroxylase expression. Low serum calcitriol 
impairs intestinal phosphate conservation. The net 
effect is a reduction in serum phosphate [50].

5.4.2.2  Mechanism of Action

XLH occurs due to a loss of function mutation in the 
PHEX gene, which leads to defective inactivation of 
FGF- 23. Excess FGF- 23, consequently drives the man-
ifestations of this debilitating condition.

Burosumab (Crysvita®) is a recombinant human 
monoclonal immunoglobulin G antibody that pre-
vents the binding of FGF- 23 to its receptor  [116]. 
By inhibiting the action of FGF- 23, serum phosphorus 
levels can be increased in XLH  [121, 122] (see 
Figure 5.10).

5.4.3 Calcitriol

5.4.3.1 Physiology

Vitamin D3 is synthesized in the skin from 
7- dehydrocholesterol through the direct effects of 
UV light. Vitamin D2 (ergocalciferol) is an alternative 

source of vitamin D derived from a plant sterol (ergos-
terol)  [125, 126]. These sources of vitamin D undergo 
hydroxylation in the liver, leading to the formation of 
25- OHD. The 1 alpha-   hydroxylase enzyme subsequently 
converts 25- OHD to 1,25- dihydroxy vitamin D. This final 
hydroxylation step which leads to the formation of active 
vitamin D occurs in the kidneys (see Figure 5.11) [127]. 
Active vitamin D is a hormone that exerts its effects by 
binding to the ubiquitous vitamin D receptor (VDR) in 
various tissues. It is noteworthy that VDR is indeed a 
transcription factor that in conjunction with other 
modulators, regulates gene transcription in various 
tissues [128].

Active vitamin D is inactivated by the 24 hydroxy-
lase enzyme into 24,25- dihydroxy vitamin D. FGF23 
promotes the inhibitory action of the 24 hydroxylase 
enzyme on active vitamin D. In addition, FGF- 
23  inhibits 1 alpha- hydroxylase activity. The net 
effect  is a reduction in circulating levels of active 
vitamin D [120]. FGF- 23 also inhibits renal phosphate 
conservation by downregulating the expression of 
renal sodium phosphate transporters.

5.4.3.2  Mechanism of Action

See Figure  5.10 for the effects of calcitriol on phos-
phate conservation.

Clinical Trial Evidence

In this multinational, randomized, double- blind, 
placebo- controlled trial, 134 adults aged 18–65 years 
with XLH were randomized to burosumab or placebo 
in a 1 : 1 fashion. Burosumab 1 mg/kg or matching 
placebo was administered subcutaneously at 4- week 
intervals for a total of 24 weeks. This was followed 
by an open- label phase of burosumab for a further 
24 weeks. Burosumab resulted in serum phosphate 
levels above the lower limit of normal in 94.1% of 
subjects, compared to 7.6% of subjects on placebo. 
Also, 43.1% (burosumab) and 7.7% (placebo) of par-
ticipants with active fractures at baseline showed 
complete healing at the end of the study [124].

Practice Pearl(s)
Burosumab should only be started in patients with 
fasting phosphate below the reference range for 
age. Conventional therapy (oral phosphate and 
active vitamin D) should not be given along with 
burosumab due to the risk of iatrogenic hyperphos-
phatemia [123].

Practice Pearl(s)
Calcitriol or alfacalcidol is usually prescribed for 
adults with XLH. It is imperative that vitamin D 
deficiency be corrected in patients with XLH [117].

Clinical Trial Evidence

See Section 5.4.1.

Concepts to Ponder Over

What is the difference between osteoporosis 
and osteomalacia?

(See Table 5.3)
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5.5 OSTEOPOROSIS

5.5.1 Bisphosphonates

5.5.1.1 Physiology

The Structure of Bone

Bone is composed of a firm outer covering called 
 cortical bone and an inner meshwork of trabecular 
bone (Figure  5.12). Both components contribute to 
maintaining the strength of bone and depending 
on  the location, the proportion of cortical and 
 trabecular bone may vary significantly  [131] (see 
Section 5.1.2).

Cortical bone is comprised of three surfaces – the 
endosteum, which forms the innermost shell; intra-
cortical pores dispersed throughout the cortical bone; 
and periosteum, which serves as an outermost cov-
ering  [130]. In contrast, trabecular bone has unique 
plate- like and rod- like components which serve as 
supporting struts  [131, 132]. Source: Adapted and 
modified from [131].

FIGURE 5.11  Regulation of calcitriol by FGF- 23.

TABLE 5.3  Comparison of osteoporosis 
and osteomalacia.

Clinical 
feature

Osteoporosis Osteomalacia

25- OH 
vitamin D

Normal, low or 
high vitamin D

Usually low

Vertebral 
fractures

May be 
present

Usually absent

Volume of 
osteoid

Normal or 
decreased

Increased

Symptoms Silent disease Symptomatic (muscle 
pain, muscle weakness, 
increased fall risk and 
bone pain).

Biochemical 
picture

Usually normal 
calcium, 
phosphate and 
bone- specific 
alkaline 
phosphatase.

Associated with 
hypocalcemia, 
hypophosphatemia 
and a high alkaline 
phosphatase.

25- OH vitamin D, 25 hydroxyvitamin D.
Source: Adapted from Ref. [129].
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Bone Cells
Bone is living tissue and is composed of various cells 
required for maintaining the function of bone. Osteo-
blasts and osteoclasts are primarily present on the 
 surface of the bone and comprise 4–6% and 1–2%, 
respectively, of all bone cells  [133]. The majority of 
bone cells are indeed osteocytes (90–95%) deeply 
embedded in the mineralized bone matrix [134].

Osteoblasts are formed from mesenchymal pro-
genitor cells involved in the formation of chondro-
cytes, fat, and muscle cells. They mediate the process 
of both bone mineralization and matrix protein depo-
sition (i.e. bone formation) [135]. Osteoblasts may live 
up to 200 days before undergoing programmed cell 
death. However, some may end up either as osteocytes 
(entombed in the bone matrix) or lining cells (present 
on quiescent bone surfaces) [136].

Osteoclasts are derivatives of progenitor cells from 
the hematopoietic- monocyte–macrophage lineage, 
involved in bone resorption  [137]. These cells live a 
relatively short life compared to osteoblasts and osteo-
cytes, undergoing apoptosis after about 25 days [136].

Finally, osteocytes, the most ubiquitous cells in 
the bone, are previous osteoblasts trapped in the 
mineralized bone matrix. They possess mechanore-
ceptors and hormone receptors which facilitate 
their  role as coordinators of osteoclast and osteo-
blast function [138].

Bone Remodeling and Modeling
Bone remodeling is characterized by a sequential pro-
cess of osteoclasts and osteoblasts working together to 
either maintain or cause a decline in bone mass [139]. 
Activation of these cells leads to a sequence of bone 
resorption followed by bone formation. In effect, 
remodeling results in the replacement of old bone by 
new bone and occurs mainly at trabecular (also known 
as cancellous) bone sites [133]. Conversely, bone mod-
eling is defined as a process by which osteoclasts and 
osteoblasts independently promote a change in the 
shape of bone. Unlike remodeling, bone modeling 
causes a net increase in bone mass and predominantly 
involves periosteal surfaces of cortical bone  [39, 99]. 
Modeling involves the activation of osteoblasts on 

FIGURE 5.12  The structural components of bone.
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bone surfaces, resulting in bone formation or activation 
of osteoclasts, leading to bone resorption  [46] (see 
Table 5.4).

5.5.1.2  Mechanism of Action

The mechanism of action of bisphosphonates was dis-
cussed in Section 5.1.2. Bisphosphonates are deposited 
at sites of active bone remodeling, thus exert their 
effects to a greater extent at cancellous (trabecular) 

compared to cortical sites  [142]. By inhibiting bone 
resorption, unopposed bone formation eventually pro-
motes an increase in bone mass. This is referred to as 
remodeling- based bone formation  [143]. Remodeling- 
based bone formation is initiated by osteoclasts, 
leading to the formation of a scalloped cement line. 
Consequently, osteoblasts lay new bone over the 
previous resorption sites, increasing bone mass. On 
the other hand, modeling- based bone resorption 
involves the process of osteoblasts independently 
laying down new bone in the absence of a resorption- 
formation sequence [143]

TABLE 5.4  Comparison of bone modeling 
and remodeling.

Feature Bone remodeling Bone modeling

Aim Bone renewal 
leads to either a 
decline or 
maintenance in 
bone mass.

Reshaping of bone 
(increase in bone 
mass),

Mechanism A sequence of 
bone resorption 
followed by 
formation.

Bone formation or 
resorption occurs 
independently.

Location Periosteal, 
endocortical, 
intracortical, and 
trabecular 
surfaces.a

Periosteal, 
endocortical, or 
trabecular 
surfaces,

Timing 10% of the 
skeleton is 
remodeled every 
year throughout 
adult life.

It occurs 
predominantly in 
childhood but also 
is present 
throughout life.

a BMU, basic multicellular unit refers to osteoblasts, osteoclasts, 
and associated blood vessels working in concert to promote 
bone remodeling.
Source: Adapted and modified from [46, 140, 141].

Practice Pearl(s)
1. Bisphosphonates are primarily excreted 

via the kidneys and are therefore not rec-
ommended in patients with creatinine 
clearance below 30 mL/min [144].

2. Oral bisphosphonates are poorly absorbed 
with limited bioavailability. They are best 
taken on an empty stomach and well sepa-
rated from divalent cations (for example, 
calcium), antacids, and iron [145].

3. Acute phase response (severe bone pain) 
after intravenous bisphosphonate infu-
sions can be  managed by administering 
peri- infusion NSAIDs [146].

4. Osteonecrosis of the jaw and atypical 
femoral fractures are rare side effects of 
bisphosphonates and are more likely in 
patients exposed to more than 8–10 years of 
therapy. For these reasons, a drug holiday is 
recommended after either 5 years of oral 
alendronate or three years of intravenous 
zoledronic acid treatment [147].

Clinical Trial Evidence

In the Health Outcomes and Reduced Incidence 
with Zoledronic Acid Once Yearly (HORIZON) 
trial, the effects of zoledronic acid on fragility fracture 
risk were assessed. Postmenopausal women with oste-
oporosis were randomized to either once yearly infu-
sions of zoledronic acid (5 mg) (n = 3889  subjects) or 
placebo (n = 3876 subjects), over a three- year period. 
Zoledronic acid resulted in a statistically significant 
reduction in both vertebral and nonvertebral fractures. 

Morphometric vertebral fractures occurred in 3.3% 
of subjects in the zoledronic acid group and 10.9% 
in the placebo group (relative risk of 0.30; 95% 
confidence interval of 0.24–0.38, p- value <0.001). 
Hip fractures occurred in 1.4% of subjects in the 
zoledronic acid group and 2.5% in the placebo group 
(hazard ratio of 0.59; 95% confidence interval of 
0.42–0.83, p- value 0.002) [148] (Table 5.5).

(continued)
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5.5.2 RANK- L Inhibitors

5.5.2.1 Physiology

The role of PTH in bone resorption was introduced in 
Section 5.1.2.

5.5.2.2  Mechanism of Action

By binding to RANK- L, denosumab, a monoclonal 
antibody, prevents the interaction of RANK- L (on 
osteoblasts) with its corresponding osteoclast- bound 
RANK receptor [152].

Denosumab exerts its anti- fracture efficacy by 
inhibiting the activity of osteoclasts during bone 
remodeling [153]. Osteoblasts consequently refill the 
resorption pits left by the now suppressed osteoclasts, 
further increasing bone mass [46].

Although denosumab is classified as an anti-
resorptive (promotes remodeling- based bone formation), 
there is evidence that it also promotes modeling- based 
bone formation (see Figure 5.14) [143]. This explains 
the increase in bone mass observed at predominantly 
cortical sites among patients treated with this potent 
antiresorptive agent [46, 143].

5.5.3 PTH Analogs

5.5.3.1 Physiology

PTH serves a dual role in bone metabolism by pro-
moting both bone resorption and formation. The role 
of PTH in bone resorption was reviewed earlier (see 
Section  5.1.2). Indeed, continuous administration of 
PTH promotes bone resorption, while intermittent 
exposure of the skeleton to PTH promotes bone 
formation  [155]. Persistent high- amplitude pulses of 

TABLE 5.5  Selected trials of bisphosphonates approved for the treatment of osteoporosis.

Bisphosphonate Trial Population Results

Alendronate Fracture Intervention 
Trial (FIT)

Postmenopausal women 
(n = 2027)

Alendronate reduced vertebral 
fractures by 47% and hip fractures by 
51%, compared to placebo [149].

Risedronate Vertebral Efficacy with 
Risedronate (VERT)

Postmenopausal women 
with at least one vertebral 
fracture (n = 2458)

Risedronate reduced vertebral 
fractures by 41% and nonvertebral 
fractures by 39% compared to 
placebo [150].

Ibandronate BONE study Postmenopausal women 
(n = 2946)

Daily and intermittent ibandronate 
reduced vertebral fractures by 62% 
and 50%, respectively, compared to 
placebo [151].

Source: Adapted from [149–151].

Practice Pearl(s)
Discontinuation of denosumab promotes a rapid 
decline in bone  mineral density to pretreatment 
levels. In contrast to bisphosphonates, drug 
holidays are not recommended for patients on 

denosumab. Furthermore, transitioning to 
bisphosphonate therapy  prevents this rapid bone 
loss seen after inadvertent discontinuation of 
denosumab [154].

Clinical Trial Evidence

The landmark Fracture Reduction Evaluation of 
Denosumab in Osteoporosis Every Six Months 
(FREEDOM) clinical trial led to the approval of 
denosumab for postmenopausal osteoporosis by 
the Food and Drugs Administration(FDA). 
7868 women with menopause were randomized to 
either 60 mg of denosumab or placebo, adminis-
tered subcutaneously over a three- year period. 
Compared to placebo, denosumab reduced 
vertebral, hip, and nonvertebral fractures by 68%, 
40%, and 20%, respectively [153].

(continued)
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PTH promote the activation of PTH- 1R receptors on 
osteoblasts which in turn increase the expression of 
RANKL. Consequently, RANKL–RANK interaction 
promotes further activation of osteoclasts, thus facili-
tating bone resorption. PTH, in effect, exerts its resorp-
tive effects by indirectly activating osteoblasts  [156] 
(see Figure 5.2).

PTH, when released in low- amplitude pulses, as 
might occur with daily subcutaneous injections, pro-
motes bone formation  [157]. In normal physiology, 
low- amplitude pulses of PTH secretion occur when 
CaSRs on the chief cells of the parathyroid glands are 
stimulated. The effect of endogenous PTH, however, 
tends to be brief due to its short circulating half- life.

When stimulated by PTH, osteocytes reduce the 
expression of a unique glycoprotein known as scleros-
tin, a potent inhibitor of bone formation  [158]. The 
stimulation of PTH- 1R receptors on osteocytes by PTH 
inhibits their expression of sclerostin, a potent inhib-
itor of the canonical Wnt (the mammalian homolog of 
wingless in drosophila) signaling pathway in osteo-
blasts  [159]. In normal physiology, activation of the 
Wnt signaling pathway in osteoblasts promotes osteo-
blastogenesis and inhibits osteoblast apoptosis [160]. In 
effect, either sclerostin antibodies [161] or genetic con-
ditions associated with the reduced expression of 
sclerostin, for example, van Buchem’s disease [162] and 
sclerosteosis [163], lead to progressive bone formation.

5.5.3.2  Mechanism of Action

Teriparatide (also known as PTH 1–34, forteo®), a PTH 
analog, is a truncated form of PTH and shares struc-
tural homology with the first 34 of 84 amino acids 
(N terminal end) of endogenous PTH [164].

The binding of PTH 1–34 (just like endogenous 
PTH) to its PTH- 1R on osteoblasts promotes the 
formation of a ternary complex composed of PTH, 
PTH- 1R, and low- density lipoprotein receptor- related 
proteins 5 and 6 (LRP5/6, a co- receptor of Wnt) [165]. 
Formation of the ternary complex, in turn, leads to 
rapid phosphorylation of LRP5/6 and subsequent 
 stabilization of β- catenin in the cytosol of the osteo-
blast  [166]. β- catenin then directs the transcription 
and translation of Wnt target genes which mediate 
the  anabolic effects of osteoblasts (Wnt signaling 
pathway)  [159]. Furthermore, PTH- 1R (a G protein-
coupled receptor) activation by its ligand increases 
intracytosolic cyclic adenosine monophosphate (cAMP) 
in osteoblasts. Subsequently, cAMP mediates various 
intracellular processes (protein kinase A  activation), 

which promotes bone formation [167, 168]. Also, PTH 
1–34 and PTH- 1R receptor interaction on osteocytes 
decreases the expression of  sclerostin (a potent inhib-
itor of Wnt signaling), a process that promotes bone 
formation. Interestingly, osteocyte activation increases 
RANK- L and simultaneously reduces OPG leading to 
increased bone resorption (see Section  5.1.2)  [159]. 
In  effect, teriparatide promotes remodeling- based 
bone formation to a greater extent than modeling- based 
bone  formation, leading ultimately to net bone 
formation [169].

Practice Pearl(s)
• Nausea, headaches, and arthralgia are fre-

quent side effects of teriparatide [170, 171].
• Patients should be reminded of the impor-

tance of keeping teriparatide in a refrigerator 
throughout its duration of use [172, 173]. It, 
unfortunately, becomes rapidly inactivated if 
left outside a refrigerated environment for 
more than 24 hours.

• Although osteosarcoma is a frequently cited 
risk of treatment with teriparatide, the For-
teo Patient Registry based on a total of more 
than 200,000 person- years of exposure did 
not show an increased incidence of this rare 
bone tumor in patients [174].

• Asymptomatic hypercalcemia may occur in 
patients treated with teriparatide, although it 
is unlikely after six months of treatment [171].

• Teriparatide is not recommended in patients 
at an increased risk for bone cancer, 
 history of irradiation, patients with an open 
epiphysis, hyperparathyroidism with hyper-
calcemia, Paget’s disease, or unexplained 
alkaline phosphatase elevation [172].

Clinical Pearl

What are the approved indications for 
teriparatide? [175]

1. Postmenopausal osteoporosis and at high 
risk for fracture.

2. Glucocorticoid- induced osteoporosis.
3. Men with either primary or hypogonadal 

osteoporosis are at high risk for fragility 
fractures.
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5.5.4 PTHrp Analogs

5.5.4.1 Physiology

Parathyroid hormone- related peptide (PTHrp) is 
secreted by the placenta, growth plate, and mammary 
tissue  [176] under the influence of various factors, 
including prolactin and placental lactogen  [177]. Of 
note, PTHrp and PTH share some structural similar-
ities within their first 34 amino acid sequence, which 
explains why PTHrp serves as a ligand for the PTH- 1R 
receptor [178, 179].

PTHrp is typically not present in the circulation in 
normal physiology; however, during gestation and post-
partum states, PTHrp may increase and impact bone 
metabolism [40]. Lactating women may develop a phys-
iologic increase in serum calcium as a consequence of 
increased serum PTHrp. Indeed, transient amelioration 
of hypoparathyroidism-induced hypocalcemia has been 
reported in lactating parturients [180].

5.5.4.2  Mechanism of Action

Abaloparatide (tymlos®), recombinant PTHrp(1–34), 
is an analog of endogenous PTHrp. Indeed, the first 22 
amino acids of the N terminal end of both polypep-
tides are identical. Furthermore, significant changes 
in amino acids from position 23–34 of the native 
PTHrp polypeptide confer a significant anabolic 
effect on abaloparatide [181].

The PTH- 1R receptor exists in two subtypes 
known as the RG and RO conformations. As previously 
mentioned, continuous stimulation of the PTH- 1R 
favors bone resorption, while transient or intermittent 
stimulation promotes bone formation. Notably, the RO 
isoform, when stimulated by its ligand, leads to 
sustained downstream responses (bone resorption), 

while stimulation of the RG isoform promotes transient 
downstream effects  (bone formation). PTHrp (1–34) 
binds the RG isoform to a greater extent than RO 
isoform, while PTH (1–34) binds the RG to a lesser 
extent than RO isoform  [182]. Abaloparatide, there-
fore, leads to more significant bone formation than 
teriparatide [183].

Clinical Trial Evidence

In the landmark fracture prevention trial of PTH(1–
34), 1637 postmenopausal women with a history 
of  prior vertebral fractures were randomized to 
placebo, 20 or 40 mcg of PTH(1–34). The median 
duration of follow- up was 21 months. The relative 
risk for new vertebral fractures in the 20mcg 
and 40mcg groups, compared to placebo, was 0.35 
(95% CI 0.22–0.55) and 0.31 (95% CI 0.19–0.50), 
respectively [171].

Practice Pearl(s)
• Abaloparatide is packaged in a prefilled mul-

tidose device that should be stored in a refrig-
erator between (2–8°C) before first use but 
may be kept at room temperature (20–25°C) 
for no more than 30 days [184].

• The usual practice of switching from antire-
sorptive agents (bisphosphonates) to ana-
bolic agents (teriparatide or abaloparatide) 
in “poor responders” leads to unintended 
consequences. It is worth noting that bone 
mineral density at the hip may transiently 
decline within the first 12 months of switch-
ing to anabolic agents [185].

• Treatment with abaloparatide and teripara-
tide had previously been restricted to a dura-
tion of no more than 24 months (risk of 
osteosarcoma from mouse model experi-
ments)  [186]. This black box warning has 
recently been removed by the FDA. More 
importantly, antiresorptive agents are rec-
ommended in all patients who have com-
pleted a course of osteoanabolic therapy 
(to maintain bone mineral density) [147].

Clinical Trial Evidence

In the landmark Abaloparatide Comparator Trial In 
Vertebral Endpoints (ACTIVE) double- blind, multi-
national, randomized controlled trial, nearly 2500 
postmenopausal women with osteoporosis received 
abaloparatide (80 mcg), placebo, or open-   label terip-
aratide(20 mcg) subcutaneously. The primary out-
come of new morphometric vertebral fractures 
occurred in 0.58% and 4.22% of the  abaloparatide 
and placebo arms, respectively. Abaloparatide com-
pared to placebo had a relative risk of  0.14 (95% 
confidence interval of 0.05–0.39, P- value <0.001) for 
new morphometric vertebral fractures [187].
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Clinical Pearl

What are the types of turnover markers?

Bone turnover markers (BTMs) are biochemical indi-
cators used to quantify bone resorption/formation 
processes and can measure their rates, utilizing blood 
or urine samples. BTMs may be employed in both 
clinical research studies as well as practice settings to 
monitor treatment responses or predict fracture 
risks [188, 189].

There are two primary forms of bone turn-
over markers.

Bone Resorption Markers (BRMs): When bone 
resorption takes place, certain markers are released 
into the bloodstream. Examples are C- terminal Telo-
peptide of Type I Collagen (CTX), N- Terminal Telo-
peptide of Type I Collagen (NTX), and 
Deoxypyridinoline (DPD) [190].

Bone Formation Markers: When new bone is cre-
ated, markers for its development, such as Procolla-
gen type I N propeptide (PINP), Procollagen Type C 
Propeptide (PICP), and Osteocalcin are released [191].

Bone resorption markers [192]

• CTX – C- terminal telopeptide of type 1 collagen
• NTX – N- terminal telopeptide of type 1 collagen
• PYD and DPD  – pyridinoline and 

deoxypyridinoline
• TRACP- 5b – tartrate- resistant acid phosphatase 5b

Bone formation markers [192]

• P1NP – N- propeptide of type 1 collagen
• P1CP – C- propeptide of type 1 collagen
• BSAP – bone- specific alkaline phosphatase
• OC – osteocalcin

Clinical application of bone turnover markers

CTX represents fragments of type I collagen containing 
cross- linking regions, released into the systemic circu-
lation during bone resorption [193]. Intact P1NP is a 
procollagen molecule produced by osteoblasts [194].

Serum CTX and P1NP levels provide useful indi-
cators of response to oral bisphosphonate therapy. 

Reference intervals help interpret single values of 
these bone markers by comparing them to the median 
premenopausal reference interval (treatment target 
for antiresorptive therapies). Also, serum CTX and 
P1NP are widely considered the preferred bone turn-
over markers (BTMs) in clinical practice, though not 
for use across all clinical situations [195].

Do not use bone turnover markers for the 
following. . .

• Diagnose osteoporosis
• Predict the risk of ONJ
• Determine whether to initiate treatment with 

antiresorptive vs. anabolic
• Predict the rate of bone loss in individual patients
• Predict fracture risk in individual patients

When can bone turnover markers be poten-
tially helpful?

1. To monitor for bone resorption during a bis-
phosphonate holiday. It can also be useful 
for monitoring increased bone resorption 
after discontinuation of denosumab ther-
apy, especially after patients have been tran-
sitioned to zoledronate [196].

2. To monitor treatment effect with bisphos-
phonates, teriparatide or abaloparatide [195].

3. To assess adherence to therapy and absorp-
tion of oral bisphosphonate therapy [195].

What are the sources of variability in bone 
turnover markers?

As with most analytical methods in endocrinology, 
these can be grouped into pre- analytical and analyt-
ical factors. Pre- analytical factors include age, sex, 
ethnicity, time of day, and timing in relation to meals 
and exercise [191].

Analytic factors include the intrinsic precision of 
the analytical method used (assay) and the method of 
processing the sample [192].
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5.5.5 Anti- Sclerostin Inhibitors

5.5.5.1 Physiology

Sclerostin (encoded by the SOST gene) is secreted by 
mature osteocytes embedded in bone  [197, 198]. 
Sclerostin plays a dual role in bone metabolism by 
negatively regulating osteoblast differentiation (inhi-
bition of bone formation) while promoting osteoclast 
formation (promotion of bone resorption)  [199]. By 
binding to  LRP5/6, sclerostin inhibits the Wnt/β- 
catenin signaling pathway, leading to impaired bone 
formation (see Figure  5.13)  [197]. Furthermore, 
sclerostin upregulates RANK- L and downregulates 
OPG synthesis, which increases bone resorption (see 
Figure 5.2) [199].

5.5.5.2  Mechanism of Action

Romosozumab (Evenity®) is a humanized monoclonal 
antibody to endogenous sclerostin, which lifts the 
inhibition of the Wnt/β- catenin signaling pathway by 
sclerostin (Figure 5.13).

In normal physiology, the Wnt ligand binds to its 
cognate receptor, the LRP5/6 complex, on the plasma 
membrane of osteoblasts. The activated LRP5/6 
complex subsequently activates an intracytosolic 
protein called Disheveled (DSH)  [200]. Conse-
quently, DSH turns off glycogen synthase kinase 3β 
(GSK- 3β), an inactivating system for β- catenin. This 
ultimately allows β- catenin to escape proteosomal 
degradation in the cytosol of the osteoblast. β- catenin 
then enters the nucleus, promoting the transcription 

FIGURE 5.13  Role of sclerostin in the Wnt/β- catenin signaling pathway.
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and translation of Wnt target genes critical in 
 osteoblast differentiation and activation  [201, 202]. 
Furthermore, sclerostin occupies the Wnt binding 
site on LRP5/6, inhibiting downstream processes 
critical  in protecting β- catenin. The presence of 
sclerostin, therefore, inhibits bone formation. Romo-
sozumab promotes bone formation by inhibiting 
sclerostin [202].

5.5.6 Selective Estrogen Receptor 
Modulators

5.5.6.1 Physiology

There are estrogen receptors in bone cells, including 
osteoblasts, osteoclasts, and osteocytes  [203]. ERα 
and  ERβ, isoforms of the estrogen receptor, are 
expressed at different levels depending on the bone 
compartment. The ERα isoform is disproportionately 
higher in  cortical bone compared to trabecular 
bone.  In contrast, the ERβ isoform is expressed to a 
greater  extent  in  trabecular bone compared to 

cortical bone [204].  Furthermore, ERα is expressed by 
most osteocytes in cortical bone and osteoblasts on 
the  periosteal and endosteal surfaces of bone  [205]. 
By   acting on these receptors, estrogen exerts various 
pleiotropic effects in bone, including stimulating 
 osteoclast apoptosis while suppressing osteoblast and 
osteocyte apoptosis [206].

Estrogen (17β- estradiol) binds to ERα in osteo-
blasts and induces the expression of OPG, a decoy 
receptor for RANK- L required in negatively regulating 
bone resorption (inhibition of bone resorption). Also, 
estrogen decreases the ability of osteoclasts to exert 
their effects in bone resorption pits by decreasing the 
synthesis of factors required for creating an acidic 
environment critical for bone resorption [207].

The processes involved in estrogen–estrogen 
receptor interaction in both bone and other tissues are 
explored in Section 6.4.1.

5.5.6.2  Mechanism of Action

Selective estrogen receptor modulators(SERMs) 
 represent a class of compounds that exert variable 
effects on traditional estrogen receptors (ERα and 
ERβ) in a tissue- specific manner (that is, either ago-
nist or antagonist effects) [208]. An ideal SERM will be 
a compound that exerts pro- estrogenic effects in bone, 
anti- estrogenic effects in breast tissue, and a neutral 
effect in the uterus [208, 209] (Table 5.6).

Practice Pearl(s)
Romosozumab plays a dual role in bone metabo-
lism by inhibiting bone resorption (reduces bone 
resorption markers) and promoting bone formation 
(increases bone formation markers) within a few 
weeks of treatment. In contrast to abaloparatide 
and teriparatide, which promote both resorption 
and formation, romosozumab is an actual osteoan-
abolic agent (simultaneously promoting bone 
formation and inhibiting bone resorption) [200].

Clinical Trial Evidence

In the landmark Fracture Study in Postmenopausal 
Women with Osteoporosis (FRAME) clinical trial, 
7180 postmenopausal women with T scores of −2.5 
to −3.5 were randomized to romosozumab (210 mg) 
or placebo administered subcutaneously over 
12 months. Subsequently, both arms of the study 
received denosumab (subcutaneous, 60 mg) every 
six months for an additional 12 months (open- label 
phase). Patients treated with romosozumab had a 
75% lower risk for vertebral fractures compared to 
the placebo arm.

TABLE 5.6  Effects of SERMS in various tissues.

SERM Breast Endometrium Bone

Tamoxifen [209] − ++ +

Raloxifene [210] − N +

Bazedoxifene [210] − N +

Lasofoxifene [211] − N +

−, Estrogen receptor antagonist effects; +, Estrogen receptor 
agonist effects; N, Neutral effects.
Source: Adapted from [209–211].

Practice Pearl(s)
SERMs maintain bone mineral density only for as 
long as patients remain on treatment. It is also 
worth noting that SERMs are effective for prevent-
ing mainly vertebral fractures [212].
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5.5.7 Hormone Replacement Therapy 
(Estrogen)

5.5.7.1 Physiology

The role of estrogen and SERMs in bone metabolism 
was introduced in Section 5.5.6. Estrogen plays a piv-
otal role in regulating both the accrual and loss of 
bone throughout life. Indeed, estrogen promotes the 
acquisition of bone mineral density until peak bone 
mass is achieved around the third decade of life in 
both sexes  [216]. Subsequently, estrogen maintains 
bone mineral density until menopause (in women), at 
which point a physiologic decline in its circulating 
levels results in accelerated bone loss in the first 
decade after the onset of menopause [217]. A steady 
decline in bone density subsequently follows this 
initial phase of accelerated bone loss [218].

5.5.7.2  Mechanism of Action

Estrogens inhibit bone loss by stimulating estrogen 
receptors in bone. Estrogens have a more significant 
effect in improving bone mineral density compared to 
SERMs. The partial antagonist effect of SERMs on the 
estrogen receptor may explain this difference. Indeed, 
a combination of conjugated estrogen with a SERM 
(bazedoxifene) is referred to as tissue-   selective estrogen 
complex (TSEC) therapy. This novel combination 
therapy promotes the effects of estrogen (by improving 
vasomotor symptoms and preventing bone loss) while 
reducing the proliferative effects of estrogen in breast 
and endometrial tissue [219, 220].

Clinical Trial Evidence

(Refer to Table 5.7)

TABLE 5.7  Effects of various SERMS on osteoporotic fractures or bone mineral density.

SERM Dose Comparison Outcome

Tamoxifen [213] 10 mg bid (PO) Placebo Lumbar spine BMD increased by 0.61% per year, 
decreased by 1.00% in the placebo group 
(P < 0.001).

Raloxifene [214] 60 mg daily (PO) Placebo The mean difference in BMD between treatment 
and control arms was 2.4% at the lumbar spine 
(P < 0.001).

Bazedoxifene [215] 20 mg or 40 mg 
daily (PO)

Raloxifene, 
Placebo

Relative risk reductions in new vertebral fractures 
of 42% (BZD, 20 mg), 32% (BZD, 40 mg), and 42% 
(RLF, 42%), respectively, compared to placebo.

PO, per os (by mouth); bid, twice daily; BMD, bone mineral density; BZD, bazedoxifene; RLF, raloxifene.

Clinical Trial Evidence

In the landmark Women’s Health Initiative (WHI) 
Estrogen- Alone study, 10,739 postmenopausal 
women between 50 and 79 years and without a 
uterus were randomized to either conjugated 
equine estrogen (CEE, 0.625 mg) or placebo, daily. 
The hazard ratio for hip fracture (fragility frac-
ture) was 0.61 (95% CI 0.41–0.91), comparing CEE 
to placebo. There was, however, a statistically 
significant increase in the risk for stroke for 
patients exposed to CEE.

Practice Pearl(s)
In postmenopausal women with a history of hys-
terectomy and deemed at high risk for fractures, 
estrogen-   only therapy may be considered for frac-
ture prevention. Selected patients should have the 
following characteristics [147]:

• Less than 60 years or within ten years of the 
onset of menopause.

• Significant vasomotor symptomatology.
• Low risk for venous thrombosis.
• No history of myocardial infarction, stroke, 

or breast cancer.
• More conventional therapies such as deno-

sumab or bisphosphonates are inappropriate.
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Tibolone has an estrogenic effect in bone and 
an  antiestrogenic effect in breast and endometrial 
tissue [224].

5.5.8 Calcitonin

5.5.8.1 Physiology

See Section 5.3.2.

5.5.8.2  Mechanism of Action

See Section 5.3.2.

5.5.9 Calcium and Vitamin D

5.5.9.1 Physiology

The role of vitamin D in calcium homeostasis (see 
Section 5.2.2).

5.5.9.2  Mechanism of Action

It has been demonstrated that an increase in serum 
PTH and bone resorption due to inadequate calcium 
intake with or without vitamin D deficiency accounts 
for bone loss in the elderly. Calcium supplementation 
reduces age- related decline in bone mineral density 
through a reduction in serum PTH [228].

Pathophysiology Pearl

What is a selective tissue estrogenic activity 
regulator (STEAR)?

STEARs are a unique class of estrogen receptor 
modulators that have profound advantages over 
other medications that stimulate the estrogen 
receptor, such as SERMs and estrogen. Tibolone 
is a prototypical STEAR  [221]. Tibolone is con-
verted into three metabolites (two estrogenic 
and another with both progestogenic and andro-
genic effects). Most of the estrogen metabolites 
of  tibolone exist in  an inactive sulfated form 
which has to be converted into an active metabo-
lite by the sulfatase- sulfotransferase enzyme 
system  [222]. The availability of this enzyme 
system in local tissue, be it breast, endometrium, 
or bone, ultimately determines the effects of 
tibolone [223].

Practice Pearl(s)
Nasal calcitonin should be reserved for patients 
who cannot tolerate more conventional osteopo-
rosis treatments (denosumab, bisphosphonates, 
SERMs, or anabolic agents) [147].

Clinical Trial Evidence

In the Prevent Recurrence of Osteoporotic Fractures 
(PROOF) study, a total of 1255 participants were 
randomized to either placebo or variable doses of 
salmon calcitonin nasal spray (100, 200, or 400 IU), 
administered daily. The 200 IU dose of nasal calcitonin 
led to a 33% reduction in the risk of vertebral fractures 
compared to placebo. The relative risk for  vertebral 
fractures was 0.67 (95% CI 0.47–0.97) when 200 IU 
of calcitonin was compared to placebo [225].

Clinical Pearl
What are the approaches for monitoring bone 
markers in osteoporosis?

The mean serum CTX in a healthy premeno-
pausal woman is approximately 280 ng/L. The least 
significant change in CTX is 100 ng/L. For patients on 
antiresorptive therapy, the optimal treatment response 
is defined as a decrease in CTX of more than 100 ng/L 
to below 280 ng/L after six months of treatment [226].

The mean serum P1NP in a healthy premeno-
pausal woman is approximately 35 mcg/L  [194]. 
The least significant change in P1NP is 10 mcg/L. 
The optimal treatment of response to antiresorp-
tive therapy is a decrease of more than 10 mcg/L to 
below 35 mcg/L at 6 months of treatment. Con-
versely, for patients on osteoanabolic therapy, the 
optimal treatment response is an increase of more 
than 10 mcg/L above 35 mcg/L at 6 months [227].
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Clinical Trial Evidence

There has been significant clinical equipoise 
regarding the anti- fracture efficacy of calcium, 
vitamin D, or the two in combination. In a meta- 
analysis including over 39 000 participants, 
combined supplementation with vitamin D 
(daily doses between 400 and 800 IU) and calcium 
(daily doses between 1000 and 1200 mg) resulted in 
a 6% reduction in fracture at any site compared to 
placebo. Also, there was a 16% reduction in the risk 
for hip fractures [230].

Practice Pearl(s)
The combination of calcium and vitamin D should 
be used as an adjunctive treatment for patients 
with osteoporosis. This is because most landmark 
studies of current treatments for osteoporosis 
include the combination of calcium and vitamin 
D [147]. Since the placebo groups in these studies 
were also treated with a combination of calcium 
and vitamin D, it can be safely assumed that these 
supplements do not necessarily improve the anti- 
fracture efficacy of more conventional osteoporotic 
therapies [229].

Concepts to Ponder Over

What is an ideal anabolic agent for the 
 management of osteoporosis?

The ideal osteoanabolic agent is one that optimizes 
bone formation and either impairs or has no effect 
on concomitant bone resorption [231, 232]. Based on 
these features, romosozumab can be perceived as an 
“ideal osteoanabolic agent” for osteoporosis [232].

What is the anabolic window in the manage-
ment of osteoporosis?

The anabolic window refers to a conceptual time-
frame within which anabolic agents exert their net 
maximum osteoanabolic effect. In effect, an osteoan-
abolic favoring bone formation over bone resorption 
widens this window, translating into greater bone 
mineral density accrual [233] (Table 5.8).

What is the interplay between osteocytes, 
osteoblasts, and osteoclasts in the pathogenesis 
of osteoporosis?

Osteoporosis is a devastating bone disorder charac-
terized by decreased bone mass, compromised 
 microarchitecture and an increased risk of fractures. 
Osteocytes, osteoblasts, and osteoclasts all play an 
essential role in maintaining bone health; their dys-
regulation contributes directly to the pathogenesis of 
osteoporosis [234].

Osteocytes are one of the most abundant cells 
found in bone, having evolved from mature osteo-
blasts. They reside within the matrix and play an 
essential role in sensing mechanical forces, main-
taining mineral homeostasis, and communicating 
with other bone cells. Osteocytes also secrete 
factors  which regulate osteoblast and osteoclast 
activity as well as ultimately coupling bone formation 
with resorption [235].

Osteoblasts are bone- forming cells derived from 
mesenchymal stem cells. Osteoblasts produce and 
secrete bone matrix proteins such as type I collagen, 
osteocalcin, and osteopontin which contribute to 
mineralizing the bone matrix. Osteoblasts also 
secrete factors like RANKL that stimulate osteoclast 
differentiation and activity [236].

Osteoclasts are multinucleated cells derived 
from hematopoietic stem cells and responsible for 
bone resorption, with their activity controlled 

TABLE 5.8  Comparison of the anabolic window 
of various anabolic agents.

Osteoanabolic Bone 
formation

Bone 
resorption

Anabolic 
window

Teriparatide ++ − +

Abaloparatide + −− ++

Romosozumab +++ −−− +++

+ refers to either the extent of stimulation (of bone formation) 
or width of the anabolic window; − refers to the extent of 
inhibition of bone resorption.
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through a complex network of signaling pathways. 
Osteoclasts release acid and proteases into the bone 
matrix to dissolve it, freeing calcium ions into 
circulation [237].

Healthy bone maintains a dynamic equilibrium 
between bone formation and resorption, managed 
through interactions among osteocytes, osteoblasts 
and osteoclasts. Unfortunately, in osteoporosis, this 
balance becomes disrupted as bone resorption out-
paces bone formation [238].

Postmenopausal women may experience lower 
estrogen levels which is linked to an increase in 

osteoclast activity and bone resorption, leading to 
decreased bone mass and an increased risk of 
fractures. Treatment strategies for osteoporosis aim 
to restore balance between bone formation and 
resorption through medications that inhibit osteo-
clast activity, promote osteoblast function or 
encourage differentiation of mesenchymal stem cells 
into osteoblasts [239].

A summary of common anti- resorptive and 
osteoanabolic agents utilized in the treatment 
of  postmenopausal osteoporosis is shown in 
Figure 5.14.

FIGURE 5.14  Summary of the mechanism of action of various anti- osteoporotic treatments.
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PRACTICE- BASED QUESTIONS

1. Which of the following is a known complication of 
primary hyperparathyroidism (PHPT)?

a. Hypocalcemia
b. Osteomalacia
c. Anemia
d. Fragility fractures

Answer: d) Fragility fractures are a known compli-
cation of PHPT. PHPT causes increased bone 
resorption, leading to osteoporosis and 
increased risk of fractures.

2. What is the mechanism of action of calcimimetics?

a. Directly inhibits osteoclast activity
b. Promotes bone formation
c. Lowers the set point for activation of the 

calcium-   sensing receptor (CaSR)
d. Inhibits renal calcium excretion

Answer: c) Calcimimetics promote the sensitivity of 
the CaSR to serum calcium by lowering the set 
point for activation of the receptor. This leads to 
the activation of the CaSR even at lower levels 
of ionized calcium, inhibiting PTH release and 
ultimately reducing serum calcium.

3. What is the role of PTH in bone remodeling?

a. PTH promotes bone resorption
b. PTH promotes bone formation
c. PTH has no effect on bone remodeling
d. PTH inhibits both bone resorption and formation

Answer: a) PTH promotes bone resorption. In the 
setting of PHPT, persistent exposure to elevated 
levels of PTH results in bone resorption, leading 
to osteoporosis.

4. What is the effect of bisphosphonates on bone 
 mineral density (BMD)?

a. Bisphosphonates promote BMD at mainly 
 cortical sites

b. Bisphosphonates promote BMD at mainly 
 trabecular sites

c. Bisphosphonates have no effect on BMD
d. Bisphosphonates decrease BMD

Answer: b) Bisphosphonates promote BMD at 
mainly trabecular sites, such as the lumbar spine 

and hip. However, their effect on fracture inci-
dence in patients with PHPT remains unclear.

5. Which of the following is a known indication for 
surgical treatment in PHPT?

a. Age > 50 years
b. Serum calcium within normal range
c. Estimated glomerular filtration rate > 60 mL/

min/1.73m2

d. Nephrolithiasis/urolithiasis

Answer: d) Nephrolithiasis/urolithiasis is an indi-
cation for surgical treatment in PHPT. Other 
indications include age < 50 years, serum 
calcium greater than 1 mg/dl above the upper 
limit of normal, and osteoporosis.

6. What is the biochemical profile of patients with 
hypoparathyroidism?

a. Serum calcium above the upper limit of the 
normal reference range and low serum PTH

b. Serum calcium below the lower limit of the 
normal reference range and low or undetect-
able serum PTH

c. Serum calcium within the normal reference 
range and high serum PTH

d. Serum calcium within the normal reference 
range and low serum PTH

Answer: b) Serum calcium below the lower limit of 
the normal reference range and low or unde-
tectable serum PTH.

Hypoparathyroidism is characterized by 
low or undetectable serum PTH and serum 
calcium levels below the lower limit of the 
normal reference range.

7. What is the recommended serum calcium level for 
chronic management of hypoparathyroidism?

a. Above the upper limit of the normal ref-
erence range

b. Within the normal reference range
c. Close to the low normal range
d. No more than 0.5 mg/dL above the upper limit 

of the normal reference range

Answer: c) Close to the low normal range. The rec-
ommended serum calcium level for chronic 
management of hypoparathyroidism is close to 
the low normal range or no more than 0.5 mg/dL 
below the lower limit of normal.
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8. What is the role of thiazide diuretics in the 
management of hypoparathyroidism?

a. Increase serum calcium levels
b. Decrease serum calcium levels
c. Increase serum phosphorus levels
d. Decrease serum phosphorus levels

Answer: a) Increase serum calcium levels. Thiazide 
diuretics are indicated in patients with severe 
hypercalciuria, as they decrease urinary 
calcium excretion and can help maintain 
serum calcium levels in patients with hypo-
parathyroidism. However, they can also 
increase the risk of diuretic- induced renal 
losses of potassium and magnesium.

9. What is the primary outcome measure in the 
REPLACE trial?

a. Reduction in bone pain
b. Increased bone mineral density
c. Reduction in total daily dose of calcium or 

active vitamin D while sustaining eucalcemia
d. Reduction in serum phosphate levels

Answer: c) Reduction in total daily dose of calcium 
or active vitamin D while sustaining eucalce-
mia. The primary outcome measure in the 
REPLACE trial was defined as the proportion 
of subjects who experienced a 50% or greater 
reduction in the total daily dose of calcium or 
active vitamin D, while sustaining eucalcemia.

10. Which part of the PTH molecule is biologi-
cally active?

a. N- terminal end
b. C- terminal end
c. Intermediate 90 amino acid polypeptide
d. Pre- proPTH, a 115 amino acid polypep-

tide precursor

Answer: a) N- terminal end. The N- terminal end of 
PTH is responsible for the biological action of 
PTH at target organs expressing the PTH- 1R 
receptor, while the C- terminal end of PTH is 
biologically inert.

11. What is the mechanism of action of 
bisphosphonates?

a. Inhibition of osteoclast activity
b. Promotion of calcium reabsorption from the 

kidneys and intestines

c. Inhibition of sodium- phosphate cotransport-
ers in the proximal renal tubule

d. Activation of CTR at the level of the osteoclast

Answer: a) Inhibition of osteoclast activity. 
Bisphosphonates inhibit osteoclast activity, 
which leads to the healing of osteolytic bone 
lesions and restoration of normal bone 
histology.

12. What is the genetic basis of X- linked 
hypophosphatemia?

a. Loss- of- function mutation in the PHEX gene
b. Gain- of- function mutation in the GNAS gene
c. Loss- of- function mutation in the guanine 

nucleotide- binding protein alpha stimulating 
polypeptide (GNAS) gene

d. Mutation in the calcitonin receptor (CTR)  
gene

Answer: a) Loss- of- function mutation in the PHEX 
gene. X- linked hypophosphatemia is caused 
by a loss- of- function mutation in the PHEX 
gene, which leads to defective inactivation 
of FGF- 23.

13. What is the role of FGF- 23  in regulating phos-
phate homeostasis?

a. Increases the expression of renal sodium- 
phosphate transporters

b. Inhibits the synthesis of calcitriol
c. Promotes calcium reabsorption from the kid-

neys and intestines
d. Increases bone turnover and resorption

Answer: b) Inhibits the synthesis of calcitriol. 
FGF-   23 reduces the expression of renal 
sodium-   phosphate transporters, which results 
in increased renal phosphate losses. In 
addition, FGF- 23  inhibits the synthesis of 
 calcitriol by upregulating 24- hydroxylase and 
downregulating 1 alpha- hydroxylase expres-
sion. Low serum calcitriol impairs intestinal 
phosphate conservation, leading to a reduction 
in serum phosphate.

14. What is the role of PTH in bone metabolism?

a. Promoting only bone resorption
b. Promoting only bone formation
c. Promoting both bone resorption and formation
d. None of the above
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Answer: c) Promoting both bone resorption and 
formation. PTH serves a dual role in bone 
metabolism by promoting both bone resorp-
tion and formation.

15. What is the mechanism of action of 
bisphosphonates?

a. By binding to RANK- L, denosumab prevents the 
interaction of RANK- L with its corresponding 
osteoclast- bound RANK receptor

b. By inhibiting bone resorption, unopposed bone 
formation eventually promotes an increase 
in bone mass

c. By promoting the formation of a ternary com-
plex composed of PTH, PTH- 1R, and low- 
density lipoprotein receptor- related proteins 5 
and 6 (LRP5/6)

d. None of the above

Answer: b) By inhibiting bone resorption, unop-
posed bone formation eventually promotes an 
increase in bone mass. Bisphosphonates are 
deposited at sites of active bone remodeling, 
thus exert their effects to a greater extent at 
cancellous (trabecular) compared to cortical 
sites. By inhibiting bone resorption, unop-
posed bone formation eventually promotes an 
increase in bone mass.

16. Which of the following clinical trials led to the 
approval of denosumab for postmenopausal oste-
oporosis by the FDA?

a. Fracture Intervention Trial (FIT)
b. DATA- SWITCH study
c. BONE study
d. Fracture Reduction Evaluation of Denosumab 

in Osteoporosis Every Six Months (FREEDOM)

Answer: d) Fracture Reduction Evaluation of 
Denosumab in Osteoporosis Every Six Months 
(FREEDOM). The landmark FREEDOM 
clinical trial led to the approval of denosumab 
for postmenopausal osteoporosis by the FDA.

17. Which of the following is true about the mecha-
nism of action of romosozumab?

a. It promotes osteoclast formation.
b. It inhibits bone formation.
c. It inhibits sclerostin, thereby promoting bone 

formation.

d. It upregulates RANK- L, increasing bone 
resorption.

Answer: c. Romosozumab is a humanized mono-
clonal antibody to endogenous sclerostin, 
which lifts the inhibition of the Wnt/β- catenin 
signaling pathway by sclerostin. This results in 
increased bone formation.

18. Which of the following is true about the role of 
estrogen in bone metabolism?

a. Estrogen inhibits osteoclast apoptosis.
b. Estrogen promotes bone loss.
c. Estrogen decreases the ability of osteoclasts to 

exert their effects in bone resorption pits.
d. Estrogen has a minimal effect on bone mineral 

density compared to SERMs.

Answer: c. By acting on estrogen receptors, 
estrogen exerts various pleiotropic effects in 
bone, including stimulating osteoclast apo-
ptosis and suppressing osteoblast and osteo-
cyte apoptosis. Estrogen decreases the ability 
of osteoclasts to exert their effects in bone 
resorption pits by decreasing the synthesis of 
factors required for creating an acidic environ-
ment critical for bone resorption.

19. Which of the following is an ideal SERM for oste-
oporosis treatment?

a. Tamoxifen
b. Raloxifene
c. Bazedoxifene
d. Lasofoxifene

Answer: c. An ideal SERM will be a compound 
that exerts pro- estrogenic effects in bone, anti- 
estrogenic effects in breast tissue, and a neutral 
effect in the uterus. Bazedoxifene satisfies 
these criteria, making it an ideal SERM for 
osteoporosis treatment.

20. Which of the following is true about the 
combination of calcium and vitamin D in the 
management of osteoporosis?

a. It improves the anti- fracture efficacy of more 
conventional osteoporotic therapies.

b. It is not necessary as the placebo groups in 
landmark studies were also treated with it.

c. It is only recommended for patients who 
cannot tolerate more conventional osteopo-
rosis treatments.
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d. It reduces age- related decline in bone mineral 
density through a reduction in serum PTH.

Answer: d. Calcium supplementation reduces age- 
related decline in bone mineral density 
through a reduction in serum PTH. The 
combination of calcium and vitamin D should 
be used as an adjunctive treatment for patients 
with osteoporosis.
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C H A P T E R  6
Reproductive Organ Therapies

6.1 POLYCYSTIC OVARY SYNDROME

6.1.1 Biguanides (Metformin)

6.1.1.1 Physiology

Insulin-to-insulin-receptor interaction and post-
receptorsignalingwasreviewedinSection 4.1.1.Insulin
playsanessentialroleinvariousphysiologicprocesses,
including adrenal steroid synthesis, hepatic glucose
output, peripheral glucose uptake, and ovarian
androgensecretion.Inaddition,insulinimpairshepatic
synthesisof sexhormone-bindingglobulin (SHBG),a
function central to our understanding of some of the
manifestationsofpolycysticovarysyndrome.

Adrenal Steroidogenesis
Insulin stimulates the synthesis of adrenal steroids,
including androgens and cortisol  [1]. Steroidogenic
factor1(SF-1)isaubiquitoustranscriptionfactorpre-
sent in various tissues, including the adrenal glands
andgonads.SF-1promotesthetranscriptionofcritical
adrenal steroidogenic genes, including CYP11A1,
CYP17,andStAR(seeChapter 3) [2,3].Morerecently,
ithasbeenshownthatinsulinpromotesthefunction
ofSF-1byimpairingtheactivityofacanonical inhibitor
ofSF-1function [4].

Hepatic Glucose Output and Peripheral 
Glucose Uptake
Theroleofinsulininglucosemetabolismissumma-
rizedinFigure 6.1.

Insulin inhibits glycogenolysis by binding to
insulinreceptors in the liver [5].Thedirectsuppres-
sionofglucagonsecretionbyinsulinfurtherreduces
hepatic glucose output  [6]. Additionally, peripheral
uptake of glucose is regulated by insulin. Insulin
reducescirculatingglucoselevelsinthepostprandial
statebystimulatingglucoseuptakeininsulin-sensitive
tissuessuchasskeletalmuscle [7].

Conversely, glucagon, an essential counter-
regulatoryhormonetoinsulin,promoteshepaticglu-
coneogenesisand lipolysis, contributing to increased
peripheralglucoseconcentration.

Regulation of Sex Hormone- Binding 
Globulin by Insulin
SHBG is a glycoprotein that transports various sex
steroidstotheirtargettissues [8,9].Thereisaninverse
relationship between SHBG and insulin  [10, 11].
However, the mechanism underlying the regulation
of  SHBG by insulin is yet to be elucidated  [12] (see
Table 6.1).
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FIGURE 6.1  Roleofinsulinandglucagoninglucosemetabolism.

TABLE 6.1  Regulatorsof SHBGproduction.

Promotes SHBG production Inhibits SHBG production

Cortisol, estradiol, T3 and T4, dexamethasone, testosterone Insulin, prolactin, IGF- 1, epidermal growth factor

T3, Tri- iodothyronine; T4, Tetra- iodothyronine; IGF- 1, Insulin- like growth factor 1.
Source: Adapted from [11].

Pathophysiology Pearl
Role of insulin resistance in PCOS

Insulin resistance accounts for various manifesta-
tionsofPCOS(seeFigure 6.2).

1. Hyperinsulinemia stimulates androgen
synthesisbypromotingtheeffectsoflute-
inizing hormone on theca cells of the

ovaries  [14]. Also, the trophic effects of
ACTH on adrenocortical cells (androgen
productionbythezonareticularis)arefur-
theraccentuatedbyhyperinsulinemia [15].
Consequently, hyperandrogenemia leads
to the arrest of ovarian follicular growth,
leadingtoanovulationandinfertility [16].
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6.1.1.2 Mechanism of Action

Metformin,abiguanide,isaninsulin-sensitizingdrug
(ISD) that improves insulin resistance in PCOS.
Althoughthemechanismofactionofmetforminhas
notbeenfullyelucidated,ithasbeenshowntoactivate
the adenosine monophosphate-activated protein

kinase (AMPK) pathway. A process that impairs
hepatic glucose output, reduces fatty acid oxidation
andincreasesglucoseuptakebyperipheraltissues.See
Section 4.1.2foradditionalinformationregardingthe
mechanismofactionofmetformin.

Byimprovinginsulinresistance,metforminhelps
mitigatesomehormonalperturbationsinPCOS.

2. Hyperinsulinemia also inhibits the
synthesis of SHBG, which exacerbates
hyperandrogenemiabyincreasingthefrac-
tion of unbound (free) to bound andro-
gens [17,18].

3. Insulin resistance in the setting of PCOS
impairshepaticglycogenesis(conversionof

glucose intoglycogen)andperipheralglu-
cose uptake  [19]. Also, increased lipolysis
in  adipose tissue due to insulin resistance
promotes the release of free fatty acids
(which further exacerbates insulin resist-
ance).Consequently, thissetsupavicious
cycleofpersistentinsulinresistance [20].

FIGURE 6.2  MolecularmechanismsofinsulinresistanceinPCOS.Defectsindownstreamsignalingafterinsulin-to-insulin-
receptorinteractionaccountforhyperinsulinemiainPCOS.IncreasedserinephosphorylationofIRS-1(deactivation)in
skeletalmusclecontrastswithreducedtyrosinephosphorylationofIRS-1(activation)inpatientswithPCOS.Thisleadstoa
seriesofdownstreameffects,includingimpairedactivationofPI3K,whichleadstoreducedexpressionofGLUT-4receptors
and,thus,lowglucoseuptakebyperipheraltissues.Ultimately,hyperinsulinemialeadstosomeofthehormonalperturbations
ofPCOS.Source: Adaptedfrom [20].
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Clinical Pearl

What is the history of polycystic ovary 
 syndrome?

Polycysticovarysyndrome(PCOS)waseponymously
named Stein-Leventhal syndrome based on a case
seriesofsevenwomenwithclinicalhyperandrogen-
ism (hirsutism), oligomenorrhea, and enlarged
ovaries, reported in 1935  [21]. Interestingly, this
conditionmayhavebeenfirstdescribedbyAntonio
Vallisneri,anItalianphysician,in1721.Hedescribed
a young, obese, and infertile woman with enlarged

ovarieslikethoseofadove’seggs [22].Inrecenttimes,
thedefinitionofPCOShasundergonevariousmodi-
fications based on recommendations from different
groupsofexperts [23–26].Thesedefinitions,inpart,
dependonspecificclinical,biochemical,orultrasono-
graphicfeatures(seeTable 6.2).Thepathophysiologic
basisofPCOSiscomplexandisincompletelyunder-
stoodatthistime [27].

The diagnostic criteria for PCOS vary across
variouspracticeguidelines(seeTable 6.2).

TABLE 6.2  Diagnosticcriteriafor PCOS.

Diagnostic feature NIH (1990) 
[23]

ESHRE/ASRM 
(2003) [24]

AE- PCOS 
(2006) [25]

NIH extension of ESHRE/
ASRM (2012) [26]

Hyperandrogenism (HA) + +/− + A, B, C

Oligo/amenorrhea(OA) + +/− +/− A, B, D

Polycystic ovary 
morphology (PCOM)

+/− +/− A, C, D

+, refers to a required diagnostic feature; +/− refers to a diagnostic feature that may or may not be present.
NIH, National Institutes of Health (HA and OA required); ESHRE/ASRM, European Society for Human Reproduction and Embryology/
American Society for Reproductive Medicine (also known as “Rotterdam Criteria”) (Any 2 of 3 diagnostic features); AE- PCOS, 
Androgen Excess PCOS Society (HA with either OA or PCOM); OD, ovulatory dysfunction (includes OA or other ovulatory 
dysfunction such as infertility); A, Phenotype A (HA + OD + PCOM); B, Phenotype B (HA + OD); C, Phenotype C (HA + PCOM); 
D, Phenotype D (OD + PCOM).

Practice Pearl(s)
• Metforminshouldnotbeusedasafirst-linepharma-

cologicaloptioninanovulatoryinfertility(PCOS).
• Metformindoesnot reduce the riskof sponta-

neousabortionsinwomenwithPCOS.

• For patients undergoing assisted reproductive
techniques,concomitantmetforminreducesthe
riskofovarianhyperstimulationsyndrome [28].

Clinical Trial Evidence

(SeeTable 6.3)

TABLE 6.3  Clinicaltrialsassessingthe roleof metforminin PCOS.

Population Intervention Outcome

Hyperglycemia Patients between 18 and 
40 years of age with PCOS 
by the NIH criteria (n = 39).

Metformin ER 
1500 mg/day for 
12 weeks.

IVGTT at baseline and study 
conclusion was compared. 
Insulin response to glucose 
increased (P = 0.002), and basal 
glucose levels decreased 
(P = 0.001) compared to 
baseline [29].
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6.1.2 Combination Oral 
Contraceptive Pills

6.1.2.1 Physiology

The GnRH Pulse Generator and Normal 
Reproduction
The gonadotropin-releasing hormone (GnRH) pulse
generator controls fertility by initiating the classic
GnRH ultradian frequency, which regulates the syn-
thesisofestradiolandprogesteronebytheovaries [32].
Morerecently,theelusiveGnRHpulsegeneratorhas
been localized to the arcuate nucleus (ARN) of the
hypothalamus.It iscomprisedofkisspeptinneurons
withprojectionstodistaldendronsofGnRHneurons
(seeFigure 6.3) [32–34].

ThereleaseofGnRHintothehypophysealportal
circulationpromotesLHandFSHsynthesisandsecre-
tionbypituitarygonadotrophs.Themodeofreleaseof
GnRH,beitinapulsatileorsurge- like fashion,deter-
minesitsdownstreameffects.PulsatileGnRHrelease
promotes ovarian follicle maturation. On the other
hand,asurge-likeincreaseinGnRHreleaseaccounts

for the widely accepted “LH surge” required for
ovulation [35].

Innormalfemalereproductivephysiology,proges-
terone reduces the GnRH pulse frequency (thus LH
release) through its inhibitoryeffectsonGnRHneu-
rons(Table 6.4).

The Two- Cell Two- Gonadotropin Hypothesis
In normal physiology, androgen synthesis by the
theca interna cells of the ovary is induced by

Population Intervention Outcome

Hirsutism Adult women with PCOS in 
39 RCTs were analyzed in 
this Cochrane systematic 
review (n = 2047).

Metformin 
compared to OCP.

Metformin was less effective in 
improving hirsutism compared 
to OCP in patients with a BMI 
of 25–30 kg/m2.. (MD of 1.92, 
95% CI 1.21–2.64) [30].

Menstrual 
regulation

Adult women with PCOS in 
39 RCTs were analyzed in 
this Cochrane systematic 
review (n = 2047).

Metformin 
compared to OCP.

Metformin was less effective in 
improving menstrual patterns 
compared to OCP. (MD of 6.05, 
95% CI 2.37–9.74) [30].

Infertility This Cochrane systematic 
review analyzed adult 
women with PCOS in 6 RCTs.

ART in combination 
with metformin or 
placebo.

Compared to placebo, Metformin 
treatment did not improve 
various reproductive endpoints, 
including pregnancies or live 
births. There was, however, a 
statistically significant reduction 
in the risk of OHSS (pooled OR 
of 0.27, 95% CI 0.16–0.47) with 
metformin compared to 
placebo [31].

ER, extended- release; IVGTT, intravenous glucose tolerance test; OCP, oral contraceptive pill; BMI, Body Mass Index; MD, mean 
difference; ART, assisted reproductive techniques; OR, odds ratio; OHSS, ovarian hyperstimulation syndrome.

TABLE 6.3  (Continued)

Historical Pearl
Discovery of Kisspeptin

The gene encoding kisspeptins was designated as
KiSS1byinvestigatorsfromthePennStateCollege
of Medicine in Hershey, Pennsylvania.The gene’s
nameisderivedfromthefamous“Hershey’s Kisses”
chocolatebrand [42].
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FIGURE 6.3  AschematicrepresentationoftheproposedmodeloftheGnRHpulsegenerator.Aclusterofkisspeptinneurons
in thearcuatenucleus(ARN)ofthehypothalamuspossessesanintrinsiccapacitytoactivatedistaldendronsoftheGnRHneuron.
AdditionalmodulatorsofGnRHreleaseincludetheinputsfromthepreopticarea(POA),paraventricularnucleus(PVN),and
yet-to-be-elucidatedcenters.Source:Adaptedfrom [33].

luteinizinghormone.Androgensarethentransferred
to the neighboring granulosa cells, where follicle-
stimulating hormone stimulates aromatase activity,
which mediates the conversion of androgens into
estrogen.Thisiswidelyacceptedasthetwo- cell, two- 
gonadotropin theory of estrogen biosynthesis  [43]
(Figure 6.4).

LH binds to the luteinizing hormone receptor
(LHR),aG-proteincoupledreceptor,thusincreasing
intracytoplasmic cyclic adenosine monophosphate
(cAMP) in the theca cell. cAMP derived from ATP
thenactivatesproteinkinaseA(PKA),whichinduces
the expression of various steroidogenic enzymes
involvedinandrogensynthesis(testosterone,andro-
stenedione, and dehydroepiandrosterone). Likewise,
FSH, by binding to its respective G-protein coupled
receptor, also increases intracytoplasmic cAMP,
which activates intracytoplasmic PKA. Androgens
derived fromthe thecacellare ferried to thegranu-
losa cell, where aromatase (activated by PKA) pro-
motes their conversion to estrogens (estradiol and
estrone) [44,45].

TABLE 6.4  Regulationof theGnRHpulsegenerator.

Increases GnRH pulse 
frequency

Reduces GnRH 
pulse frequency

Estradiol [36]
Leptin [37]
Dihydrotestosterone [38]

Estradiol [36]
Progesterone [39]
Cortisol [40]
Prolactin [41]

Source: Adapted from [36–41].
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6.1.2.2 Mechanism of Action

Estrogenandprogestin-containingoralcontraceptive
pills(OCPs)arepivotal inimprovingvariousclinical
manifestations of PCOS, including oligomenorrhea,
hirsutism, and acne. The mechanism of action of
OCPsisshowninTable 6.5.

Therapeutic benefits of OCPs include regulating
menstrual cycles, mitigating the clinical effects
of  hyperandrogenemia (such as hirsutism and
acne),  prevention of endometrial hyperplasia, and
contraception (for patients on anti-androgen
medications) [46].

TABLE 6.5  Sitesof actionof OCPsin PCOS.

Site of action Estrogen Progestin

GnRH pulse generator Suppresses FSH > LH Suppresses LH release

Androgens Increases SHBG → Decreases free 
androgen

Decreases ovarian androgen production 
(impairs LH- mediated production of 
androgens by theca cells).
Androgen receptor blocking effects.a

Endometrium Stabilizes the endometrium Prevents endometrial hyperplasia.

Ovarian follicles Suppresses recruitment and 
maturation of the dominant follicle

Inhibits the LH surge required for 
ovulation.

a Androgen receptor blocking effects are due to specific progestins, e.g. drospirenone.
Source: Adapted from [46].

FIGURE 6.4  Thetwo-celltwo-gonadotropinmodelofestrogenbiosynthesis.
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6.1.3 Mineralocorticoid Antagonists

6.1.3.1 Physiology

Effects of androgen in the skin can be reviewed in
greaterdetailinSections 6.1.7and 6.1.8.

6.1.3.2 Mechanism of Action

Spironolactone,adiureticandaldosteroneantagonist,
also has antagonistic properties at the androgen
receptor  [52]. Additionally, spironolactone inhibits
ovarianandadrenalsteroidogenesis.Thusitsutilityin
themanagementofacneandhirsutisminPCOS [53].

Additional antiandrogenic effects of spironolactone

• Inhibitstheactivityof5alpha-reductase(criti-
calinconvertingtestosteronetoitsactiveform,
dihydrotestosterone).

• Itincreasestheactivityofaromatase(conversion
oftestosteronetoestrogen).

• IncreasesSHBG [54].

Practice Pearl(s)
Oralcontraceptivepillswithlowandrogenicoranti-
androgenicprogestinactivityarereasonableinPCOS
(e.g.drospirenone) [47](seeTable 6.6).However, it
shouldbenotedthatnospecificOCPhasbeenshown
in clinical trials to be the best option in PCOS; as
suchcurrentpracticeguidelinesdonotrecommend

theuseofaspecificOCPinPCOS[49, 50].Although
progestin-only therapies (depot injections or oral)
offersomeendometrialprotectivebenefits,theyare
associatedwithbreakthrough(or prolonged)uterine
bleeding [51].

Source: Adapted from [46, 48].

TABLE 6.6  Progestogenicand androgenicpotenciesof low-dosecombinedoralcontraceptives.

Components of combined oral contraceptive Activity of progestins

Brand name(s) Estrogen(dose) Progestin(dose) Progestogenic Androgenic

Orthonovum 1/35 Ethinyl estradiol 
(35 mcg)

Norethindrone(1 mg) +++ +++

Loestrin 1.5/30 Ethinyl estradiol 
(30 mcg)

Norethindrone(1.5 mg)

Levlen, Nordette Ethinyl estradiol 
(30 mcg)

Levonorgestrel (0.15 mg) +++ +++

Levlite, Alesse Ethinyl estradiol 
(20 mcg)

Levonorgestrel (0.1 mg)

Ortho Tri- Cyclen Ethinyl estradiol 
(35 mcg)

Norgestimate
(0.18–0.25 mg)

++ +

Ortho Tri- Cyclen LO Ethinyl estradiol 
(25 mcg)

Norgestimate 
(0.18–0.25 mg)

Yasmin Ethinyl estradiol 
(30 mcg)

Drospirenone (3 mg) + Antiandrogenic

Yaz Ethinyl estradiol 
(20 mcg)

Drospirenone (3 mg)

Natazia Estradiol valerate 
(1–3 mg)

Dienogest(2–3 mg) + Antiandrogenic

Clinical Trial Evidence

Also,seeTable 6.3(roleofOCPinmenstrualregu-
lationandhirsutism).
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6.1.4 Gonadotropins

6.1.4.1 Physiology

Physiology of Follicular Development
Themenstrualcycleand, ineffect,ovarian follicular
development are regulated by the hypothalamus,
pituitarygland,andovaries.Thefrequencyoffiringof
the GnRH pulse generator at various stages of the
menstrual cycle determines the extent of synthesis
and secretion of follicle-stimulating hormone and
luteinizing hormone. The term gonadotropins refers

to follicle-stimulating hormone and luteinizing hor-
mone.Follicle-stimulatinghormone is critical in the
recruitment and development of ovarian follicles
while luteinizing hormone mediates the process of
ovulation.ReviewregulationoftheGnRHpulsegen-
eratorinSection 6.1.2.

Ovarian follicular development can be catego-
rized into two distinct but interrelated stages,
often describedasthegonadotropin- independentand
gonadotropin- dependent phases. The independent
gonadotropinphaseischaracterizedbythegrowthof
aprimordialovarian follicle intoapre-antral follicle
(before the  follicle develops a fluid-filled space or
antrum). Gonadotropin-dependent phase promotes
the development and release of the dominant
follicle [60](seeFigure 6.5).

The gonadotropin-independent and -dependent
phasesoffolliculogenesisshowthetransitionfromapri-
mordialfollicletothecorpusalbicans(seeFigure6.5).
AdaptedandmodifiedfromOrisakaet al. [60]

Practice Pearl(s)
Spironolactonetitratedtoadoseof200mg/day(for
6–9months), iseffective in improvingmoderate-to-
severe hirsutism in patients with polycystic ovary
syndrome  [53, 55] (Table  6.7). A starting dose of
25mgtwicedailyandincreasingtoamaximumdose
of100mgtwicedailyisreasonable.

Patientsshouldbeonoralcontraceptivepillsfor
atleast6 monthsbeforeinitiatingspironolactonedue
to its effects on the development of male genitalia

duringintrauterinelife.Furthermore,spironolactone
canexacerbatemenstrualirregularityifnotusedcon-
comitantlywithoralcontraceptivetherapy [52,58].

Spironolactonecancauseamyriadofsideeffects
duetoitsdiureticandanti-mineralocorticoidaction.
These includeposturalhypotension, dizziness, and
hyperkalemia. The side effects are tolerable as
long  as  patients on long-term therapy are closely
monitored [59].

TABLE 6.7  Clinicaltrialsassessingthe roleof spironolactonein PCOS.

Study Population Intervention Outcome

Spironolactone plus 
metformin in PCOS

56 overweight/obese 
patients with PCOSa

Randomized to metformin 
1700 mg daily (n = 28) or 
metformin 
1700 mg + spironolactone 
25 mg daily (n = 28) for 
6 months.

Modified Ferriman–Gallway 
scoreb was significantly lower in 
the spironolactone + metformin 
group compared to the 
metformin only group 
(P < 0.001) [56].

Spironolactone 
versus metformin in 
PCOS (Open- label 
study)

82 women with PCOS 
(NIH criteria)

Randomized to metformin 
500 mg twice a day (n = 41) 
or spironolactone 25 mg 
twice a day (n = 41).

Hirsutism score was significantly 
lower in the spironolactone 
group compared to the 
metformin group, with a much 
tolerable side effect profile [57].

a Patients on oral contraceptives, anti- hypertensives, anti- diabetic, or weight loss medications were excluded.
b Hirsutism score.

Clinical Trial Evidence

SeeTable6.7forasummaryofrelevanttrialseval-
uatingtheroleofspironolactoneinPCOS.



224 Chapter 6 Reproductive Organ Therapies 

Gonadotropin- Independent Phase
Theprimordialfolliclehasanucleussurroundedbya
single layer of squamous granulosa cells. Recruited
primordial follicles transform into primary follicles
(transitionofsquamous tocuboidalgranulosacells).
Subsequently,primaryfolliclesdevelopintosecondary
follicles (transition from a cuboidal to stratified
columnar epithelium). Additionally, the secondary
folliclehasaninternaltheca internalayerandanouter
theca externa layer  [61]. Next, the secondary follicle
differentiates into a pre-antral follicle. Formation
of  the pre-antral follicle marks the transition point
from  gonadotropin-independent to gonadotropin-
dependent folliculogenesis. Various intraovarian
regulators control this follicular development phase,
includinggrowthfactorsandcytokines [62,63].

Gonadotropin- Dependent Phase
Granulosa and theca interna cells of the pre-antral
follicle express FSH and LH receptors, respectively.
FSHbindstoitscognateFSHreceptoronthegranu-
losacellsofthepre-antralfollicle,leadingtofollicular
growthandthedevelopmentofafluid-filledfollicular
space (antrum). Also, the binding of LH to LH

receptorsonthecainternacellsresultsintheproduc-
tionofandrogens [64].Androgensparadoxicallypro-
motebothfolliculargrowthandregression,depending
onthestageoffolliculardevelopment [65].Stimulation
of androgen receptors on granulosa cells of follicles
in theearlygonadotropin-dependentphaseaugments
FSH-mediated follicular development. Conversely,
during the late preovulatory stage, elevated levels
of  androgens lead to arrested antral follicular
development [65,66].

In addition, some androgens will be converted
intoestrogenbygranulosacells(seethetwo-celltwo
gonadotropinmodelinFigure 6.4).Consequently,ele-
vatedlevelsofcirculatingestrogeninhibittheGnRH 
pulse generator,whichbluntsthereleaseofFSHdur-
ing the follicular (preovulatory) phase of the men-
strualcycle.Asaresult,smallerfollicleswithalower
densityofFSHreceptorsdegeneratewhilethedomi-
nant (moreprominent) folliclecontinues todevelop.
In contrast to most stages of the menstrual cycle,
estrogenincreasestheGnRHpulsefrequencyduring
themidcycle,whichincreasesthecirculatinglevelsof
LH(“LHsurge”).TheLHsurgeleadstothereleaseof
amatureoocytebythepreovulatoryfollicle [67].

Theemptyfollicleproducedattheendofovula-
tiontransformsintothecorpus luteum,whichsecretes

FIGURE 6.5  Aschematicrepresentationoffolliculogenesis.
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progesterone and estrogen critical in maintaining
pregnancy.However,ifimplantationfails,thecorpus
luteum regresses into a bundle of connective tissue
knownasthecorpus albicans.

6.1.4.2 Mechanism of Action

TheprincipalreasonforinfertilityinPCOSisanovula-
tion, making gonadotropins a suitable option for
patientsdesiringfertility(Table 6.8).

Practice Pearl(s)
Gonadotropin therapy is a suitable second-line
optionforpatientswithPCOSwhoareclomiphene
orletrozoleresistant.

Table  6.9 summarizes the dosing schedule of
gonadotropinsinovulationinduction.

TABLE 6.9  Dosingscheduleof gonadotropins.

Treatment Dose and timing

rFSHa 75 IU administered subcutaneously on a daily basis for to 
up 14 days until follicular maturity is achieved [72].

hCGb 5000–10,000 IU administered intramuscularly or subcutaneously.

a Dose of rFSH is increased on a weekly basis if there is a suboptimal response. Treatment is terminated after 35 days if there is a 
suboptimal response [72] – monitoring of response through transvaginal ultrasounds and serial serum estradiol levels. If more 
than four follicles have a diameter of 14 mm or greater, the cycle is canceled due to the risk of ovarian hyperstimulation 
syndrome [73].
b Progesterone concentration above 5 ng/mL confirms ovulation. Follicular rupture occurs within 48 hours of hCG 
administration [74]. (Progesterone levels assessed on day 7 and pregnancy test on day 14).

TABLE 6.8  Mechanismof actionof gonadotropinsin assistedreproduction.

Agent Mechanism(s)

Recombinant FSH (rFSH) 1. FSH stimulates the recruitment and subsequent development 
of a cohort of pre- antral follicles [68, 69].

2. FSH also rescues follicles destined for atresia [70].

Recombinant Luteinizing hormone (rLH), 
human chorionic gonadotropin (hCG)

1. Enhances final follicular maturation.
2. Promotes maturation of the follicular oocyte from its germinal 

vesicle stage (prophase I of the cell cycle) to metaphase II of 
meiosis.

3. Maintain luteal function prior to the establishment of 
placental steroidogenesis [71].

hCG binds to the LH receptor due to its structural homology to LH.

Clinical Trial Evidence

Thissystematicreviewmeasuredvariousoutcomes
amongwomenwithPCOS treatedwithgonadotro-
pins (urinary gonadotropins were compared to
rFSH). All study participants had previously failed
clomiphene citrate therapy. Those on co-treatment
withmetformin,letrozole,LH,orclomiphenecitrate

were excluded from the systematic review (see
Table 6.10).

Therewasnostatistically significantdifference
betweencomparisonsofgonadotropins in termsof
live birth rate, the incidence of multigestational
pregnancies,orOHSS [75].

(continued)
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6.1.5 Clomiphene Citrate

6.1.5.1 Physiology

The role of estrogen in regulating the GnRH pulse
generatorwasreviewedinSection 6.1.2.

6.1.5.2 Mechanism of Action

Clomiphene demonstrates its therapeutic effects in
the setting of an intact hypothalamic–pituitary axis
and optimal endogenous estrogen production (e.g.
PCOS). Clomiphene is a selective estrogen receptor
modular (SERM); as such, it can bind to estrogen
receptors in various sensitive tissues, including the
hypothalamus, ovaries, and endometrial lining  [76].
Furthermore, it can exert both partial agonist and
antagonisteffectsdependingonthetissueinquestion.

For example, at the level of the hypothalamus,
clomiphene acts as an antagonist, thus preventing
negativefeedbackinhibitionoftheGnRHpulsegen-
eratorbyendogenousestrogen [77]. Inpatientswith
PCOS,clomipheneincreasesthepulseamplitudebut
notthepulsefrequencyoftheGnRHpulsegenerator.
Asaresult,thelevelsofLHandFSHincrease,thereby
enhancingtherecruitmentandmaturationofovarian
follicles [78].

TABLE 6.10  Comparisonof fertilityoutcomesof gonadotropinpreparations.

Study endpoint Urinary- derived 
gonadotropins

Recombinant FSH OR (95% CI)

Live birth rate per woman 157 per 1000 191 per 1000 1.26 (0.80–1.99)

Incidence of OHSS 22 per 1000 33 per 1000 1.52 (0.81–2.84)

Incidence of multi- pregnancy 
rate per woman

30 per 1000 26 per 1000 0.86 (0.44–1.65)

OHSS, ovarian hyperstimulation syndrome; OR, odds ratio.
Urinary- derived gonadotropins included FSH, human menopausal gonadotropin (HMG), purified FSH, highly purified FSH, and 
highly purified HMG.

(continued)

Practice Pearl(s)
Clomiphenecitrateistraditionallyinitiatedwithin
5days of spontaneous menstruation or progestin-
induced withdrawal bleeding. The starting dose
of  clomiphene citrate is 50mg daily for 5days.
Ovulationisexpectedwithin5–10daysafterthelast
dose of clomiphene citrate; therefore, ovulation

monitoring is required within this time window.
If  there is therapeutic failure, the dose of clomi-
phenecitratecanbeincreasedby50mg/dayduring
the next cycle, up to a maximum daily dose of
250mg [76].

Alternative Indications for Clomiphene Use
1. Malehypogonadism [79]
2. Gynecomastia(itis,however,notaseffective

astamoxifen) [80]

Clinical Trial Evidence

Inthismeta-analysisof3trialsand133participants
withPCOS,clomiphenecitrateresultedinastatisti-
cally significant increase in pregnancy and ovula-
tion rates per woman, compared to placebo  [81]
(seeTable 6.11).

TABLE 6.11  Ameta-analysisof clomiphene
citrateversusplaceboin PCOS.

Study 
endpoint

Clomiphene 
Citrate

Placebo OR (95% CI)

Pregnancy 
rate (per 
woman)

14  2 5.77 (1.55–21.48)

Ovulation 
rate (per 
woman)

45 14 7.47 (3.24–17.23)

OR, odds ratio.
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6.1.6 Letrozole

6.1.6.1 Physiology

The role of estrogen in regulating the GnRH pulse
generatorwasreviewedinSection 6.1.2.

6.1.6.2 Mechanism of Action

Letrozole is a competitive nonsteroidal aromatase 
inhibitorthatexertsitstherapeuticeffectsinPCOSby
blocking the conversion of androgens to estrogens.
Low circulating estrogen levels blunt its negative
feedbackeffecton theGnRHpulsegenerator,which
subsequently increases GnRH pulse frequency and
gonadotropinrelease [82].

6.1.7 Androgen Receptor Antagonist

6.1.7.1 Physiology

Structure of the Hair Follicle
Hair plays various biological and psychosocial
functions. Hair is required for the dispersion of the
secretions of sweat glands and, more importantly,
protectionfromcoldweather.Thedistributionofhair
in humans contributes to some phenotypic differ-
ences between the sexes  [85]. Consequently, condi-
tionssuchashirsutism,androgeneticalopecia(AGA),
andhypertrichosismayhavesignificantpsychosexual
consequences.

Thehair folliclehas twomajorcomponents, the
root(withintheskin)andtheshaft(visibleabovethe
skin) [86].Thetriadofasebaceousgland,arrectorpili
muscle,andthehair follicle iscalledapilosebaceous 
unit [87].

The shaft comprises various filaments and pro-
teinsderivedfrommatrixcellspresentinthehairbulb
(partof theroot).Melanocytespresent in thematrix
cells are responsible for the pigmentation of the
shaft [88].

A group of specialized mesenchymal fibroblasts
locatedatthebaseofthehairfollicleformsthedermal
papilla. Dermal papilla cells control the growth and
differentiation of matrix cells. Other cells present in
the hair follicle include melanocytes, Langerhans’
cells (antigen-presenting cells), and Merkel cells
(neuralcells) [89].

Phases of Hair Growth
Theanagenphaserepresentstheinitialgrowthofthe
hair follicle. Progressive elongation of filaments
(derivedfrommatrixcells)leadstotheprotrusionof
thefolliclefromtheskin.Asubsequentcatagenphase
is characterized by regression of the hair follicle,
leadingtotheformationofclubhair(keratinizedand
dead hair). A final telogen phase (a period of quies-
cence)resultsinthesheddingofclubhair.Thisphase
isnotaterminalphaseofhairgrowthsinceitlaysthe
foundation for critical regulatory factors needed to
restarttheanagenphase [90].

Role of Androgens in Hair Formation
Androgens promote hair growth at various sites,
includingthescalp,beard,pubic,andaxillaryregions.
Evenso,androgensparadoxicallyresultinAGAofthe
scalp [91].

Practice Pearl(s)
Letrozoleatadoseof2.5mgdailyisinitiatedafter
threedaysof either spontaneousmenstruationor
progestin-induced bleed (medroxyprogesterone
acetate, 5mg daily for 10days). Like clomiphene,
letrozole is administered for 5 consecutive days.
Furthermore, for patients who experience a poor
ovulatory response, a gradual increase in dose to
7.5mg daily during subsequent cycles is recom-
mendedforatotalof5cycles [83].

Clinical Trial Evidence

Inthismeta-analysisofpatientswithPCOS,letro-
zolewascomparedtoclomiphenecitrate.Letrozole
resulted in a statistically significant increase in
clinical pregnancy rates and live birth rates com-
pared to clomiphene. There was no statistically
significant difference in ovarian hyperstimulation
syndrome rates, miscarriage rates, or multigesta-
tionalrates [84](Table 6.12).

TABLE 6.12  Ameta-analysisof clomiphene
citrateversusletrozolein PCOS.

Study 
endpoint

Clomiphene 
citrate

Letrozole OR (95% CI)

Live birth 
rate

214 per 
1000

314 per 
1000

1.68 
(1.42–1.99)

Clinical 
pregnancy 
rate

264 per 
1000

359 per 
1000

1.56 
(1.37–1.78)

OR, odds ratio.
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Although the exact mechanism of androgen-
mediated regulationofhairgrowth isyet tobe fully
elucidated,dermalpapillacellsappeartobethesiteof
actionofandrogens [92,93].Bybindingtoreceptors
ondermalpapillacells,androgenscausethereleaseof
regulatory factors critical in the growth of hair
follicles [92].Type25alpha-reductaseenzymeinthe
hairfollicleiscriticalinregulatingthelevelsofdihy-
drotestosterone (DHT), a potent androgen. There is
experimentalevidencethatthisenzymeispresentina
higher concentration in balding scalps compared to
non-baldingscalps [94].

See Table  6.13 for the mechanism of action of
androgenreceptorblockers.

Role of Androgens in Acne Formation
DHTregulatestheproductionofsebumbysebaceous
glands. The type 1 5 alpha-reductase isoenzyme is
responsible for regulating tissue-specific concentra-
tionsofDHTinsebaceousglands [96].

6.1.7.2 Mechanism of Action

6.1.8 5- Alpha Reductase Inhibitor 
(Finasteride)

6.1.8.1 Physiology

The role of androgens in hair growth was reviewed
earlierinSection 6.1.7.

Clinical Pearl
Androgenetic alopecia in men presents as frontal
recessionandlossofhairatthevertexofthescalp.
Conversely, there is a loss of hair over the crown
withrelativesparingoffrontalhairinwomen [89].

TABLE 6.13  Mechanismof actionof androgen
receptorblockers.

Drug Mechanism of action Clinical 
effects

Spironolactone Aldosterone receptor 
blocker that inhibits 
the binding of 
testosterone and 
dihydrotestosterone 
to the androgen 
receptor. Increases 
SHBG and inhibits 5 
alpha- reductase.

Treatment of 
acne and 
alopecia, 
hirsutism.

Flutamide A selective non- 
steroidal androgen 
receptor blocker.

Treatment 
of acne, 
hirsutism, 
and alopecia.

Source: Adapted from [95].

Practice Pearl(s)
Refer to Table  6.14 for a summary of androgen
receptorblockersusedintreatingPCOS.

TABLE 6.14  Androgenreceptorblockers
in clinicalpractice.

Drug Dosage Monitoring/Side 
effects

Spironolactone 100–200 mg/
day in two 
divided 
doses.

Female patients 
should be on 
concomitant 
contraceptive 
therapy. It can cause 
gastrointestinal 
discomfort and 
menstrual 
irregularity [97].

Flutamide 62.5–
250 mg/day.

Combination therapy 
with oral 
contraceptive 
therapy is 
recommended [98]. 
It is associated with 
hepatotoxicity (close 
monitoring of liver 
function tests is 
required) [99].

Source: Adapted from [97–99].

Clinical Trial Evidence

Inthissix-monthrandomizedstudy,48patientswith
hirsutismwererandomizedtoeither100mg/dayof
cyproteroneacetateor100mg/dayofspironolactone.
Allsubjectsreceivedadditionaltherapywithestrogen
therapy (contraception). Compared to the baseline,
bothcyproteroneacetateandspironolactoneledtoa
16.8% (P-value<0.001) and 17.1% (P-value<0.001)
decline in total hair diameter, respectively. More
importantly,therewasnobetween-groupdifference
intheireffectontotalhairdiameter [100].
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6.1.8.2 Mechanism of Action

Finasteride impairs theconversionof testosteroneto
dihydrotestosterone (the active metabolite of testos-
terone)byinhibitingthetype2isoenzymeof5alpha-
reductase [101].Also,seeFigure 6.6.

6.1.9 Weight loss interventions

6.1.9.1 Physiology

Essentialconceptsinobesity(seeSection 7.2).

6.1.9.2 Mechanism of Action

The mechanism of action of various medical weight
losstherapies(seeSection 7.2).

FIGURE 6.6  Schematic representation of the mechanism of action of various androgen- receptor modulators in 
hirsutism.Thesiteofactionofandrogenreceptorblockers(flutamide,spironolactone,andcyproteroneacetate)and5alpha-
reductaseinhibitors(finasteride)isshown.Thedistributionofthesubtypesof5alpha-reductaseenzymesistissuespecific.
Source: Adaptedfrom [95].

Practice Pearl(s)
It is potentially teratogenic and is prescribed off-
labelforandrogeneticalopeciaandhirsutism.The
recommended dose range of oral finasteride is
0.5–5mg/day [102].

Finasteride gel 0.25%, applied twice daily, is
efficacious in treating both hirsutism and acne,
withveryminimalsideeffects [103].

Clinical Trial Evidence

In this controlled clinical study by Tolino et  al.,
15  women with polycystic ovary syndrome were
treatedwithoralfinasteride5mgdailyforaperiod
of6months.ThemeanFerriman–Gallway score

(clinical assessment of the degree of hirsutism)
declined from 24.6 (with a standard deviation of
1.8) at baseline to 8.9 (standard deviation of 2.4)
after6 monthsoftherapy(P-valueof<0.05) [104].

Practice Pearl(s)
Weight loss therapy through medical nutrition
therapy, medications, or bariatric surgery can
leadtosignificantimprovementinmetabolicand
reproductive perturbations in polycystic ovary
syndrome [49].
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6.2 MALE HYPOGONADISM

6.2.1 Testosterone Hormone Replacement

6.2.1.1 Physiology

Regulation of Testosterone Production
Hypothalamic neurons secrete GnRH, which gains
access to anterior pituitary gonadotrophs via the
hypothalamic- hypophyseal venous portal system.
Pulsatile secretion of GnRH subsequently promotes
thereleaseofbothLHandFSHbygonadotrophs.The
stimulationofLeydigcellsofthetestesbyLHresults
intheproductionoftestosterone.Secretionoftestos-
teronealsooccursinapulsatileanddiurnalfashion,
with peak concentrations around 8a.m. and nadir
around8p.m. [110].Testosteroneregulatesitsplasma
concentrationthroughnegativefeedbackinhibitionof
bothGnRHneuronsinthehypothalamusandgonad-
otropins (LH and FSH) in the anterior pituitary
gland  [111].The role of FSH in spermiogenesis (see
Section 6.2.3).

Clinical Trial Evidence

The efficacy of weight loss interventions in the
managementofPCOSisshowninTable 6.15.

TABLE 6.15  Studiesevaluatingthe roleof weight-lossinterventionsin PCOS.

Study Population Intervention Outcome(s)

Bariatric 
surgery

Premenopausal 
women with 
PCOS (n = 17)

A longitudinal nonrandomized 
study. Patients underwent 
bariatric surgery.

The mean weight loss after at least 6 months 
post- surgery was 41 kg (SD of 9, up to 61% of 
initial body weight). There was a statistically 
significant decline in hirsutism score, 
testosterone, androstenedione, DHEAs, and 
HOMA- IR scores [105].

Nutrition 
therapy

Premenopausal 
women with 
PCOS(n = 65)

1200–1400 kcal/day diet for 
6 months, subsequently placed 
on a mild calorie restrictive diet 
and physical activity.

Amelioration of clinical features of PCOS 
(oligomenorrhea, hyperandrogenism, and 
ovulatory dysfunction) occurred in 36.9% of 
participants [106].

SD, standard deviation; DHEAs, dehydroepiandrosterone sulfate; HOMA- IR, insulin resistance estimated by homeostasis model 
assessment.
Source: Adapted from [105, 106].

Concepts to Ponder Over
Differential diagnoses of oligomenorrhea.

• Pregnancy
• NonclassicCAH
• Thyroiddisease
• Hyperprolactinemia
• Hypothalamicamenorrhea
• Prematureovarianinsufficiency
• Androgen-secretingtumor
• Acromegaly
• Cushingsyndrome

Historical Pearl
In a rather crude experiment carried out in 1889,
Brown-Séquard injected testicular extracts from a
dogandguineapigintohissubcutaneoustissue.In
aletterpublishedinThe Lancetjournal,hedescribed
variouseffectsofhisextract,includinganincrease
in muscle strength, improved urinary flow, and
improvedcognition [107,108].Thetreatmentofan
ailing organ with a similar organ (mainly from

animals) hails from antiquity  – a treatment para-
digm that was known as similia similibus  [109].
This organotherapeutic “hormone replacement”
approach is arguably the basis of modern
endocrinology [108].
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Testosterone Production by Leydig Cells
LH stimulates the LH receptor (a G protein-coupled
receptor), which subsequently results in the
activationofadenylylcyclase.Adenylylcyclasemedi-
atesanincreaseinintracellularcyclicAMPformation,
promotingproteinkinaseAactivationandsubsequent
phosphorylation of various intracellular proteins
required for steroidogenesis. Steroidogenic acute
regulatory protein (StAR) and translocator proteins
are essential intracellular proteins required to trans-
portcholesterolintothemitochondria [112].

The mobilization of cholesterol from various
sources, including plasma membrane, lipid droplets,
and the de novo cholesterol synthesis pathway, ini-
tiates steroidogenesis. The transport of cholesterol
into the mitochondria of Leydig cells is the rate-
limitingstepoftestosteronesynthesis [112].17hydrox-
ylaseenzymeiscentraltothesynthesisofandrogens.
Thelackof11and21hydroxylaseenzymesinLeydig
cells prevents the production of glucocorticoids and
mineralocorticoids [113].

Metabolism of Testosterone
Testosterone undergoes metabolism through various
pathways, enhancing its biological function at the
androgen receptor, converting it into estrogen to
extend itseffects invarious tissues,or inactivating it
(seeFigure 6.7).

About7mgoftestosteroneisproducedaday [114].
Approximately90%ofthisundergoesmetabolisminthe
liver,resultingininactivemetabolites –etiocholanolone
andandrosterone.5–10%ofendogenoustestosteroneis
converted to dihydrotestosterone, further enhancing
itseffectsontheandrogenreceptor.Also,dihydrotes-
tosteroneundergoesinactivationinthelivertoproduce
androstanediol, androsterone, and androstenedione.
Theremaining0.1%ofendogenous testosteronegets
converted into estradiol by aromatase present in the
skeletalandcentralnervoussystems [115].

Physiologic Effects of Testosterone in Men
Testosteroneexertsitsphysiologiceffectsthroughvar-
iouspathways:

• Conversion of testosterone into dihydrotestos-
teronebythe5alpha-reductaseenzyme.

• Conversionoftestosteroneintoestradiolbythe
aromataseenzyme.

• Binding directly to the androgen receptor,
which subsequently triggers various down-
streamprocesses.SeeTable 6.16.

Transportation of Testosterone
Testosterone is present in plasma, either bound to
circulating proteins or an unbound free form.
Approximately 53–55% of testosterone is bound to

FIGURE 6.7  Metabolismoftestosterone.
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albumin,43–45%isboundtoSHBGwith1–2%inan
activefreeform [121].

Regulation of Sex  
Hormone- Binding Globulin
SHBGisaglycoproteinwithanaffinityforvarioussex
steroids, including testosterone, dihydrotestosterone,
and estradiol  [11]. Various pathophysiologic states
that influence theconcentrationofserumSHBGare
showninTable 6.17.

6.2.1.2 Mechanism of Action

Testosteroneexertsitsphysiologiceffectsbybinding
totheandrogenreceptor.Subsequentsignalingafter
testosterone-to-androgen receptor interaction
occurs via either a classical (gene expression) or a
nonclassical (kinase activation) pathway  [123]
(Figure 6.8).

In the classical signaling pathway, testosterone
diffusesthroughtheplasmamembraneandbindsits
cognate cytosolic receptor  [124]. A conformational
changeinthecytosolicandrogenreceptorallowsitto
be separated from associated heat shock proteins
(HSP 70andHSP 90).Theandrogenreceptorsubse-
quently traverses the nuclear membrane and binds
to  androgen response elements (AREs) on DNA.
Consequently, various transcription factors mediate
thetranscriptionandtranslationofspecificandrogen-
induciblegenes [123].Thenonclassicalpathway(not
shown)isinitiatedviatheinteractionoftestosterone
withthecytosolicandrogenreceptor.Thisleadstothe
activation of the mitogen-activated protein kinase
(MAPK)cascade –sequentialphosphorylationofvar-
iousproteins,includingRAF,MEK,andERK.Finally,
phosphorylationofCREBresultsintheactivationof
variousCREB-regulatedgenesresponsibleforvarious
physiologicaleffectsoftestosterone [124].

TABLE 6.16  Mechanismof thephysiologiceffectsof testosterone.

Physiologic effect Mechanism

Increase in bone mineral 
density

1. Promotes bone formation by binding to androgen receptors on osteoblasts.
2. Promotes insulin- like growth factor 1 mediated proliferation of chondrocytes and 

osteoblasts.
3. Estrogen (produced through the action of aromatase on testosterone) inhibits 

RANKL- mediated bone resorption [116].

Hair growth and sebum 
production

1. Growth of androgen- dependent hair by activating androgen receptors on dermal 
papilla cells.

2. Androgen receptors on sebaceous glands are activated by testosterone leading 
to an increased risk for acne [117].

Muscle growth The mechanism underlying muscle protein synthesis and hypertrophy is 
unknown [118].

Reproductive roles 1. Descent of the testes, spermatogenesis, phallic and testicular enlargement.
2. Increase in libido [119].

Erythropoiesis (increase in 
hemoglobin and 
hematocrit)

1. Increased synthesis of erythropoietin.
2. Suppression of hepcidin (an inhibitor of intestinal iron absorption). . .
3. Increase in iron mobilization [120].

RANKL, Receptor activator of nuclear factor kappa B ligand.
Source: Adapted from [116–120].

TABLE 6.17  Regulatorsof sexhormone-
bindingglobulin.

Increase in SHBG Decrease in SHBG

Hyperthyroidism Hypothyroidism

Estrogens Progestins, androgens, and 
glucocorticoids

Cirrhosis Nephrosis

Aging Acromegaly and diabetes 
mellitus

HIV infection Obesity

HIV, Human immunodeficiency virus infection.
Source: Adapted from [122].
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FIGURE 6.8  Theclassicaltestosteronesignalingpathway.

TABLE 6.18  Dosingscheduleand practicalguideto testosteronereplacement.

Preparation Dose (route, schedule) Practical guide

Testosterone 
cypionate or 
enanthate

150–200 mg (IM, every two 
weeks)

Highly variable serum testosterone (significant 
fluctuation in hypogonadal symptoms). Risk of 
erythrocytosis.

Testosterone patch 2–4 mg (TD, every 24 hours) Stable serum testosterone concentration. Less likely 
to cause erythrocytosis.

Testosterone gel 20.25–81 mg of 1.62% gel
Or 50–100 mg of 1% gel 
(TD, every 24 hours)

Potential transfer to sexual partners or children.

Other preparations include long- acting intramuscular testosterone undecanoate, subcutaneous testosterone pellets, buccal 
tablets, and nasal gels.
IM, intramuscular; TD, transdermal.
Source: Adapted from Ref. [122].

Practice Pearl(s)
The typical dosing schedule of various testosterone
preparationsisshowninTable 6.18.
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6.2.2 Human Chorionic Gonadotropin

6.2.2.1 Physiology

Human chorionic gonadotropin (hCG) regulates the
productionofprogesteroneandother factors critical
inmaintainingfetalviabilityduringthefirsttrimester
ofpregnancy [126].hCG,amemberoftheglycopro-
teinhormonefamily,iscomprisedofαandβsubunits,
whicharenon-covalentlylinked.hCG,FSH,LH,and
thyroid-stimulating hormone (TSH) share structural
homology in their α-subunit  [127]. Conversely, the
amino acid sequence of the β-subunit is hormone-
specificanddistinguisheshCGfromothermembersof
theglycoproteinhormonefamily.

Spermatogenesis is dependent on intratesticular
testosterone concentration (see Section  6.2.3). For
patientsonexogenoustestosteronetherapy,testosterone-
mediated negative feedback inhibition of the

hypothalamusandpituitarygland impairs thepulsa-
tile release of GnRH and LH, respectively  [128].
Consequently,Leydigcellsofthetestescannotproduce
intratesticular testosterone critical in maintaining
spermatogenesisandtesticularvolume [129–131].

6.2.2.2 Mechanism of Action

hCG is a placental-derived analog of LH and is
extracted either from the urine of pregnant
women  or  synthesized using recombinant DNA
technology [132].

hCGhasahalf-lifeof24hours [133]comparedto
LH(half-lifeof60minutes),makingtheformerarea-
sonable therapeutic option in managing male infer-
tility  [127]. Due to their similarity in the α-subunit
aminoacidsequence,hCGcanoccupytheLHreceptor
andactivatedownstreamprocessestypicallymediated
byLH(seeSection 6.2.1).

Clinical Trial Evidence

Aseriesofclinicaltrials,knownasThe Testosterone 
Trials,assessedtheefficacyoftestosteronetherapyin
men older than 65years of age with hypogonadism
(totalserumtestosterone<275ng/dLandhypogonadal
symptoms). Study participants were randomized to

eithertestosteronegel(intervention)orplacebofora
totalof12months.Forparticipants in the interven-
tion arm of the study, the goal serum testosterone
was inthemid-normalrangeforyoungermen(19–
40yearsofage).SeeTable 6.19.

TABLE 6.19  Summaryof thetestosteronetrials.

Testosterone trial Outcome

Sexual function trial PDQ- Q4 score: The mean difference in the change from baseline between the intervention 
and placebo arms was 0.58 (95% CI 0.38–0.78, P- value < 0.0001).

Physical function trial Increase in 6- minute walking distance by at least 50 m: Difference between the 
intervention and placebo arms, OR of 1.42 (95% CI 0.83–2.45, P- value = 0.20).

Vitality trial Increase in FACIT score (a higher score implies less fatigue) of at least 4 points: 
The difference between the intervention and placebo arms, OR 1.23 (0.83–1.84, 
P- value = 0.03).

PDQ- Q4, psychosexual daily questionnaire; CI, confidence interval; OR, odds ratio; FACIT, Functional assessment of chronic 
illness therapy.
Source: Adapted from [125].

Practice Pearl(s)
Testosteronereplacementtherapyisassociatedwith
oligospermia, an undesirable clinical effect in
youngerhypogonadalmenseekingtopreservetheir

fertility [131].ThismakesHCGaviablealternative
to testosterone in this subset of hypogonadal
men [128,134,135].Furthermore,hCGis lesslikely
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6.2.3 Follicle- Stimulating Hormone

6.2.3.1 Physiology

Regulation of Sertoli Cell Function
Testosterone derived from Leydig cells of the testes
diffuses into the seminiferous tubules to access
Sertoli cells.Testosterone(asteroidhormone)subse-
quentlydiffuses through theplasmamembraneand
thenbindsdirectlytoandrogenreceptorsinthecyto-
plasmofSertolicells.Consequently,thesynthesisof
variousandrogen-induciblegenesrequiredforSertoli

cell function and spermatogenesis occurs (see
Figure  6.8 for the classical pathway of testosterone
signaling) [138].

FSH binds to the FSH receptor (a G protein-
coupled receptor) on Sertoli cells, leading to down-
streamprocessescriticalinSertolicellfunction [139].
Sertolicellsareresponsiblefortheprovisionofnutri-
entsrequiredforgermcellfunctionandoptimalsper-
matogenesis [140].AlthoughFSHisneededforSertoli
cellfunction,intheabsenceofintratesticularandro-
gens, thegenerationof spermatids is impaired  [141]
(Figure 6.9).

Clinical Trial Evidence

Clinical trials evaluating the role of hCG in male
hypogonadismaresummarizedinTable 6.20.

TABLE 6.20  Theefficacyof hCGin malehypogonadism.

Study Population Intervention(s) Outcome

CC or hCG in male 
hypogonadism

HH + Low serum 
testosterone (<300 ng/
dL) with hypogonadal 
symptoms (n = 282)

Randomized to oral CC 
50 mg daily, SC hCG 
5000 IU twice a week or 
both for three months.

The mean baseline 
testosterone increased from 
2.31 nmol/L to a final 
average of 5.17 nmol/L with 
no statistically significant 
difference between the 
treatment groups [136].

Concomitant 
Testosterone and 
hCG therapy in male 
hypogonadism

HH + Low serum 
testosterone (<300 ng/
dL) with hypogonadal 
symptoms (n = 26)

Retrospective review of 
patients treated with TRT 
(IM or TD testosterone) and 
IM hCG 500 IU every other 
day. Mean follow- up of 
6.2 months.

The mean serum 
testosterone level increased 
from a baseline of 207.2 ng/
dL to 1055.5 ng/dL during 
treatment (P- value <0.0001). 
Semen indices, such as 
volume, density, and sperm 
motility, remained 
unchanged at the end of the 
study [137].

CC, clomiphene citrate; SC, subcutaneous; IU, international units; HH, hypogonadotropic hypogonadism; TRT, testosterone 
replacement therapy; IM, intramuscular; TD, transdermal.

tocauseelevatedhematocrit,hyperestrogenemia,or
prostatic enlargement than  conventional testos-
teronereplacementtherapy [128].

hCG requires functioning testicular tissue; as
such, it can only be used in men with secondary

causes of hypogonadism.Testosterone replacement
therapy is recommended for men with primary
hypogonadism [128].
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6.2.3.2 Mechanism of Action

RecombinanthumanFSH(rhFSH)bindstoacomple-
mentary G protein-coupled receptor on Sertoli cells.
Consequently, this leadstovariouscomplexintracel-
lularprocesseswhichenhancetheexpressionofgenes
requiredforgametogenesis [143].

FIGURE 6.9  RegulationofSertolicellfunction.GnRHfromthehypothalamuspromotesthereleaseofLHandFSHfromthe
anteriorpituitarygland.LHstimulatesthebiosynthesisandreleaseoftestosteronebyLeydigcellsofthetestes,whileFSH
mediatestheproliferationofSertolicellsandthereleaseofinhibinbyseminiferoustubules.Inhibinandtestosteroneareinvolved
innegativefeedbackinhibitionofFSHandLHrelease,respectively.Also,testosteroneexertsadditionalnegativefeedback
regulationofGnRHreleaseatthelevelofthehypothalamus.Source:Adaptedfrom [142].

Practice Pearl(s)
Idiopathichypogonadotropichypogonadism (con-
genital hypogonadotropic hypogonadism) and
Kallmannsyndromearecharacterizedbyimpaired
synthesis or secretion of hypothalamic-derived
GnRH.Asaresultofdiminishedstimulationofthe
anteriorpituitarygland,thereisimpairedgonadal
steroidogenesisandgametogenesisinmales [144].

ConcomitantadministrationofrhFSHandhCGis
efficacious in initiating spermatogenesis in males
with idiopathic hypogonadotropic hypogonad-
ism  [145]. It is worth noting that gonadotropin-
deficient men can produce both testosterone and
anadequateamountofspermwhileonmonother-
apywithhCG.Nonetheless,theadditionofrhFSH
to therapy further enhances sperm production in
thesemen [146].

Furthermore,menwithinactivatingmutations
oftheFSHcontinuetomakesperm(allbeitlower
thannormalmales)despitehavingsmalltestes.The
directactivationof theFSHreceptor is, therefore,
notrequiredforthemaintenanceofgametogenesis
inmen.Inessence,FSHreceptoractivationismore
relevantinfemalethanmaleinfertility [147].
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6.2.4 Clomiphene Citrate

6.2.4.1 Physiology

Thehypothalamic–pituitary–gonadalaxisanditsneg-
ativefeedbackloopswerediscussedinSection 6.2.3.

6.2.4.2 Mechanism of Action

Clomiphene citrate (Clomid®) is a selective estrogen
receptor modulator (SERM) that exerts estrogen
antagonistproperties in thehypothalamusandante-
riorpituitary,resultinginincreasedGnRHandgonad-
otropinrelease,respectively [132].

Thehypothalamus,anteriorpituitarygland,and
testesworkinconcerttopromotebothspermatogen-
esisandtestosteroneinmales.Thesequentialrelease
of GnRH, LH, and FSH results in gonadal steroido-
genesis and gametogenesis. Testosterone is subse-
quently converted to estrogen by the aromatase
enzyme.Next,estrogeninhibitshypothalamicGnRH
secretion,thusreducingtestosteroneandspermpro-
duction. Clomiphene citrate competes with endoge-
nous estrogen for binding sites at the level of the
hypothalamus.Consequently,estrogencannotinhibit
GnRH production, which increases LH and FSH,
promoting eventual testosterone production and
spermiogenesis [148].

Clinical Trial Evidence

Theresultsofaclinicaltrialevaluatingtheefficacyof
rhFSHinmalehypogonadismareshowninTable 6.21.

TABLE 6.21  Efficacyof recombinanthumanFSHin malehypogonadism.

Study Population Intervention(s) Outcome

rhFSH + hCG in 
IHH

Azoospermic men 
with IHH and a 
mean testicular 
volume ≤ 4 mL 
(n = 26)

rhFSH 150–225 IU three 
times a week, administered 
subcutaneously. 
Pretreatment with hCG for 
up to 6 months to maintain 
normal serum testosterone.

The primary efficacy endpoint, defined as 
attaining a sperm concentration of 
≥1.5 × 106 per mL, occurred in 19 subjects 
(63.2%). The mean increase in sperm 
concentration compared to baseline was 
2.8 × 106 per mL after 9 months of 
therapy (P- value = 0.027) [145].

IHH, idiopathic hypogonadotropic hypogonadism.
Testicular volume was assessed with a Prader orchidometer.

Practice Pearl(s)
Theinitialrecommendeddoseofclomiphenecitrate
is25mg/dayor50mgeveryotherday.Thedosecan
thenbegraduallyescalatedto50mg/day [132].

Clomiphene citrate may be considered in men
with functional hypogonadotropic hypogonadism,
suchaspatientswithsleepapneainitiatingaweight

loss program or nocturnal continuous positive
airwaypressure(CPAP)therapy.Hypogonadismin
thesepatientsistypicallytemporary;assuch,ashort
courseofclomipheneisareasonablealternativein
place of conventional testosterone replacement
therapy [149].
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6.3 MENOPAUSE

6.3.1 Menopausal Hormone Therapy

6.3.1.1 Physiology

Hot Flashes and Thermoregulation
Hot flashes, also known as vasomotor symptoms of
menopause,areclassicallyreportedassuddenonsetof
diaphoresisandwarmthinvolvingthechest,neck,and
face. Also, hot flashes last under 5minutes but can
sometimespersistforaslongasanhour [155].Heat-
dissipating processes such as cutaneous vasodilation
accountforthetypicalvasomotorsymptomsofmeno-
pause. Although the exact pathophysiologic basis of
hotflashesisnotentirelyunderstood,thereisevidence
that estrogen-sensitive neuronal pathways regulate
theclassicalthermoregulatorycenter [156].

Clinical Trial Evidence

Theresultsofaclinicaltrialevaluatingtheefficacy
of clomiphene citrate in male hypogonadism are
showninTable 6.22.

TABLE 6.22  Efficacyof clomiphenecitratein malehypogonadism.

Study Population Intervention(s) Outcome

CC monotherapy in 
hypogonadism

Men with hypogonadism, 
defined as serum 
testosterone <300 ng/dL 
on two consecutive early 
morning TT assessments 
(n = 86).

PO clomiphene citrate 
25 mg every other day 
titrated to 50 mg every 
other day, to a target total 
testosterone of 550 ng/dL. 
Mean duration of 
treatment was 19 months.

There was a statistically 
significant increase in TT and 
gonadotropins (LH and FSH), 
comparing baseline to 
post- treatment levels 
(P- value of < 0.01) [150].

TT, total testosterone; PO, per os (by mouth).

Concepts to Ponder Over

What is the expected trend in testosterone 
across the lifespan of men?

Whenevaluatinghypogonadisminoldermen,itis
worth noting that total testosterone decreases
while sex-hormone-bindingglobulinincreaseswith
age [151].

Aromatase inhibitors in male hypogonadism

Aromatase inhibitors blunt the conversion of
androgens into estrogens, thus blunting negative
feedbackcontrolofGnRHproductionbyestrogen.
There is, however, no consistent evidence that
aromatase inhibitors are efficacious in increasing
serumtestosteroneorspermiogenesis [152].

What is the expected trend in testosterone 
across the lifespan of men?

Testosteronelevelsinmentypicallyfollowapattern
acrossthelifespan.Testosteronegenerallyincrease
duringadolescence,peaksinearlyadulthood,and
thengraduallydeclineasmenage.Thisdeclineis
commonly referred to as “andropause” or “late-
onsethypogonadism” [153,154].

Clinical Pearl

What is the definition of menopause?

Menopause isdefinedas thepermanentcessation
ofmenses.Traditionally,thisconditionisdiagnosed
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Estrogen plays a critical role in regulating the
thermoregulatory center in the hypothalamus.
Various estrogen-sensitive neurons, including
5-hydroxytryptamine(5HT,fromthemidbrain),norepi-
nephrine (NE, from the brain stem), and KNDy
(kisspeptin,neurokininB,dynorphinfromtheARN)
neuronsprojectontothethermoregulatorycenter [156].

Althoughtheexactmechanismisunclear,eleva-
tioninNElevelswithinthebrainresultsinanarrow-
ingoftheinter-thresholdzoneofthethermoregulatory

center. Consequently, slight elevations in core body
temperatureresultinhotflashes.Interestingly,thisis
typically followed by minor shivers (at the end of a
spell), further affirming the narrowing of the inter-
threshold zone  [161]. Conversely, elevated levels of
5HTinthebrainresult inthewideningof theinter-
thresholdzone,thusrelievinghotflashes [155,162].

Role of Estrogen in Bone Health
Theroleofestrogeninbonehealthwasdiscussedin
Section 5.5.6.

6.3.1.2 Mechanism of Action

Estrogens With or Without Progestins
The effects of estrogen in the pathogenesis of hot
flashesweredescribedearlier.

afteratleast12monthshaveelapsedwithoutmen-
strualbleeding [157].

Laboratorytestsmaynotberequiredifacom-
prehensivehistoryandphysicalexamcanidentify
otherpotentialcauses foramenorrheaordistress-
ingsymptoms.

Undercertainconditions,measuringFSHand
estradiollevelsorantimullerianhormonelevelsin
womenmaybenecessary.Amongthemare:

• Iftheyhaveundergoneahysterectomywithout
oophorectomyandareagedunder40 [158];

• Iftheyuseestrogen-containingcontraceptives
(which tend to suppress FSH and increase
estradiollevels) [159];

• If they continue menstruating after reaching
55(thiscouldindicatepostmenopausalstatus
but with bleeding endometrial neoplasm or
anotheruterinepathology) [160].

Clinical Pearl
Conditions masquerading as vasomotor symp-
toms of menopause [163].

• Autoimmunethyroiddisease
• Insulinoma
• Carcinoidsyndrome
• Recurrenthypoglycemia
• Anxietydisorder
• Leukemia/Lymphoma
• Mastcelldisorders

Practice Pearl(s)
• Estrogen administered orally or transdermally

has equal efficacy in ameliorating vasomotor
symptoms of menopause. In patients with an
intactuterus,concomitantprogestinsarerequired
toreducetheriskofendometrialhyperplasiaand
cancer [164](seeTable 6.23).

• Menopausal hormone therapy (estrogen with
or without progestin) primarily relieves vaso-
motor symptoms (hot flashes) of menopause.
Postmenopausalwomenmaynoticeimproved

sleep and emotional lability on menopausal
hormonetherapy.

• Local application of vaginal estrogen relieves
dryness and dyspareunia (genitourinary syn-
dromeofmenopause).

• Contraindications to oral estrogens include a
diagnosisofthrombophilia,venousthromboem-
bolism, hypertriglyceridemia, active gall bladder
disease, or migraine headaches with aura
(Table 6.24).

(continued)
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(continued)

TABLE 6.24  Comparisonof oraland
transdermalestrogens.

Effect(s) Oral 
estrogen

Transdermal 
estrogen

First metabolism in 
the liver

Yes No

Low- density 
lipoprotein

↓↓ ↓

High- density 
lipoprotein

↑↑ ↑

Triglycerides ↑↑ →

Coagulation factors ↑↑ →

Coagulation factors include factor VII and prothrombin.
Source: Adapted from [166].

Clinical Trial Evidence

The efficacy of menopausal hormone therapy in
mitigating vasomotor symptoms and osteoporotic-
relatedfracturesisshowninTable 6.25.

TABLE 6.25  Clinicalstudiesevaluatingthe safetyand efficacyof hormonetherapyin mitigatinghot
flashesand osteoporosis.

Clinical feature Population Intervention Outcome

Hot flashes Menopausal women 
(spontaneous menopause or 
bilateral oophorectomy) with 
hot flashes (n = 1104) were 
assessed in a meta- analysis.

Oral hormone 
therapya versus 
placebo.

Reduction in weekly hot flashes 
comparing hormone therapy to 
placebo (WMD −17.92, 95% CI 
−22.86 to −12.99) [167].

Osteoporosis Postmenopausal women were 
assessed in a meta- analysis.

Hormone therapy 
versus placebo (or 
calcium/vitamin D).

Incidence of vertebral fractures 
comparing hormone therapy to 
placebo (RR 0.66, 95% CI 0.41–1.07). 
Incidence of nonvertebral fractures 
(RR 0.87, 95% CI 0.71–1.08) [168].

a Hormone therapy – estrogens alone or combined with progestins in either a cyclic or continuous regimen.
WMD, weighted mean difference.
Source: Adapted from [167, 168].

TABLE 6.23  Estrogen-basedtherapies
with efficacyin vasomotorsymptoms.

Estrogen- based treatment 
(route)

Standard dose 
(Low dose)

Conjugated estrogen (oral) 0.625 mg/d 
(0.3–0.45 mg/d)

Micronized estradiol- 17β 
(oral)

1 mg/d (0.5 mg/d)

Estradiol- 17β (transdermal) 0.0375–0.05 mg/d 
(0.025 mg/d)

Conjugated 
estrogen + bazedoxifenea 
(oral)

0.45 mg/d + 20 mg/d

a Combined estrogen agonist/antagonist.
Source: Adapted from [165].
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6.3.2 SSRI/SNRI

6.3.2.1 Physiology

5-Hydroxytryptamine (serotonin)playsacritical role
inregulatingthethermoregulatorycenter.

6.3.2.2 Mechanism of Action

In the postmenopausal state, the loss of estrogen
resultsinreducedactivationandproductionof5HT
by central serotonergic neurons. As a result of
reduced serum serotonin levels, the sensitivity of
serotonergic neurons increases, which causes hot
flushes. Selective serotonergic reuptake inhibitors
relieve hot flushes by increasing serotonin levels

leading to widening of the inter-threshold zone of
thethermoregulatorycenter [169].Clinical Pearl

Historical understanding of the menopause

Therewasatimeinourshamefulpastasmedical
professionals when women were coerced into
undergoing bilateral  oophorectomy (removal of
theovaries)forhysteria,anorexianervosa,anxiety
disorder, and a myriad of other neuropsychiatric
ailments.The central dogma of that day was that
the nervous system controlled all parts of the
humanbody.Quitedisconcertingly,thebeliefwas
that the ovaries were essential nerve centers gov-
erningwomen’sbehavior.This fueled thepractice
ofovarianremovalanditsunintendedconsequence
of premature menopause. Unfortunately, over
100000youngwomenunderwentthisprocedurein
Europe and subsequently developed severe vaso-
motorsymptomsofmenopause.

In his seminal work on the internal secre-
tions  of  the  ovaries,  Josef  von  Halban  (1870–
1937), a pioneer in hormone science,disproved
thelong-heldbeliefthattheovarieswereindirect
communication with the nervous system. Halban
showedthattheovariesexertedsystemiceffectsby
directlyreleasingaspecialchemical(estrogen)into
the bloodstream. He removed bits of the ovaries
anduterusandtransplantedtheseintotheskinof
guineapigs.Hewasabletoshowthatdespitebeing
anatomically displaced, the ovaries allowed an
immature spayed guinea pig to attain normal
puberty, confirming the role of a yet-to-be-
characterizedhormonewenowknowasestrogen.

Practice Pearl(s)
Paroxetine is theonlyselectiveserotoninreceptor
inhibitorapprovedforthetreatmentofhotflashes
in the United States. Low-dose paroxetine bet-
ween 10 and 20mg is efficacious in reducing hot
flashes [170].

Concepts to Ponder Over

A woman with breast cancer developed 
vasomotor symptoms after starting tamox-
ifen. Is SSRI therapy a reasonable option for 
this patient who cannot be on conventional 
menopausal hormone therapy?

Cytochrome-P450 isoenzyme 2D6 (CYP2D6) is
responsiblefortheconversionoftamoxifen(apro-
drug) into its active metabolite (endoxifen). Some
SSRIs(paroxetineandfluoxetine)arepotentinhibi-
tors of CYP2D6, potentially reducing the clinical
efficacyoftamoxifeninthemanagementofbreast
cancer [172].

Outline possible mitigating strategies in the 
above scenario

1. Switchingfromtamoxifentoanastrozole [173].
2. Opt for SSRIs that do not inhibit CYP2D6,

such as citalopram, sertraline, and escitalo-
pram [172].

Clinical Trial Evidence

Inameta-analysisof11randomizedcontroltrials,
2069  menopausal women aged between 36 and
76years were followed up for 1–9months. The
meandurationsincemenopausewas2.3–6.6years.
SSRIs compared to placebo resulted in a statisti-
cally significant reduction invasomotor symptom
frequency,witha reporteddifference inmeansof
−0.93(95%CI−1.46to−0.37,I2 =21%) [171].
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6.4 TURNER’S SYNDROME

6.4.1 Hormone Replacement Therapy

6.4.1.1 Physiology

The Effects of Estrogen on Metabolism
Estrogen exerts its effects by binding to its cognate
nuclearreceptors,EstrogenReceptoralpha(ERɑ)and
EstrogenReceptorbeta(ERβ). Innormalphysiology,
estrogenreceptorsareattachedtoHeatShockProtein
90 (HSP90) present in the cytosol. The binding of
estrogentoestrogenreceptorspromotesthedissocia-
tionofthelatterfromHSP90.Consequently,estrogen
receptorsbindestrogenresponseelements(sequences
onDNA)responsibleforeitherpromotingorinhibit-
inggenetranscription [175].

6.4.1.2 Mechanism of Action

SeeTable 6.26.

TABLE 6.26  Physiologiceffectsof estrogen.

Physiologic 
role

Mechanism

Mammary 
gland

Estrogen promotes the proliferation of 
mammary tissue during puberty. Also 
responsible for cyclical proliferation and 
involution during the menstrual cycle 
(reproductive years) [176].

Bone It promotes initial pubertal growth spurt and 
paradoxically limits final skeletal height by 
inducing ossification (closure) of the 
epiphyseal growth plate [176]. The effects of 
estrogen on bone resorption (Section 5.5.6).

Lipid 
metabolism

Estrogen lowers triacylglycerols by 
increasing the expression of apolipoproteins 
required for lipid transport [177].

Glucose 
metabolism

Estrogen exerts a myriad of effects on 
lipid metabolism by,
Increasing peripheral tissue sensitivity by 
increasing the expression of glucose 
transporter 4 (GLUT4) – required for 
glucose uptake by skeletal muscle and 
adipose tissue.
Reducing inflammation in adipose tissue 
(thus, insulin resistance) [177].

Source: Adapted from [176, 177].

Practice Pearl(s)
Hormone replacement therapy is required for
pubertalinductionandlong-termbonehealth [178].
Transdermal estrogen is the preferred route of
administrationinpubescentgirls.Progestintherapy
is conventionally initiated after two years of
estrogen therapy (or breakthrough bleeding) to
provide endometrial protection in these patients
withanintactuterus [179,180].

For adult women, transdermal estrogen (25–
150mcg/day) or oral estrogen (1–4mg) promotes
skeletalandmetabolichealth [178,181].Progestins
can be administered in a sequential fashion ten
daysoutofthemonthorasacontinuousestrogen–
progestin regimen. A progestin-containing
intrauterine device combined with either oral or
transdermalestradiolisrecommendedforpatients
with irregular uterine bleeds or in whom uterine
bleedsareundesirable [178].Hormonereplacement
therapyshouldbecontinuedthroughoutadultlife
untiltheaverageageofmenopause.

Clinical Trial Evidence

(Table 6.27)

TABLE 6.27  Ameta-analysisof theefficacyof
transdermalversusoralestrogenin Turnersyndrome.

Parameter Outcome

Bone 
Mineral 
Density

Compared to OE, TDE caused a greater 
increase in whole- body BMD Z- score. A 
mean difference of −0.071 (95% CI, 
−0.125 to −0.017).

Lipids OE, compared to TDE led to a statistically 
significant decrease in LDL- C levels. Mean 
difference 5.87 (95% CI, 2.18–9.55).a

Insulin There was no statistically significant 
difference in fasting insulin levels.

OE, oral estrogen; TDE, transdermal estrogen; BMD, bone 
mineral density.
a There was no significant difference in serum triglycerides, 
comparing OE and TDE.
Source: Adapted from [182].

Historical Pearl
Thissyndromeis traditionallyattributedtoHenry
Turnerduetohisdescriptionofthetriadofinfan-
tilism, webbed neck, and cubitus valgus in
1938 [174].
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6.4.2 Therapies for Metabolic Disorders

6.4.2.1 Physiology

SeeSection 6.4.1.

6.4.2.2 Mechanism of Action

SeeSection 6.4.1.

6.4.3 Therapies for Linear Growth

6.4.3.1 Physiology

Theetiologyofshortstatureismultifactorial,including
estrogen deficiency, perturbations in GH/IGF-1 sig-
naling,andshortstaturehomeobox-containing(SHOX)
genedeficiency [185].HaploinsufficiencyoftheSHOX
genemightbetheetiologyofshortstatureinTurner
syndromethroughlossofnormalchondrocytefunction
attheepiphysealgrowthplate [186].

6.4.3.2 Mechanism of Action

Growthhormonepromoteslongitudinalgrowth.

Practice Pearl(s)
PatientswithTurner’ssyndromeareatriskforvar-
ious metabolic conditions, including diabetes
mellitus,hyperlipidemia,andhypothyroidism(see
Table 6.28).

TABLE 6.28  Metabolicmonitoringguidelines
for patientswith Turner’ssyndrome.

Metabolic feature Screening

Hyperglycemia Annual hemoglobin A1c and 
fasting glucose

Hyperlipidemia Annual lipid panel

Hypothyroidism Annual thyroid function tests

Source: Adapted from [179].

Clinical Trial Evidence

SeeTable 6.27.

Clinical Pearl

What is Short Stature

Short stature is a general term that applies to
children whose height is two standard deviations
(SD)ormorebelowthemeanforchildrenof that
sex,age,andpopulation.Statisticsshowthat23per
1000  individuals have this diagnosis  [183]. Short
staturemaybeidiopathic,secondarytoorgandis-
ease,orarisefromanendocrinedisorder.Endocrine
causes include childhood-onset growth hormone
deficiency (GHD), primary insulin-like growth
factor 1 deficiency, and defects in their
pathways [184].

Geneticvariationsingrowthmustfirstbecon-
sideredwhensearchingforapathologicalcauseof
short stature. In other words, children often have
similargrowthpatternsandtheonsetofpubertyas
their parents. Therefore, a history of pubertal
development and evidence of the heights of their
family members should be obtained. Moreover,
familiesinwhichshortstatureisfrequentcanshow
different patterns of growth that are considered
normal.Onepattern is theconstitutionaldelayof
growth and development, where children are
knownas“latebloomers.”

For pathological short stature, dispropor-
tionateshortstaturemeansthetrunkislongeror
shorterincomparisonwiththelimbs.Thistypeis
seeninskeletaldysplasias,SHOXgenemutations,
orafterspineradiation.Proportionalshortstature
referstoanexpectedtrunklengthcomparedtothe
limbs.Thispatternisseenininheritedlimitations
onbonegrowth,babiessmallforgestationalage,
genetic and chromosomal abnormalities, or in
caseswherethemotherreceivedradiationduring
pregnancy.

Practice Pearl(s)
Earlyinitiationofgrowthhormonetherapyingirls
with Turner syndrome has various demonstrable
benefits,includingskeletalgrowth,increasedbone
mineraldensity,andoptimalmetabolicparameters
(improvementinglucoseandlipidpanel) [180].

(continued)
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PRACTICE- BASED QUESTIONS

1. Which of the following best describes the role of
insulininadrenalsteroidogenesis?

a. Insulin stimulates the breakdown of adrenal
steroids

b. Insulininhibitsthesynthesisofadrenalsteroids
c. Insulinhasnoeffectonadrenalsteroidogenesis
d. Insulinpromotesthesynthesisofadrenalsteroids

Answer:d)Insulinpromotesthesynthesisofadrenal
steroids. Insulin stimulates the synthesis of
adrenalsteroids,includingandrogensandcor-
tisol, by promoting the function of steroido-
genic factor 1 (SF-1). SF-1 is a transcription
factorthatenhancesthetranscriptionofcritical
adrenal steroidogenic genes. Insulin impairs
the activity of a canonical inhibitor of SF-1
function,increasingadrenalsteroidsynthesis.

2. Whatisthemechanismunderlyingtheregulation
of sex hormone-binding globulin (SHBG) by
insulin?

a. ItpromotesSHBGproduction
b. ItinhibitsSHBGproduction
c. IthasnoeffectonSHBGproduction
d. Themechanismisnotyetknown

Answer:b)ItinhibitsSHBGproduction.Thereisan
inverse relationship between SHBG and
insulin.InsulininhibitsthesynthesisofSHBG,
exacerbatinghyperandrogenemiabyincreasing
thefractionofunbound(free)toboundandro-
gens. The mechanism underlying this regula-
tionisnotyetfullyelucidated.

Clinical Trial Evidence

In a meta-analysis of 11 studies comparing
recombinant human growth hormone(rhGH) to
placebo,rhGHresultedinastatisticallysignificant
increaseinthefinalheightofsubjectswithTurner
syndrome (mean difference of 7.22cm, 95% CI
5.27–9.18,P <0.001).Thereportedheightvelocity
comparing rhGH to placebo was also statistically
significant (mean difference of 2.68cm/year, 95%
CI2.34–3.02,P <0.001) [189].

Concepts to Ponder Over

What is the underlying pathophysiology of 
short stature in Turner syndrome?

Alterations in the SHOX gene (Short stature
homeobox-containing gene) located on the short
armoftheXchromosomehavebeenimplicatedas
the causal factor for the diminished height
characteristicofTurnersyndrome(TS)patients.In
femaleswithnormalgenotypes, twocopiesof the
SHOXgeneareinherited,oneontheactiveandthe
other on the inactive X chromosome, thereby
ensuringthegene’sevasionofLyonizationeffects.

Even if short staturemaybea signofunder-
lying pathology, it is not a disease. However, it is
considered a problem because it is socially per-
ceivedtobeadisability [187].Oneoptionisgrowth
hormonetherapywhichcomeswithitsrisks –short
term such as insulin resistance (with increased
incidence of type 2 diabetes mellitus in children
withotherriskfactors),pseudotumorcerebri,and
slippedcapitalfemoralepiphyses [188].

Growthhormonetreatmentshouldbeinitiated
around 4–6years of age, especially if the affected
childgrowsataheightvelocity less thanthe50%
percentile for age and gender. At a dose of
45–50mcg/kg/day,growthhormonecanbefurther
titrated to a maximum dose of 68mcg/kg/day.
Seruminsulin-likegrowthfactor1shouldbeevalu-
atedatleastannuallyduringtreatment [181].

(continued) Interestingly,theSHOXgeneisalsopresentonthe
Ychromosomeingeneticmales.Hence,theeven-
tual height outcome is dose-dependent on the
SHOXgene [190].TheSHOXgeneisexpressedin
mesenchymaltissueandplaysapivotalroleinthe
formation of chondroblasts in the long bones of
boththeupperandlowerlimbs.Whenonlyasingle
copy of the SHOX gene is available, a condition
termed haploinsufficiency, as is the case with TS,
it provesinsufficienttofullysupportthegrowthof
longbones.Thismechanismexplainstheresultant
short stature observed in individuals with Turner
syndrome [191,192].



3. What is the mechanism of action of metformin
inPCOS?

a. Itpromotesthesynthesisofadrenalsteroids
b. Itinhibitsthesynthesisofandrogens
c. Itimprovesinsulinresistance
d. ItreducesSHBGproduction

Answer:c)Itimprovesinsulinresistance.Metformin
is an insulin-sensitizing drug that improves
insulin resistance in PCOS by activating the
adenosine monophosphate-activated protein
kinase(AMPK)pathway.Thisprocessimpairs
hepatic glucose output, reduces fatty acid
oxidation, and increases glucose uptake by
peripheral tissues.Byimprovinginsulinresis-
tance, metformin helps mitigate some hor-
monalperturbationsinPCOS.

4. WhatisthemodeofreleaseofGnRHthatpromotes
ovarianfolliclematuration?

a. Pulsatile
b. Surge-like
c. Continuous
d. Sporadic

Answer:a)Pulsatile.PulsatileGnRHreleasepromotes
ovarianfolliclematuration.Ontheotherhand,a
surge-likeincreaseinGnRHreleaseaccountsfor
thewidelyaccepted“LHsurge”requiredforovu-
lation. The GnRH pulse generator, localized to
the arcuate nucleus of the hypothalamus, con-
trolsfertilitybyinitiatingtheclassicGnRHultra-
dianfrequency,whichregulatesthesynthesisof
estradiolandprogesteronebytheovaries.

5. Which hormone reduces the GnRH pulse fre-
quency, ultimately leading to decreased LH and
FSHsecretioninnormalfemalephysiology?

a. Estradiol
b. Progesterone
c. Leptin
d. Cortisol

Answer: b) Progesterone. Progesterone inhibits
GnRH neurons, leading to a decrease in the
GnRH pulse frequency and, ultimately, a
decreaseinLHandFSHsecretion.

6. What is themechanismofactionofestrogenand
progestin-containing oral contraceptive pills
(OCPs)inPCOS?

a. SuppressLHrelease
b. Increasesfreeandrogenlevels
c. InhibitsLHsurgerequiredforovulation
d. Decreasesovarianandrogenproduction

Answer: d) Decreases ovarian androgen produc-
tion. Estrogen and progestin-containing
OCPs decreaseovarianandrogenproduction
in patients with PCOS. Estrogen increases
sex  hormone-binding globulin, which
decreasesfreeandrogenlevels,andprogestin
suppresses LH release. Progestin also has
androgen receptor-blocking effects. The
inhibition of ovarian androgen production
is  essential in mitigating the clinical effects
of  hyperandrogenemia, such as hirsutism
and  acne, and prevention of endometrial
hyperplasia.

7. Whatisthemechanismofactionofspironolactone
inmanagingacneandhirsutisminPCOS?

a. Inhibits5alpha-reductaseactivity
b. Increasesovarianandadrenalsteroidogenesis
c. Inhibitstheactivityofaromatase
d. Increasessexhormone-bindingglobulin

Answer: a) Inhibits 5 alpha-reductase activity.
Spironolactone is a diuretic and aldosterone
antagonist with antagonistic properties at the
androgenreceptor. It inhibits theactivityof5
alpha-reductase,whichiscriticalinconverting
testosteronetoitsactiveform,dihydrotestoster-
one.Spironolactonealsoincreasestheactivity
of aromatase, which converts testosterone to
estrogen and increases sex hormone-binding
globulin.Patientswithmoderate-to-severehir-
sutism in PCOS can benefit from spironolac-
tone therapy, but it should be initiated only
after at least six months of oral contraceptive
pill use. Spironolactone can exacerbate men-
strual irregularity if not used concomitantly
withoralcontraceptivetherapyandcancause
posturalhypotension,dizziness,andhyperka-
lemiaassideeffects.

8. Which phase of ovarian follicular development is
controlledbygrowthfactorsandcytokines?

a. Gonadotropin-independentphase
b. Gonadotropin-dependentphase
c. Antralfollicularphase
d. Lutealphase
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Answer:a)Gonadotropin-independentphase.The
transitionfromaprimordialfollicletoapre-
antral follicle is controlled by various intra-
ovarian regulators, including growth factors
andcytokines.

9. What is the mechanism of action of clomi-
phenecitrate?

a. Itstimulatesthegrowthanddevelopmentofa
cohortofpre-antralfollicles

b. Itenhancesfinalfollicularmaturation
c. ItincreasesthepulseamplitudeoftheGnRH

pulsegenerator
d. It blocks the conversion of androgens

toestrogens

Answer:c)Itincreasesthepulseamplitudeofthe
GnRHpulsegenerator.Clomiphenecitrateis
aselectiveestrogenreceptormodular(SERM)
thatactsasanantagonistat the levelof the
hypothalamus,preventingnegative feedback
inhibition of the GnRH pulse generator by
endogenousestrogen.Asaresult,thelevelsof
LHandFSHincrease,enhancingtherecruit-
mentandmaturationofovarianfollicles.

10. What is the dosing schedule of letrozole for
patientswithPCOS?

a. 50mgdailyfor5days
b. 2.5mgdailyfor5days
c. 75IUadministeredsubcutaneouslyonadaily

basisforupto14days
d. 5000–10,000 IUadministeredintramuscularly

orsubcutaneously

Answer: b) 2.5mg daily for 5days. Letrozole is a
competitivenonsteroidalaromataseinhibitor
that blocks the conversion of androgens to
estrogens, which subsequently increases
GnRH pulse frequency and gonadotropin
release. For patients who experience a poor
ovulatoryresponse,agradualincreaseindose
to 7.5mg daily during subsequent cycles is
recommendedforatotalof5cycles.

11. Whatistheroleofandrogensinhairformation?

a. Androgenspromotehairgrowthatvarioussites
b. Androgens result in androgenetic alopecia

(AGA)ofthescalp
c. Androgenshavenoeffectonhairformation

d. Androgens result in excessive hair growth
(hypertrichosis)

Answer:a)Androgenspromotehairgrowthatvar-
ioussites.Androgenspromotehairgrowthat
varioussites,includingthescalp,beard,pubic
andaxillaryregions.However,androgenspar-
adoxically result in androgenetic alopecia
(AGA)ofthescalp.

12. Whatistheprimaryhormoneresponsibleforreg-
ulatingtestosteroneproductioninthetestes?

a. FSH
b. LH
c. GnRH
d. Estrogen

Answer: b) LH. The secretion of testosterone is
primarily regulated by luteinizing hormone
(LH), which is secreted by the anterior
pituitarygland in response togonadotropin-
releasing hormone (GnRH) from the
hypothalamus. FSH (follicle-stimulating
hormone) also plays a role in testosterone
production, but it is mainly responsible for
spermatogenesis.

13. Whichfactorisessentialfortransportingcholes-
terolintothemitochondriaofLeydigcellsfortes-
tosteronesynthesis?

a. 17hydroxylase
b. 11hydroxylase
c. 21hydroxylase
d. Steroidogenicacuteregulatoryprotein(StAR)

Answer:d)Steroidogenicacuteregulatoryprotein
(StAR).Thetransportationofcholesterolinto
the mitochondria of Leydig cells is the rate-
limiting step of testosterone synthesis. The
steroidogenicacuteregulatoryprotein(StAR)
is an essential intracellular protein required
totransportcholesterolintothemitochondria.

14. Whatistheprimarymechanismbywhichtestos-
teronepromotesboneformation?

a. Activationofosteoclasts
b. InhibitionofRANKL-mediatedboneresorption
c. Promotion of insulin-like growth factor

1-mediatedproliferationofchondrocytesand
osteoblasts

d. Conversiontoestrogen.
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Answer:c)Promotionofinsulin-likegrowthfactor
1-mediatedproliferationofchondrocytesand
osteoblasts. Testosterone promotes bone
formation by binding to androgen receptors
onosteoblasts,whichsubsequentlypromotes
insulin-like growth factor 1-mediated prolif-
eration of chondrocytes and osteoblasts.
Additionally,estrogen(producedthroughthe
actionofaromataseontestosterone)inhibits
RANKL-mediatedboneresorption.

15. What is the most stable form of testosterone
replacementtherapy?

a. Testosteronecypionateorenanthate
b. Testosteronepatch
c. Testosteronegel
d. Long-acting intramuscular testosterone

undecanoate

Answer: b) Testosterone patch. Testosterone
replacementtherapycanbeadministeredvia
various methods, including injections,
patches, gels, pellets, tablets, and nasal gels.
Thetestosteronepatchisthemoststableform
of testosterone replacement therapy, with a
stable serum testosterone concentration and
less likelihood of causing erythrocytosis.
Testosterone cypionate or enanthate, while
commonly used, can lead to highly variable
serumtestosteronelevelsandsignificantfluc-
tuationsinhypogonadalsymptoms.

16. Whatistheroleofhumanchorionicgonadotropin
(hCG)inmaleinfertility?

a. Inhibitionofspermproduction
b. Enhancementoftestosteroneproduction
c. Activationofthefollicle-stimulatinghormone

(FSH)receptor
d. Inhibition of the luteinizing hormone

(LH)receptor

Answer:b)Enhancementoftestosteroneproduc-
tion.hCG,aplacental-derivedanalogofLH,
can occupy the LH receptor and activate
downstream processes typically mediated
by  LH. It is extracted either from the urine
of  pregnant women or synthesized using
recombinant DNA technology. In males,
hCG enhances testosterone production,
which is critical in maintaining spermato-
genesis and testicular volume, making it a

viablealternativetotestosteroneinyounger
hypogonadal men seeking to preserve their
fertility.

17. Whatisthemechanismofactionofclomiphene
citrate(Clomid)inmalehypogonadism?

a. ActivationoftheFSHreceptor
b. InhibitionoftheGnRHreceptor
c. Inhibitionofestrogenproduction
d. Inhibitionoftestosteroneproduction

Answer: c) Inhibition of estrogen production.
Clomiphene citrate is a selective estrogen
receptor modulator (SERM) that exerts
estrogen antagonist properties in the hypo-
thalamusandanteriorpituitary,resultingin
increased GnRH and gonadotropin release,
respectively. It competes with endogenous
estrogenforbindingsitesatthelevelofthe
hypothalamus, which inhibits estrogen’s
negativefeedbackcontrolofGnRHproduc-
tion, leading to increased LH and FSH
and  eventual testosterone production and
spermiogenesis.

18. Whatisthepathophysiologicbasisofhotflashes
inmenopause?

a. Increasedcutaneousvasodilation
b. Narrowingof the inter-thresholdzoneof the

thermoregulatorycenter
c. Widening of the inter-threshold zone of the

thermoregulatorycenter
d. Decreasednorepinephrinelevelsinthebrain

Answer:b)Narrowingoftheinter-thresholdzone
of the thermoregulatory center. The exact
pathophysiologic basis of hot flashes is not
entirelyunderstood,butthereisevidencethat
estrogen-sensitive neuronal pathways regu-
late the classical thermoregulatory center.
Elevatedlevelsofnorepinephrinewithinthe
brain result in the narrowing of the inter-
threshold zone of the thermoregulatory
center.Consequently,slightelevationsincore
bodytemperatureresultinhotflashes.Thisis
typically followed by minor shivers (at the
endofaspell),furtheraffirmingthenarrow-
ing of the inter-threshold zone. Conversely,
elevated levels of 5HT in the brain result in
thewideningoftheinter-thresholdzone,thus
relievinghotflashes.
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19. Whichselectiveserotonergicreuptakeinhibitoris
approved for the treatment of hot flashes in the
UnitedStates?

a. Fluoxetine
b. Citalopram
c. Sertraline
d. Paroxetine

Answer: d) Paroxetine. Paroxetine is the only
selective serotonin receptor inhibitor
approved for the treatment of hot flashes in
theUnitedStates.

20. What is thepreferred routeofadministrationof
estrogeninpubescentgirlswithTurnersyndrome?

a. Oral
b. Transdermal
c. Intramuscular
d. Intranasal

Answer:b)Transdermal.Transdermalestrogenis
the preferred route of administration in
pubescent girls with Turner syndrome.
Progestintherapyisconventionallyinitiated
aftertwoyearsofestrogentherapy(orbreak-
through bleeding) to provide endometrial
protection in these patients with an
intactuterus.

REFERENCES
 1. Martikainen, H., Salmela, P., Nuojua- Huttunen, S. et al. 

(1996). Adrenal steroidogenesis is related to insulin in 
hyperandrogenic women. Fertil. Steril. 66: 564–570.

 2. Schimmer, B.P. and White, P.C. (2010). Minireview: 
steroidogenic factor 1: its roles in differentiation, devel-
opment, and disease. Mol. Endocrinol. 24: 1322–1337.

 3. Lin, L. and Achermann, J.C. (2008). Steroidogenic 
factor- 1 (SF- 1, Ad4BP, NR5A1) and disorders of testis 
development. SXD 2: 200–209.

 4. Kinyua, A.W., Doan, K.V., Yang, D.J. et  al. (2018). 
Insulin regulates adrenal steroidogenesis by stabilizing 
sf- 1 activity. Sci. Rep. 8: 5025.

 5. Ramnanan, C.J., Edgerton, D.S., Rivera, N. et al. (2010). 
Molecular characterization of insulin- mediated suppres-
sion of hepatic glucose production in vivo. Diabetes 59: 
1302–1311.

 6. Pedersen, C., Kraft, G., Edgerton, D.S. et al. (2020). The 
kinetics of glucagon action on the liver during insulin- 
induced hypoglycemia. Am. J. Physiol. Endocrinol. 
Metabolism 318: E779–E790.

 7. Handberg, A., Vaag, A., Beck-Nielsen, H., and
Vinten,J.(1992).Peripheralglucoseuptakeandskel-
etalmuscleGLUT4contentinman:effectofinsulin
andfreefattyacids.Diabet. Med.9:605–610.

 8. Wallace,I.R.,McKinley,M.C.,Bell,P.M.,andHunter,
S.J.(2013).Sexhormonebindingglobulinandinsu-
linresistance.Clin. Endocrinol.78:321–329.

 9. Akin, F., Bastemir, M., and Kaptanoglu, B. (2007).
Relationship between insulin and sex hormone-
binding globulin levels during weight loss in obese
women.Ann. Nutr. Metab.51:557–562.

10. Strain,G.,Zumoff,B.,Rosner,W.,andPi-Sunyer,X.
(1994). The relationship between serum levels of
insulin and sex hormone-binding globulin in men:
theeffectofweight loss.J. Clin. Endocrinol. Metab.
79:1173–1176.

11. Hautanen,A.(2000).Synthesisandregulationofsex
hormone-binding globulin in obesity. Int. J. Obes. 
Relat. Metab. Disord.24(Suppl2):S64–S70.

12. Simó, R., Sáez-López, C., Barbosa-Desongles, A.
et  al. (2015). Novel insights in SHBG regulation
andclinicalimplications.Trends Endocrinol. Metab.
26:376–383.

13. Zeng,X.,Xie,Y.,Liu,Y.et al.(2020).Polycysticovar-
ian syndrome: correlation between hyperandrogen-
ism,insulinresistanceandobesity.Clin. Chim. Acta
502:214–221.

14. Nestler,J.E.(1997).Roleofhyperinsulinemiainthe
pathogenesisofthepolycysticovarysyndrome,and
its clinical implications. Semin. Reprod. Endocrinol.
15:111–122.

15. Unluhizarci,K.,Karaca,Z.,andKelestimur,F.(2021).
Role of insulin and insulin resistance in androgen
excessdisorders.World J. Diabetes12:616–629.

16. Witchel,S.F.,Oberfield,S.E.,andPeña,A.S.(2019).
Polycysticovarysyndrome:pathophysiology,presen-
tation, and treatment with emphasis on adolescent
girls.J. Endocr. Soc.3:1545–1573.

17. Rosenfield, R.L. and Ehrmann, D.A. (2016).
The pathogenesis of polycystic ovary syndrome
(PCOS): the hypothesis of PCOS as functional
ovarian hyperandrogenism revisited. Endocr. Rev.
37:467–520.

18. Diamanti-Kandarakis, E. and Dunaif, A. (2012).
Insulinresistanceandthepolycysticovarysyndrome
revisited: an update on mechanisms and implica-
tions.Endocr. Rev.33:981–1030.

19. Rice, S., Christoforidis, N., Gadd, C. et  al. (2005).
Impaired insulin-dependent glucose metabolism in

.



granulosa-luteincellsfromanovulatorywomenwith
polycysticovaries.Hum. Reprod.20:373–381.

20. Sam,S.(2015).Adiposityandmetabolicdysfunction
inpolycysticovarysyndrome.Horm. Mol. Biol. Clin. 
Invest.21:107–116.

21. Stein, I.F.andLeventhal,M.L. (1935).Amenorrhea
associated with bilateral polycystic ovaries. Am. J. 
Obstet. Gynecol.29:181–191.

22. Battaglia, C. (2003). The role of ultrasound and
Doppleranalysisinthediagnosisofpolycysticovary
syndrome.Ultrasound Obstet. Gynecol.22:225–232.

23. Zawadzki, J.K. and Dunaif, A. (1992). Diagnostic
criteria for polycystic ovary syndrome: towards a
rationalapproach.In:Polycystic Ovary Syndrome(ed.
A.G.J. Dunaif and F. Haseltine), 377–384. Boston:
BlackwellScientific.

24. TheRotterdamESHRE/ASRM-sponsoredPCOScon-
sensusworkshopgroup(2004).Revised2003consen-
susondiagnosticcriteriaandlong-termhealthrisks
relatedtopolycysticovarysyndrome(PCOS).Hum. 
Reprod.19:41–47.

25. Azziz, R., Carmina, E., Dewailly, D. et  al. (2006).
Criteria for defining polycystic ovary syndrome as
a predominantly hyperandrogenic syndrome: an
androgenexcesssocietyguideline.J. Clin. Endocrinol. 
Metabol.91:4237–4245.

26. Johnson T., Kaplan L., Ouyang P., and Rizza P.
(2019). National Institutes of Health Evidence- Based 
Methodology Workshop on Polycystic Ovary Syndrome.
NIH EbMW Reports. Bethesda, MD: National
Institutes of Health, 2012; 1: 1–14. Executive sum-
mary Available at: https://prevention.nih.
gov/docs/programs/pcos/FinalReportpdf.

27. Ibáñez, L., Oberfield, S.E.,Witchel, S. et  al. (2017).
An International consortium update: pathophysiol-
ogy, diagnosis, and treatment of polycystic ovarian
syndromeinadolescence.HRP88:371–395.

28. Hashim, H.A. (2016). Twenty years of ovulation
induction with metformin for PCOS; what is the
best available evidence? Reprod. Biomed. Online
32:44–53.

29. Pau,C.T.,Keefe,C.,Duran,J.,andWelt,C.K.(2014).
Metforminimprovesglucoseeffectiveness,notinsu-
lin sensitivity: predicting treatment response in
womenwithpolycysticovarysyndromeinanopen-
label,interventionalstudy.J. Clin. Endocrinol. Metab.
99:1870–1878.

30. Fraison, E., Kostova, E., Moran, L.J. et  al. (2020).
Metformin versus the combined oral contraceptive

pill for hirsutism, acne, and menstrual pattern in
polycysticovarysyndrome.Cochrane Database Syst. 
Rev.2020:CD005552.

31. TsoL.O.,CostelloM.F.,AlbuquerqueL.E.,etal.(2009).
Metformintreatmentbeforeand duringIVForICSI
inwomenwithpolycysticovarysyndrome.Cochrane 
Database Syst. Rev. (2):CD006105. https://doi.
org/10.1002/14651858.CD006105.pub2s.

32. Voliotis,M.,Li,X.F.,DeBurgh,R.et al.(2019).The
origin of GnRH pulse generation: an integrative
mathematical-experimental approach. J. Neurosci.
39:9738–9747.

33. Herbison,A.E.(2018).Thegonadotropin-releasinghor-
monepulsegenerator.Endocrinology159:3723–3736.

34. Plant T.M. (2020). The neurobiological mecha-
nism underlying hypothalamic GnRH pulse gen-
eration: the role of kisspeptin neurons in the
arcuate nucleus. https://doi.org/10.12688/
f1000research.18356.2

35. Maeda,K.-I.,Ohkura,S.,Uenoyama,Y.et al.(2010).
Neurobiological mechanisms underlying GnRH
pulse generation by the hypothalamus. Brain Res.
1364:103–115.

36. Knobil,E.,Plant,T.M.,Wildt,L.et al.(1980).Control
of the rhesus monkey menstrual cycle: permissive
role of hypothalamic gonadotropin-releasing hor-
mone.Science207:1371–1373.

37. Welt, C.K., Chan, J.L., Bullen, J. et  al. (2004).
Recombinanthumanleptininwomenwithhypotha-
lamicamenorrhea.N. Engl. J. Med.351:987–997.

38. Pielecka,J.,Quaynor,S.D.,andMoenter,S.M.(2006).
Androgens increase gonadotropin-releasing hor-
moneneuronfiringactivityinfemalesandinterfere
withprogesteronenegativefeedback.Endocrinology
147:1474–1479.

39. Skinner,D.C.,Evans,N.P.,Delaleu,B.et al. (1998).
The negative feedback actions of progesterone on
gonadotropin-releasinghormonesecretionaretrans-
duced by the classical progesterone receptor. Proc. 
Natl. Acad. Sci. U. S. A.95:10978–10983.

40. Saketos, M., Sharma, N., and Santoro, N.F. (1993).
Suppression of the hypothalamic-pituitary-ovarian
axis in normal women by glucocorticoids. Biol. 
Reprod.49:1270–1276.

41. Lecomte, P., Lecomte, C., Lansac, J. et  al. (1997).
Pregnancyafterintravenouspulsatilegonadotropin-
releasinghormoneinahyperprolactinaemicwoman
resistanttotreatmentwithdopamineagonists.Eur. J. 
Obstet. Gynecol. Reprod. Biol.74:219–221.

 References 249

https://prevention.nih.gov/docs/programs/pcos/FinalReport
https://prevention.nih.gov/docs/programs/pcos/FinalReport
https://doi.org/10.1002/14651858.CD006105.pub2s
https://doi.org/10.1002/14651858.CD006105.pub2s
https://doi.org/10.12688/f1000research.18356.2
https://doi.org/10.12688/f1000research.18356.2


250 Chapter 6 Reproductive Organ Therapies 

42. Lee,J.H.,Miele,M.E.,Hicks,D.J.et al.(1996).KiSS-
1,anovelhumanmalignantmelanomametastasis-
suppressorgene.J. Natl. Cancer Inst.88:1731–1737.

43. Liu, Y.-X. and Hsueh, A.J.W. (1986). Synergism
between granulosa and theca-interstitial cells in
estrogen biosynthesis by gonadotropin-treated rat
ovaries: studies on the two-cell, two-gonadotropin
hypothesis using steroid antisera1. Biol. Reprod.
35:27–36.

44. McNatty,K.P.,Makris,A.,DeGrazia,C.et al.(1979).
The production of progesterone, androgens, and
estrogens by granulosa cells, thecal tissue, and
stromal tissue fromhumanovaries in vitro.J. Clin. 
Endocrinol. Metab.49:687–699.

45. Knecht,M.,Amsterdam,A.,andCatt,K.(1981).The
regulatory role of cyclic AMP in hormone-induced
of granulosa cell differentiation. J. Biol. Chem. 256:
10628–10633.

46. Nader, S. and Diamanti-Kandarakis, E. (2007).
Polycystic ovary syndrome, oral contraceptives and
metabolic issues: new perspectives and a unifying
hypothesis.Hum. Reprod.22:317–322.

47. Mathur, R., Levin, O., and Azziz, R. (2008). Use
of ethinylestradiol/drospirenone combination in
patients with the polycystic ovary syndrome. Ther. 
Clin. Risk Manag.4:487–492.

48. Shah,D.andPatil,M.(2018).Consensusstatement
on the use of oral contraceptive pills in polycystic
ovariansyndromewomeninIndia.J. Hum. Reprod. 
Sci.11:96–118.

49. Legro, R.S., Arslanian, S.A., Ehrmann, D.A. et  al.
(2013).Diagnosisandtreatmentofpolycysticovary
syndrome: an endocrine society clinical practice
guideline.J. Clin. Endocrinol. Metab.98:4565–4592.

50. AmericanCollegeofObstetriciansandGynecologists’
Committee on Practice Bulletins—Gynecology
(2018). ACOG Practice Bulletin No. 194: polycystic
ovarysyndrome.Obstet. Gynecol.131:e157–e171.

51. Kovacs,G.(1996).Progestogen-onlypillsandbleed-
ingdisturbances.Hum. Reprod.11(Suppl2):20–23.

52. Martin, K.A., Anderson, R.R., Chang, R.J. et  al.
(2018). Evaluation and treatment of hirsutism in
premenopausal women: an endocrine society clini-
calpracticeguideline.J. Clin. Endocrinol. Metab.103:
1233–1257.

53. Armanini,D.,Andrisani,A.,Bordin,L.,andSabbadin,
C. (2016). Spironolactone in the treatment of poly-
cysticovary syndrome. Expert. Opin. Pharmacother.
17:1713–1715.

54. Corvol, P., Michaud, A., Menard, J. et  al. (1975).
Antiandrogenic effect of spirolactones: mechanism
ofaction.Endocrinology97:52–58.

55. Cumming,D.C.,Yang,J.C.,Rebar,R.W.,andYen,S.S.
(1982).Treatmentofhirsutismwithspironolactone.
JAMA247:1295–1298.

56. Mazza, A., Fruci, B., Guzzi, P. et  al. (2014). In
PCOS  patients the addition of low-dose spirono-
lactone induces a more marked reduction of
clinical  and  biochemical hyperandrogenism than
metformin alone. Nutr. Metab. Cardiovasc. Dis. 24:
132–139.

57. Ganie,M.A.,Khurana,M.L.,Eunice,M.et al.(2004).
Comparisonofefficacyofspironolactonewithmet-
formininthemanagementofpolycysticovarysyn-
drome: an open-labeled study. J. Clin. Endocrinol. 
Metabol.89:2756–2762.

58. Spritzer,P.M.,Lisboa,K.O.,Mattiello,S.,andLhullier,
F.(2000).Spironolactoneasasingleagentforlong-
term therapy of hirsute patients. Clin. Endocrinol.
52:587–594.

59. Williams,E.M.,Katholi,R.E.,andKarambelas,M.R.
(2006).Useandside-effectprofileofspironolactone
in a private cardiologist’s practice. Clin. Cardiol.
29:149–153.

60. Orisaka,M.,Miyazaki,Y.,Shirafuji,A.et al.(2021).
The role of pituitary gonadotropins and intraovar-
ianregulatorsinfollicledevelopment:amini-review.
Reprod. Med. Biol.20:169–175.

61. Rimon-Dahari, N., Yerushalmi-Heinemann, L.,
Alyagor,L.,andDekel,N.(2016).Ovarianfolliculo-
genesis.Results Probl. Cell Differ.58:167–190.

62. Orisaka, M., Tajima, K., Tsang, B.K., and Kotsuji,
F. (2009). Oocyte-granulosa-theca cell interactions
during preantral follicular development. J. Ovarian 
Res.2:9.

63. Knight,P.G.andGlister,C.(2006).TGF-betasuper-
family members and ovarian follicle development.
Reproduction132:191–206.

64. Macklon, N.S. and Fauser, B.C. (1998). Follicle
development during the normal menstrual cycle.
Maturitas30:181–188.

65. Hillier,S.G.andTetsuka,M. (1997).Roleofandro-
gens in follicle maturation and atresia. Baillieres 
Clin. Obstet. Gynaecol.11:249–260.

66. Walters, K.A., Paris, V.R., Aflatounian, A., and
Handelsman, D.J. (2019). Androgens and ovarian
function: translation from basic discovery research
toclinicalimpact.J. Endocrinol.242:R23–R50.



67. Dunlop,C.E.andAnderson,R.A.(2014).Theregu-
lationandassessmentoffolliculargrowth.Scand. J. 
Clin. Lab. Invest.74:13–17.

68. Macklon, N.S. and Fauser, B.C. (2001). Follicle-
stimulatinghormoneandadvancedfollicledevelop-
mentinthehuman.Arch. Med. Res.32:595–600.

69. Kovacs,P.,Sajgo,A.,Kaali,S.G.,andPal,L.(2012).
Detrimental effects of high-dose gonadotropin on
outcome of IVF: making a case for gentle ovarian
stimulationstrategies.Reprod. Sci.19:718–724.

70. Hsueh,A.J.W.,Kawamura,K.,Cheng,Y.,andFauser,
B.C.J.M.(2015).Intraovariancontrolofearlyfollicu-
logenesis.Endocr. Rev.36:1–24.

71. LeãoR.deB.F.andEstevesS.C.(2014).Gonadotropin
therapy in assisted reproduction: an evolutionary
perspective from biologics to biotech. Clinics (Sao 
Paulo)69:279–293

72. Homburg, R. and Howles, C.M. (1999). Low-dose
FSH therapy for anovulatory infertility associated
with polycystic ovary syndrome: rationale, results,
reflections and refinements. Hum. Reprod. Update
5:493–499.

73. Streda, R., Mardesic, T., Sobotka, V. et  al. (2012).
Comparisonofdifferentstartinggonadotropindoses
(50, 75 and 100  IU daily) for ovulation induction
combined with intrauterine insemination. Arch. 
Gynecol. Obstet.286:1055–1059.

74. Fischer, R.A., Nakajima, S.T., Gibson, M., and
Brumsted, J.R. (1993). Ovulation after intravenous
and intramuscular human chorionic gonadotropin.
Fertil. Steril.60:418–422.

75. Weiss, N.S., Kostova, E., Nahuis, M. et  al. (2019).
Gonadotrophins for ovulation induction in women
with polycystic ovarian syndrome. Cochrane 
Database Syst. Rev.1(1):CD010290.

76. VonHofe,J.andBates,G.W.(2015).Ovulationinduc-
tion.Obstet. Gynecol. Clin. N. Am.42:27–37.

77. Adashi, E.Y. (1984). Clomiphene citrate:
mechanism(s) and site(s) of action--a hypothesis
revisited.Fertil. Steril.42:331–344.

78. Kettel, L.M., Roseff, S.J., Berga, S.L. et  al. (1993).
Hypothalamic-pituitary-ovarian response to clomi-
phene citrate in women with polycystic ovary syn-
drome.Fertil. Steril.59:532–538.

79. Bach,P.V.,Najari,B.B.,andKashanian,J.A.(2016).
Adjunctmanagementofmalehypogonadism.Curr. 
Sex. Health Rep.8:231–239.

80. Agrawal, S., Ganie, M.A., and Nisar, S. (2017).
Gynaecomastia. In: Basics of Human Andrology: A 

Textbook (ed. A. Kumar and M. Sharma), 451–458.
Singapore:Springer.

81. Brown, J., Farquhar, C., Beck, J. et  al. (2009).
Clomiphene and anti-oestrogens for ovulation
induction in PCOS. Cochrane Database Sysst. Rev.
(4):CD002249.

82. Casper,R.F.andMitwally,M.F.M.(2011).Useofthe
aromataseinhibitorletrozoleforovulationinduction
in women with polycystic ovarian syndrome. Clin. 
Obstet. Gynecol.54:685–695.

83. Legro, R.S., Brzyski, R.G., Diamond, M.P. et  al.
(2014). Letrozole versus clomiphene for infertility
in the polycystic ovary syndrome. N. Engl. J. Med.
371:119–129.

84. Franik, S., Eltrop, S.M., Kremer, J.A. et  al. (2018).
Aromatase inhibitors (letrozole) for subfertile
women with polycystic ovary syndrome. Cochrane 
Database Syst. Rev.5:CD010287.

85. Buffoli, B., Rinaldi, F., Labanca, M. et  al. (2014).
Thehumanhair:fromanatomytophysiology.Int. J. 
Dermatol.53:331–341.

86. Schlake, T. (2007). Determination of hair structure
andshape.Semin. Cell Dev. Biol.18:267–273.

87. Agarwal, R., Katare, O.P., and Vyas, S.P. (2000).
The pilosebaceous unit: a pivotal route for topical
drug delivery. Methods Find. Exp. Clin. Pharmacol.
22:129–133.

88. Ranson, M., Posen, S., and Mason, R.S. (1988).
Extracellular matrix modulates the function of
humanmelanocytesbutnotmelanomacells.J. Cell. 
Physiol.136:281–288.

89. Paus,R.andCotsarelis,G.(1999).Thebiologyofhair
follicles.N. Engl. J. Med.341:491–497.

90. Schneider, M.R., Schmidt-Ullrich, R., and Paus, R.
(2009). The hair follicle as a dynamic miniorgan.
Curr. Biol.19:R132–R142.

91. Chen,X.,Liu,B.,Li,Y.et al.(2020).Dihydrotestosterone
regulates hair growth through the Wnt/β-catenin
pathwayinC57BL/6 miceandin vitroorganculture.
Front. Pharmacol.10:1528.

92. Randall, V.A., Thornton, M.J., Hamada, K., and
Messenger,A.G.(1994).Androgenactionincultured
dermalpapillacellsfromhumanhairfollicles.Skin 
Pharmacol.7:20–26.

93. Hibberts, N.A., Howell, A.E., and Randall, V.A.
(1998). Balding hair follicle dermal papilla cells
contain higher levels of androgen receptors than
those from non-balding scalp. J. Endocrinol.
156:59–65.

 References 251



252 Chapter 6 Reproductive Organ Therapies 

 94. Thornton, M.J., Hamada, K., Randall, V.A., and
Messenger, A.G. (1998). Androgen-dependent
bearddermalpapillacellssecreteautocrinegrowth
factor(s) in response to testosterone unlike scalp
cells.J. Investig. Dermatol.111:727–732.

 95. Ju, Q.,Tao,T., Hu,T. et  al. (2017). Sex hormones
andacne.Clin. Dermatol.35:130–137.

 96. Leyden, J., Bergfeld,W., Drake, L. et  al. (2004). A
systemictypeI5alpha-reductaseinhibitoris inef-
fective in the treatment of acne vulgaris. J. Am. 
Acad. Dermatol.50:443–447.

 97. Cumming, D.C. (1990). Use of spironolactone
in treatment of hirsutism. Cleve. Clin. J. Med.
57:285–287.

 98. Generali,J.A.andCada,D.J.(2014).Flutamide:hir-
sutisminwomen.Hosp. Pharm.49:517.

 99. Iguchi, T., Tamada, S., Kato, M. et  al. (2019).
Enzalutamide versus flutamide for castration-
resistantprostatecanceraftercombinedandrogen
blockadetherapywithbicalutamide:aretrospective
study.Int. J. Clin. Oncol.24:848–856.

100. O’Brien, R.C., Cooper, M.E., Murray, R.M. et  al.
(1991). Comparison of sequential cyproterone
acetate/estrogen versus spironolactone/oral con-
traceptive in the treatment of hirsutism. J. Clin. 
Endocrinol. Metab.72:1008–1013.

101. Moghetti, P., Tosi, F., Tosti, A. et  al. (2000).
Comparison of spironolactone, flutamide, and
finasteride efficacy in the treatment of hirsutism:
a randomized, double blind, placebo-controlled
trial1.J. Clin. Endocrinol. Metabol.85:89–94.

102. Hu,A.C.,Chapman,L.W.,andMesinkovska,N.A.
(2019).Theefficacyanduseoffinasterideinwomen:
asystematicreview.Int. J. Dermatol.58:759–776.

103. Tahvilian,R.,Ebrahimi,A.,Beiki,O.et al. (2015).
Preparation and clinical evaluation of Finastride
gelinthetreatmentofidiopathicHirsutism.J. Drug 
Assessment4:12.

104. Tolino,A.,Petrone,A.,Sarnacchiaro,F.et al.(1996).
Finasterideinthetreatmentofhirsutism:newther-
apeuticperspectives.Fertil. Steril.66:61–65.

105. Escobar-Morreale, H.F., Botella-Carretero, J.I.,
Alvarez-Blasco,F.et al.(2005).Thepolycysticovary
syndrome associated with morbid obesity may
resolve after weight loss induced by bariatric sur-
gery.J. Clin. Endocrinol. Metab.90:6364–6369.

106. Pasquali, R., Gambineri, A., Cavazza, C. et  al.
(2011).Heterogeneityintheresponsivenesstolong-
term lifestyle intervention and predictability in

obesewomenwithpolycysticovarysyndrome.Eur. 
J. Endocrinol.164:53–60.

107. Brown-Séquard (1889). Note on the effects pro-
ducedonmanbysubcutaneousinjectionsofaliq-
uid obtained from the testicles of animals. Lancet
134:105–107

108. Hoberman, J.M.andYesalis,C.E. (1995).Thehis-
toryofsynthetictestosterone.Sci. Am.272:76–81.

109. Schmidt, J.M. (2021). Similia similibus curentur:
theory,history,andstatusoftheconstitutiveprin-
cipleofhomeopathy.Homeopathy110:212–221.

110. Crawford,E.D.,Poage,W.,Nyhuis,A.et al.(2015).
Measurement of testosterone: how important is
a morning blood draw? Curr. Med. Res. Opin. 31:
1911–1914.

111. Vingren, J.L.,Kraemer,W.J.,Ratamess,N.A.et al.
(2010).Testosterone physiology in resistance exer-
cise and training: the up-stream regulatory ele-
ments.Sports Med.40:1037–1053.

112. Wang,Y.,Chen,F.,Ye,L.et al.(2017).Steroidogenesis
inLeydigcells:effectsofagingandenvironmental
factors.Reproduction154:R111–R122.

113. Zirkin, B.R. and Papadopoulos, V. (2018). Leydig
cells: formation, function, and regulation. Biol. 
Reprod.99:101.

114. Piper, T., Putz, M., Schänzer, W. et  al. (2017).
Epiandrosterone sulfate prolongs the detectability
oftestosterone,4-androstenedione,anddihydrotes-
tosteronemisusebymeansofcarbonisotoperatio
massspectrometry.Drug Test. Anal.9:1695–1703.

115. Čeponis,J.,Wang,C.,Swerdloff,R.S.,andLiu,P.Y.
(2017).Anabolicandmetaboliceffectsoftestoster-
oneandotherandrogens:directeffectsandroleof
testosteronemetabolicproducts.In:Endocrinology 
of the Testis and Male Reproduction(ed.M.Simoni
and I.T. Huhtaniemi), 373–394. Cham: Springer
InternationalPublishing.

116. Shigehara,K.,Izumi,K.,Kadono,Y.,andMizokami,
A.(2021).Testosteroneandbonehealthinmen:a
narrativereview.J. Clin. Med.10:530.

117. Zouboulis, C.C. and Degitz, K. (2004). Androgen
actiononhumanskin –frombasicresearchtoclini-
calsignificance.Exp. Dermatol.13:5–10.

118. Sheffield-Moore, M. (2000). Androgens and the
control of skeletal muscle protein synthesis. null
32:181–186.

119. Kalfa, N., Gaspari, L., Ollivier, M. et  al. (2019).
Moleculargeneticsofhypospadiasandcryptorchid-
ismrecentdevelopments.Clin. Genet.95:122–131.



120. Bachman,E.,Travison,T.G.,Basaria,S.et al.(2014).
Testosterone induces erythrocytosis via increased
erythropoietin and suppressed hepcidin: evidence
for a new erythropoietin/hemoglobin set point. J. 
Gerontol. Ser. A Biol. Med. Sci.69:725.

121. Czub, M.P., Venkataramany, B.S., Majorek, K.A.
et  al. (2019). Testosterone meets albumin  – the
molecularmechanismofsexhormonetransportby
serumalbumins.Chem. Sci.10:1607.

122. Bhasin,S.,Brito,J.P.,Cunningham,G.R.et al.(2018).
Testosterone therapy in men with hypogonadism:
an endocrine society* clinical practice guideline.
J. Clin. Endocrinol. Metabol.103:1715–1744.

123. Walker,W.H.(2011).Testosteronesignalingandthe
regulation of spermatogenesis. Spermatogenesis
1:116.

124. Shihan, M., Bulldan, A., and Scheiner-Bobis, G.
(2014). Non-classical testosterone signaling is
mediated by a G-protein-coupled receptor inter-
acting with Gnα11. Biochim. Biophys. Acta 1843:
1172–1181.

125. Snyder, P.J., Bhasin, S., Cunningham, G.R. et  al.
(2016). Effects of testosterone treatment in older
men.N. Engl. J. Med.374:611–624.

126. Järvelä, I.Y., Ruokonen, A., and Tekay, A. (2008).
Effect of rising hCG levels on the human corpus
luteum during early pregnancy. Hum. Reprod. 23:
2775–2781.

127. le Cotonnec, J.Y., Porchet, H.C., Beltrami, V., and
Munafo, A. (1998). Clinical pharmacology of
recombinant human luteinizing hormone: Part I.
Pharmacokineticsafterintravenousadministration
tohealthyfemalevolunteersandcomparisonwith
urinary human luteinizing hormone. Fertil. Steril.
69:189–194.

128. Fink, J., Schoenfeld, B.J., Hackney, A.C. et  al.
(2021). Human chorionic gonadotropin treat-
ment: a viable option for management of second-
aryhypogonadismandmaleinfertility.Expert. Rev. 
Endocrinol. Metab.16:1–8.

129. Jan,Z.,Pfeifer,M.,andZorn,B.(2012).Reversible
testosterone-inducedazoospermia ina45-year-old
man attending an infertility outpatient clinic.
Andrologia44(Suppl1):823–825.

130. Najari, B. (2018). Azoospermia With Testosterone
TherapyDespiteConcomitantIntramuscularHuman
ChorionicGonadotropin.Rev. Urol.20:137–139.

131. Vicari,E.,Mongioì,A.,Calogero,A.E.et al.(1992).
Therapy with human chorionic gonadotrophin

alone induces spermatogenesis in men with iso-
latedhypogonadotrophichypogonadism-long-term
follow-up.Int. J. Androl.15:320–329.

132. Lo, E.M., Rodriguez, K.M., Pastuszak, A.W., and
Khera,M.(2018).Alternativestotestosteronether-
apy:areview.Sex Med. Rev.6:106–113.

133. Damewood, M.D., Shen, W., Zacur, H.A. et  al.
(1989). Disappearance of exogenously adminis-
teredhumanchorionicgonadotropin.Fertil. Steril.
52:398–400.

134. Lee,J.A.andRamasamy,R.(2018).Indicationsfor
theuseofhumanchorionicgonadotropichormone
for the management of infertility in hypogonadal
men.Trans.l Androl. Urol.7:S348–S352.

135. Trinh, T.S., Hung, N.B., Hien, L.T.T. et  al. (2021).
Evaluating the combination of human chorionic
gonadotropinandclomiphenecitrate intreatment
of male hypogonadotropic hypogonadism: a pro-
spectivestudy.Res. Rep. Urol.13:357–366.

136. Habous, M., Giona, S., Tealab, A. et  al. (2018).
Clomiphenecitrateandhumanchorionicgonado-
tropinarebotheffectiveinrestoringtestosteronein
hypogonadism: a short-course randomized study.
BJU Int.122:889–897.

137. Hsieh, T.-C., Pastuszak, A.W., Hwang, K., and
Lipshultz, L.I. (2013). Concomitant intramuscular
humanchorionicgonadotropinpreservesspermat-
ogenesis in men undergoing testosterone replace-
menttherapy.J. Urol.189:647–650.

138. Walker, W.H. and Cheng, J. (2005). FSH and tes-
tosterone signaling in Sertoli cells. Reproduction
130:15–28.

139. Oduwole,O.O.,Peltoketo,H.,andHuhtaniemi,I.T.
(2018).Roleoffollicle-stimulatinghormoneinsper-
matogenesis.Front. Endocrinol. (Lausanne)9:763.

140. Ni,F.-D.,Hao,S.-L.,andYang,W.-X.(2019).Multiple
signalingpathways inSertolicells:recent findings
inspermatogenesis.Cell Death Dis.10:1–15.

141. Khanehzad, M., Abbaszadeh, R., Holakuyee, M.
et al.(2021).FSHregulatesRAsignalingtocommit
spermatogonia into differentiation pathway and
meiosis.Reprod. Biol. Endocrinol.19:4.

142. Shah, W., Khan, R., Shah, B. et  al. (2021). The
molecular mechanism of sex hormones on ser-
toli cell development and proliferation. Front. 
Endocrinol.12.

143. Casarini, L. and Crépieux, P. (2019). Molecular
mechanisms of action of FSH. Front. Endocrinol. 
(Lausanne)10:305–305.

 References 253



254 Chapter 6 Reproductive Organ Therapies 

144. Behre,H.M.(2019).ClinicaluseofFSHinmaleinfer-
tility.Front. Endocrinol. (Lausanne)10:322–322.

145. Bouloux, P., Warne, D.W., Loumaye, E., and FSH
StudyGroupinMen’sInfertility(2002).Efficacyand
safety of recombinant human follicle-stimulating
hormone in men with isolated hypogonadotropic
hypogonadism.Fertil. Steril.77:270–273.

146. Zacharin, M., Sabin, M.A., Nair, V.V., and
Dagabdhao, P. (2012). Addition of recombinant
follicle-stimulating hormone to human chorionic
gonadotropin treatment in adolescents and young
adults with hypogonadotropic hypogonadism pro-
motesnormal testiculargrowthandmaypromote
earlyspermatogenesis.Fertil. Steril.98:836–842.

147. Tapanainen,J.S.,Aittomäki,K.,Min,J.et al.(1997).
Men homozygous for an inactivating mutation of
the follicle-stimulating hormone (FSH) receptor
genepresentvariablesuppressionofspermatogen-
esisandfertility.Nat. Genet.15:205–206.

148. Herzog, B.J., Nguyen, H.M.T., Soubra, A., and
Hellstrom, W.J.G. (2020). Clomiphene citrate for
male hypogonadism and infertility: an updated
review.Androgens: Clinical Res. Therap.1:62–69.

149. Guay, A.T., Jacobson, J., Perez, J.B. et  al. (2003).
Clomiphene increases free testosterone levels in
menwithbothsecondaryhypogonadismanderec-
tiledysfunction:whodoesanddoesnotbenefit?Int. 
J. Impot. Res.15:156–165.

150. Katz, D.J., Nabulsi, O., Tal, R., and Mulhall, J.P.
(2012).Outcomesofclomiphenecitrate treatment
inyounghypogonadalmen.BJU Int.110:573–578.

151. McBride,J.A.,Carson,C.C.III,andCoward,R.M.
(2016). Testosterone deficiency in the aging male.
Ther. Adv. Urol.8:47.

152. RondeW. de and Jong F.H. de (2011). Aromatase
inhibitors inmen:effectsandtherapeuticoptions.
Reprod. Biol. Endocrinol.9:93

153. Harman,S.M.,Metter,E.J.,Tobin,J.D.et al.(2001).
Longitudinal effects of aging on serum total and
free testosterone levels in healthy men. J. Clin. 
Endocrinol. Metab.86:724–731.

154. Feldman, H.A., Longcope, C., Derby, C.A. et  al.
(2002). Age trends in the level of serum testoster-
oneandotherhormonesinmiddle-agedmen:lon-
gitudinalresultsfromthemassachusettsmaleaging
study.J. Clin. Endocrinol. Metabol.87:589–598.

155. Freedman, R.R. (2014). Menopausal hot flashes:
mechanisms, endocrinology, treatment. J. Steroid 
Biochem. Mol. Biol.142:115–120.

156. Rance, N.E., Dacks, P.A., Mittelman-Smith, M.A.
et al.(2013).Modulationofbodytemperatureand
LH secretion by hypothalamic KNDy (kisspeptin,
neurokinin B and dynorphin) neurons: a novel
hypothesisonthemechanismofhotflushes.Front. 
Neuroendocrinol.34:211–227.

157. Takahashi, T.A. and Johnson, K.M. (2015).
Menopause.Med. Clin. North Am.99:521–534.

158. Moorman,P.G.,Myers,E.R.,Schildkraut,J.M.et al.
(2011). Effect of hysterectomy with ovarian pres-
ervationonovarianfunction.Obstet. Gynecol.118:
1271–1279.

159. Quinn, M., Cedars, M.I., Huddleston, H.G., and
Santoro,N.(2022).Antimüllerianhormoneuseand
misuseincurrentreproductivemedicinepractice:a
clinicallyorientedreview.F&S Rev.3:1–10.

160. Freeman, E.W., Sammel, M.D., Lin, H., and
Gracia, C.R. (2012). Anti-Mullerian hormone as
a  predictor of time to menopause in late repro-
ductiveagewomen.J. Clin. Endocrinol. Metab.97:
1673–1680.

161. Freedman,R.R.andKrell,W.(1999).Reducedther-
moregulatorynullzoneinpostmenopausalwomen
withhotflashes.Am. J. Obstet. Gynecol.181:66–70.

162. Freedman,R.R.(2005).Pathophysiologyandtreat-
ment of menopausal hot flashes. Semin. Reprod. 
Med.23:117–125.

163. North American Menopause Society (2014).
Menopause Practice: A Clinician’s Guide. Mayfield
Heights,OH:NorthAmericanMenopauseSociety.

164. Kaunitz, A.M. and Manson, J.E. (2015).
Management of Menopausal Symptoms. Obstet. 
Gynecol.126:859–876.

165. (2014). ACOG Practice Bulletin No. 141: manage-
ment of menopausal symptoms. Obstet. Gynecol.
123:202–216.

166. Black,D.(2020).Thesafetyoforalversustransder-
malestrogen.Menopause27:1328–1329.

167. MacLennan A.H., Broadbent J.L., Lester S., and
MooreV.(2004).Oraloestrogenandcombinedoes-
trogen/progestogentherapyversusplaceboforhot
flushes. Cochrane Database Syst. Rev. https://
doi.org/10.1002/14651858.CD002978.pub2

168. Wells,G.,Tugwell,P.,Shea,B.et al. (2002).Meta-
analysesoftherapiesforpostmenopausalosteopo-
rosis.V. Meta-analysis of the efficacy of hormone
replacement therapy in treating and preventing
osteoporosis in postmenopausal women. Endocr. 
Rev.23:529–539.

https://doi.org/10.1002/14651858.CD002978.pub2
https://doi.org/10.1002/14651858.CD002978.pub2


 References 255

169. Uchida,M.andKobayashi,O.(2018).Noveleffect
of  α-lactalbumin on the yohimbine-induced hot
flush increaseof the tail skin temperature in ova-
riectomized rats. Biosci. Biotechnol. Biochem.
82:862–868.

170. Stearns, V., Slack, R., Greep, N. et  al. (2005).
Paroxetineisaneffectivetreatmentforhotflashes:
resultsfromaprospectiverandomizedclinicaltrial.
J. Clin. Oncol.23:6919–6930.

171. Shams,T.,Firwana,B.,Habib,F.et al.(2014).SSRIs
for hot flashes: a systematic review and meta-
analysis of randomized trials. J. Gen. Intern. Med.
29:204–213.

172. Juurlink,D.(2016).Revisitingthedruginteraction
betweentamoxifenandSSRIantidepressants.BMJ
354:i5309.

173. (2011).TamoxifenandCYP 2D6 inhibitors:caution.
Prescrire Int.20:182–184.

174. Turner, H.H. (1938). A syndrome of infantilism,
congenital webbed neck, and cubitus valgus.
Endocrinology23:566–574.

175. Osborne, C.K. and Schiff, R. (2005). Estrogen-
receptorbiology:continuingprogressandtherapeu-
ticimplications.J. Clin. Oncol.23:1616–1622.

176. Nilsson, S., Mäkelä, S., Treuter, E. et  al. (2001).
Mechanisms of estrogen action. Physiol. Rev. 81:
1535–1565.

177. Alemany, M. (2021). Estrogens and the regula-
tion of glucose metabolism. World J. Diabetes 12:
1622–1654.

178. Klein, K.O., Rosenfield, R.L., Santen, R.J. et  al.
(2018).Estrogenreplacement in turnersyndrome:
literature review and practical considerations.
J. Clin. Endocrinol. Metab.103:1790–1803.

179. Shankar,R.K.andBackeljauw,P.F.(2018).Current
best practice in the management of Turner syn-
drome.Ther. Adv. Endocrinol. Metab.9:33–40.

180. Clemente E.G., Maravol P.V., and Tanager C.L.
(2019). Gonadal dysgenesis: a clinical overview of
Turner syndrome. Pediatr. Med. 2:31. https://
doi.org/10.21037/pm.2019.06.10.

181. Gravholt,C.H.,Andersen,N.H.,Conway,G.S.et al.
(2017). Clinical practice guidelines for the care of
girlsandwomenwithTurner syndrome:proceed-
ingsfromthe2016 CincinnatiInternationalTurner
SyndromeMeeting.Eur. J. Endocrinol.177:G1–G70.

182. Zaiem,F.,Alahdab,F.,Nofal,A.A.et al.(2017).Oral
versustransdermalestrogeninturnersyndrome:a
systematicreviewandmeta-analysis.Endocr. Pract.
23:408–421.

183. Tanner,J.M.andDavies,P.S.(1985).Clinicallongi-
tudinalstandardsforheightandheightvelocityfor
NorthAmericanchildren.J. Pediatr.107:317–329.

184. Rosenfeld, R.G. (2006). Molecular mechanisms of
IGF-Ideficiency.Horm. Res.65(Suppl1):15–20.

185. vanderEerden,B.C.J.,Karperien,M.,andWit,J.M.
(2003).Systemicandlocalregulationofthegrowth
plate.Endocr. Rev.24:782–801.

186. Binder,G.(2011).ShortstatureduetoSHOXdefi-
ciency: genotype, phenotype, and therapy. Horm. 
Res. Paediatr.75:81–89.

187. Allen, D.B. (2006). Growth hormone therapy for
short stature: is the benefit worth the burden?
Pediatrics118:343–348.

188. Carel,J.-C.andButler,G.(2010).Safetyofrecombi-
nanthumangrowthhormone.Endocr. Dev.18:40–54.

189. Li,P.,Cheng,F.,andXiu,L.(2018).Heightoutcome
oftherecombinanthumangrowthhormonetreat-
mentinTurnersyndrome:ameta-analysis.Endocr. 
Connect.7:573–583.

190. Seo,G.H.,Kang,E.,Cho,J.H.et al.(2015).Turner
syndrome presented with tall stature due to over-
dosageoftheSHOXgene.Ann. Pediatr. Endocrinol. 
Metab.20:110–113.

191. Oliveira,C.S.andAlves,C.(2011).Theroleofthe
SHOXgeneinthepathophysiologyofTurnersyn-
drome.Endocrinol. Nutr.58:433–442.

192. Ross, J.L., Kowal, K., Quigley, C.A. et  al. (2005).
The phenotype of short stature homeobox gene
(SHOX) deficiency in childhood: contrasting chil-
drenwithLeri-WeillDyschondrosteosisandTurner
Syndrome.J. Pediatr.147:499–507.

https://doi.org/10.21037/pm.2019.06.10
https://doi.org/10.21037/pm.2019.06.10


C H A P T E R  7

256

Endocrinology: Pathophysiology to Therapy, First Edition. Akuffo Quarde. 
© 2024 John Wiley & Sons Ltd. Published 2024 by John Wiley & Sons Ltd.

C H A P T E R  7
Therapies in Disorders of Lipid 
Metabolism and Obesity

7.1 HYPERLIPOPROTEINEMIA  
SYNDROMES

7.1.1 Ezetimibe

7.1.1.1 Physiology

What Are Lipoproteins?
Lipoproteins are complex molecules composed of 
cholesterol esters (CEs) and triacylglycerols, sur-
rounded by a layer of free cholesterol, apolipoproteins, 
and phospholipids. This unique structure enables 
lipoproteins to transport water- insoluble cholesterol 
and triacylglycerols through the bloodstream to their 
intended destinations (Figure 7.1). The different types 
of lipoproteins, including high- density lipoproteins 
(HDL), low- density lipoproteins (LDL), very low- 
density lipoproteins (VLDL), and intermediate- density 
lipoproteins (IDL), vary in their composition and 
function [1, 2].

The classification of lipoproteins is based on their 
size, lipid composition, and the specific apolipopro-
tein subtype they contain. There are several types 
of lipoproteins, including LDL, HDL, VLDL, IDL, and 
chylomicrons [3].

HDL, or high- density lipoproteins, contain roughly 
equal parts of protein and lipid. They differ in their 

content of various components like triglycerides 
(TAGs), apolipoproteins, lipid transfer enzymes, and 
proteins. HDL also carries liposoluble vitamins and 
antioxidants. Its protective benefits are mainly due to 
its role in reverse cholesterol transport. Factors such as 
HDL metabolism, the concentration of various HDL 
subclasses, and genetic factors can all impact HDL’s 
anti- atherogenic properties. Thus, standard plasma 
measurements may not fully reflect the range of HDL’s 
effects. Recent studies suggest that the function of 
HDL may be more crucial than its plasma 
concentration, as there are populations with low HDL 
levels yet without an increased risk of coronary heart 
disease [4].

VLDLs are also triglyceride- rich and contain 
both Apo C- II and Apo E; however, unlike their chy-
lomicron counterparts, they contain less TAGs, are 
smaller, and now contain Apo B- 100 instead of Apo 
B- 48. This change is important because Apo B- 100 
acts as a physiological ligand for LDL receptors 
(LDL- R) [5].

Chylomicrons are a type of lipoprotein respon-
sible for carrying dietary fats, cholesterol, and fat- 
soluble nutrients through the digestive tract. Their 
surface consists of phospholipids (ApoB48), as well as 
approximately 90% triglyceride by weight (chylomi-
cron’s core being less dense than plasma) [3].
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What Are Apolipoproteins?
Apolipoproteins are complex proteins found on the 
surface of lipoproteins that serve an integral function 
in lipoprotein physiology. Apolipoproteins provide 
structural integrity to lipoproteins while modulating 
related enzymatic activity as well as acting as ligands 
for various receptors in specific target tissues [6].

Apolipoproteins can be divided into several dis-
tinct classes depending on where they exist within 
lipoproteins. Some of the key apolipoproteins include 
Apolipoprotein B (apoB), Apolipoprotein A1 (apoA1), 
ApoE, and ApoC. ApoB can be found primarily on 
LDL and VLDL particles, where it helps manage cho-
lesterol metabolism. ApoA1 plays an integral part in 
HDL transport processes that remove extra cholesterol 
from peripheral tissues and carries them to the liver 
for further processing [3].

ApoE can be found on several lipoproteins, 
including VLDL, IDL, and chylomicrons; its presence 
facilitates their removal from circulation [7]. ApoC is 
present in VLDLs and HDLs and plays an essential 
part in the metabolism of TAGs [8].

What Is the Significance of Lipoprotein 
Metabolism?
The main purpose of lipoprotein metabolism is to 
transfer dietary sources of TAGs for energy metabo-
lism or storage in muscles or fat tissue, respectively. 
Lipoprotein produced by the liver includes VLDLs and 

chylomicrons which are responsible for carrying TAGs 
from intestines to peripheral tissues [9].

Lipoprotein metabolism enables the cycling of 
cholesterol between the liver and peripheral tissues, 
an essential process in producing steroid hormones, 
cell membranes, and bile acids. HDL plays an essential 
role in this cycle by collecting excess cholesterol from 
peripheral tissues and returning it for processing and 
excretion by the liver. LDL delivers cholesterol directly 
into peripheral tissues, which could contribute to 
plaque formation in arteries.

Endogenous and Exogenous 
Lipoprotein Pathway
The endogenous and exogenous lipoprotein pathways 
are two distinct mechanisms by which lipids, including 
cholesterol and TAGs, are transported through the 
body (see Figure 7.2).

The endogenous pathway is responsible for the 
production and transport of lipids that are synthesized 
by the liver. This pathway begins with the synthesis of 
VLDL, which is then secreted into the bloodstream. 
VLDL particles are then metabolized by lipoprotein 
lipase (LPL) in peripheral tissues, releasing fatty acids 
and producing IDL particles. IDL particles can either be 
taken up by the liver or further metabolized into LDL 
particles, which deliver cholesterol to peripheral tissues.

The exogenous pathway, on the other hand, is 
responsible for the transport of lipids that are derived 

FIGURE 7.1 Structure of LDL cholesterol. Esterified cholesterol and triacylglycerol in a lipid core, surrounded by a 
phospholipid monolayer containing apolipoproteins and unesterified cholesterol.



258 Chapter 7 Therapies in Disorders of Lipid Metabolism and Obesity 

from dietary sources. This pathway begins with the 
ingestion of dietary fats, which are packaged into chy-
lomicrons in the intestines. Chylomicrons are then 
transported through the lymphatic system and into 
the bloodstream, where they are metabolized by LPL 
in peripheral tissues, releasing fatty acids and pro-
ducing chylomicron remnants that are taken up by the 
liver for further processing.

Bile acids are responsible for the emulsification of 
fat globules into small fatty droplets (step 1). This step 
facilitates the hydrolysis of triacylglycerides (TAG) into 
free fatty acids (FFAs) and monoacylglycerol (MAG) by 
pancreatic lipase (PL) in the intestinal lumen. Chylomi-
crons (CMs), formed from packaging TAG, cholesterol 
ester (CE) and various apoproteins into packages 
(step  2). They are then transported to target tissues 
where lipoprotein lipase (LPL hydrolyzes TAGs (step 3). 
Chylomicron remnants (CMR) formed after this hydro-
lysis are then transported to the liver for further 
processing (step 4). VLDL is produced in the liver and 
then transported to target tissues where TAG stores are 
released for hydrolysis by LPL (step 5). IDL, formed after 
processing VLDL in target tissues, is transported back to 
the liver (step 6). LDL, which is rich in cholesterol esters 
(CE), plays a critical role in steroidogenesis in various 
tissues and is also integral in atherogenesis (step 7) [5].

Bile salts emulsify fat globules into smaller 
fatty droplets that contain TAGs and CEs. Dietary 

triglycerides are then hydrolyzed into free fatty acids 
(FFAs) and monoacylglycerol (MAG) in the intestinal 
lumen by pancreatic lipases. This initial step enables 
the eventual transfer of TAGs from the intestinal 
lumen into the circulatory system. Following the 
hydrolysis of TAGs into FFAs and MAG, these prod-
ucts are repackaged into micelles, which can diffuse 
into the cytosol of the enterocyte [9, 10]. After entering 
the enterocyte, FFAs and MAG are resynthesized into 
TAGs to prepare for transport into the circulatory 
system. Chylomicrons are then formed within the 
enterocyte by packaging the newly formed TAGs, 
along with CEs, cholesterol, and apolipoprotein B- 48 
(Apo B- 48)  [11]. This marks the completion of the 
formation of the initial lipoprotein in the exogenous 
lipoprotein pathway [12].

Chylomicrons circumvent the portal circulation 
and enter the systemic circulation through the thoracic 
duct [11, 13]. Once in the systemic circulation, HDL 
transfers apolipoprotein CII (Apo- CII) and apolipo-
protein E (Apo- E) to the chylomicrons. Apo- E facili-
tates the binding of lipoproteins to specific LDL- R or 
LDL- like receptors found in various tissues such as the 
liver and adrenal cortex. Apo- CII plays a crucial role 
in activating LPL, which is present in the capillary 
endothelium [14].

Once they reach adipose tissue and muscle, 
chylomicrons encounter LPL (which is produced by 

FIGURE 7.2 Summary of the exogenous and endogenous pathways of lipoprotein metabolism.
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adipocytes and muscle cells) on the endothelial lining 
of capillaries. LPL hydrolyzes TAGs into FFAs and 
MAG, which can then be taken up by adipocytes and 
muscle cells for energy metabolism [9]. Chylomicron 
remnants, which are produced after this step, release 
the previously acquired apo- CII back to HDL, as it is 
no longer needed for LPL activity [14]. This marks the 
end of the exogenous lipoprotein pathway, which 
enables the transfer of dietary sources of fatty acids 
from the intestine to muscle and adipose tissue for 
both storage and metabolism [15].

Chylomicron remnants, which primarily consist 
of cholesterol and CEs, attach to the hepatic LDL- R 
and are conveyed into the liver [16]. Upon entering the 
liver, TAGs, CEs, and Apo- B100 are repackaged into 
VLDL. Similar to chylomicrons, VLDL in circulation 
acquires Apo- E and Apo- CII from HDL. VLDL is con-
veyed to adipose tissue and muscle, where LPL enables 
the hydrolysis of TAGs into FFAs and MAG. FFAs can 
be stored in fatty tissue or utilized for energy metabo-
lism by muscle. The depletion of TAGs from VLDL 
results in the formation of IDL or VLDL remnants. 
Following the formation of IDL, Apo- CII is once again 
released back to HDL [14, 17].

IDL found in the bloodstream, with Apo- E bound 
to its surface, demonstrates an affinity for binding to 
tissues that possess LDL or LDL- like receptors. It 
attaches to the hepatic LDL- R and is conveyed to the 
liver for further processing. Apo- B100 and CEs are 
then consolidated to create a new lipoprotein, which is 
referred to as LDL [14].

LDL can attach to LDL- like receptors in the gonads 
for gonadal steroidogenesis [18] and the adrenal cortex 
for adrenal steroidogenesis  [19, 20]. Additionally, it 
can bind to LDL- R found in muscle and adipose tissue, 
where it is conveyed for additional processing. Ulti-
mately, LDL returns to the liver to conclude the endog-
enous lipoprotein pathway, which primarily aims to 
convey cholesterol and TAGs from the liver to 
peripheral tissues [21].

To understand how cholesterol is absorbed in the 
small intestine, it is vital to know the basic steps 
involved in both dietary and biliary cholesterol handling 
[22]. Cholesterol absorption occurs through several 
processes in the small intestine. Regardless of its origin, 
free cholesterol first binds to the Niemann- Pick C1- like 
1 (NPC1L1) protein located on the luminal side of the 
enterocyte plasma membrane  [23]. The NPC1L1- 
cholesterol complex then binds to clathrin/AP2, which 
enables vesicular endocytosis of the NPC1L1–choles-
terol complex into the enterocyte. Indeed, without the 

activity of clathrin/AP2, the endocytosis of NPC1L1 
and cholesterol would not occur. [24, 25].

Once the NPC1L1–cholesterol complex is endocy-
tosed, cholesterol is released, and NPC1L1 is returned to 
the plasma membrane for additional cholesterol 
binding/absorption. The cholesterol released into the 
cytosol is then esterified by acyl-coenzymeA:cholesterol
acyltransferase(ACAT) to form CEs. These newly formed 
CEs combine with triacylglycerol particles (from 
absorbed FFAs) and ApoB- 48 to form chylomicrons. 
The newly formed ApoB- 48 containing chylomicrons 
are then taken up into the portal or lymphatic circulation 
for use by the rest of the body [26] (Figure 7.3).

7.1.1.2 Mechanism of Action

Ezetimibe and its main metabolite, ezetimibe glucuro-
nide, inhibit the absorption of cholesterol in the small 
intestine [27]. They accomplish this by directly binding 
to a transmembrane loop of the NPC1L1 protein, 
which is responsible for transporting cholesterol into 
enterocytes (cells in the small intestine lining) [28].

Binding to NPC1L1, ezetimibe, and ezetimibe glu-
curonide prevents the protein from interacting with 
clathrin and AP2, which are required for its internaliza-
tion into the cell [29]. This means that the enterocyte 
cannot take up the cholesterol/NPC1L1 complex, 
resulting in decreased absorption of cholesterol 
from the diet.

The net effect of this inhibition of cholesterol 
absorption is a reduction in LDL- C levels in the blood-
stream and modest reductions in total cholesterol 
and TAGs. Clinical studies have shown that treatment 
with ezetimibe can lead to LDL- C reductions of 
18–20%, making it a useful medication for managing  
hypercholesterolemia [30].

Practice Pearl(s)
• It lowers LDL- C levels by 13–20%, can be 

used either alone or in combination with 
other drugs, and is indicated for various 
types of hyperlipidemia [31].

• Ezetimibe can be combined with statins and 
has been shown to improve cardiovascular 
outcomes in post- acute coronary syndrome 
patients. The American College of Cardiology 
recommends considering ezetimibe therapy 
in addition to statin therapy for patients who 
have not achieved target LDL reduction [32].
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FIGURE 7.3 Mechanism of action of ezetimibe.

Clinical Trial Evidence

The IMPROVE- IT (Improved Reduction of Out-
comes: Vytorin Efficacy International Trial) study, 
involving over 18,000 patients, was designed to eval-
uate whether adding ezetimibe to simvastatin would 
further reduce cardiovascular events compared to 
simvastatin alone in patients who had experienced 
an acute coronary syndrome (ACS) event like a heart 

attack or unstable angina. This was particularly 
interesting since patients enrolled in the study had 
LDL cholesterol levels already at or below current 
guideline targets. The trial aimed to see if further 
lowering would yield additional benefits (see 
Table 7.1 for a summary of the trial results).

TABLE 7.1 Efficacy of ezetimibe in patients with acute coronary syndrome (IMPROVE- IT study).

Study Population Intervention Outcome

IMPROVE- IT Patients hospitalized for acute 
coronary syndrome within the 
last 10 days, with LDL 
cholesterol levels between 
50–100 mg/dL if receiving 
lipid- lowering therapy, or 
50–125 mg/dL if not receiving 
lipid- lowering therapy.

Double- blind, 
randomized trial 
comparing the 
combination of 
simvastatin (40 mg) 
and ezetimibe 
(10 mg) against 
simvastatin (40 mg) 
and placebo 
(n = 18,144).

The event rate for the primary end 
point at 7 years was 32.7% in the 
simvastatin–ezetimibe group, 
compared to 34.7% in the 
simvastatin- monotherapy group. 
The addition of ezetimibe to statin 
therapy resulted in further lowering 
of LDL cholesterol levels and 
improved cardiovascular 
outcomes [33].
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7.1.2 Statins

7.1.2.1 Physiology

HMG CoA reductase (3- hydroxy- 3- methylglutaryl 
coenzyme A reductase) is a key enzyme in the bio-
synthesis of cholesterol. This enzyme catalyzes the 
rate- limiting step in the mevalonate pathway, ulti-
mately producing cholesterol and other isoprenoids 
such as ubiquinone, heme, and farnesyl groups 
attached to cellular proteins. The HMG CoA reductase- 
catalyzed reaction is the rate- limiting step in the mev-
alonate pathway, meaning it determines the overall 
rate of cholesterol synthesis. Because of its crucial 
role, the enzyme serves as a key target for regulating 
cholesterol levels in the body [34].

7.1.2.2 Mechanism of Action

Statins function as competitive inhibitors of HMG 
CoA reductase, the enzyme responsible for the rate- 
limiting step in cholesterol biosynthesis (see 
Figure 7.4). These agents bind to a part of the HMG 

CoA binding site on the enzyme, HMG CoA reductase, 
effectively blocking the access of the substrate (HMG 
CoA) to the active site of the enzyme [35, 36].

As a result of statin- induced inhibition of HMG 
CoA reductase, intrahepatic cholesterol levels 
decrease. This reduction in liver cholesterol prompts 
an increase in the turnover of LDL receptors due to an 
accelerated rate of hepatic LDL- R cycling  [37]. This 
process leads to enhanced clearance of LDL choles-
terol from the bloodstream, thereby reducing blood 
cholesterol levels.

In addition to their effect on LDL cholesterol, 
statins also reduce the production of VLDL by influ-
encing the hepatic secretion of apoB. apoB is a crucial 
component of VLDL particles, and its altered secretion 
impacts VLDL production [38].

By targeting HMG CoA reductase, statins play a 
vital role in controlling cholesterol levels and prevent-
ing cardiovascular diseases. The dual action of these 
drugs, both on LDL and VLDL cholesterol, highlights 
their therapeutic significance in managing hypercho-
lesterolemia and reducing the risk of atherosclerosis 
and other related complications.

FIGURE 7.4 Schematic representation of the cholesterol synthesis pathway.
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Statin therapy is a widely used treatment approach 
for managing dyslipidemia, particularly high levels 
of low- density lipoprotein cholesterol (LDL- C), which 
is a significant risk factor for cardiovascular disease. 
The intensity of statin therapy is categorized based on 

the degree of LDL- C reduction achieved by various 
statins at their respective doses.

There are three main levels of statin therapy 
intensity:

1. High-intensity statin therapy: High- intensity 
statins aim to reduce LDL- C levels by at least 
50%. They are generally prescribed for individ-
uals at high risk of atherosclerotic cardiovas-
cular disease (ASCVD) or those with extremely 
high LDL- C levels. Common high- intensity 
statin regimens include:
• Atorvastatin: 40–80 mg/day
• Rosuvastatin: 20–40 mg/day [43]

2. Moderate-intensity statin therapy: Moderate- 
intensity statins are intended to reduce LDL- C 
levels by 30–49%. They are often prescribed 
for individuals with moderate ASCVD risk or 
those who cannot tolerate high- intensity statin 
therapy due to side effects. Examples of 
moderate- intensity statin regimens include:
• Atorvastatin: 10–20 mg/day
• Rosuvastatin: 5–10 mg/day
• Simvastatin: 20–40 mg/day
• Pravastatin: 40–80 mg/day
• Lovastatin: 40 mg/day
• Fluvastatin XL: 80 mg/day
• Pitavastatin: 2–4 mg/day [44]

3. Low-intensity statin therapy: Low- intensity 
statins aim to reduce LDL- C levels by less than 
30%. They are typically prescribed for individ-
uals with a lower ASCVD risk, older adults, or 
those who have contraindications or intoler-
ance to higher- intensity statins. Some low- 
intensity statin regimens are:
• Simvastatin: 10 mg/day
• Pravastatin: 10–20 mg/day
• Lovastatin: 20 mg/day
• Fluvastatin: 20–40 mg/day
• Pitavastatin: 1 mg/day [45]

The choice of statin intensity depends on the indi-
vidual’s risk factors, baseline LDL- C levels, comorbidi-
ties, and potential side effects. It is crucial to monitor the 
patient’s lipid levels, liver function, and any side effects 
throughout the course of therapy to make necessary 
adjustments to the treatment plan. In some cases, non- 
statin lipid- lowering medications may be added or used 
as alternatives if statin therapy is not well tolerated or if 
the desired LDL- C reduction is not achieved.

Practice Pearl(s)
• Cholesterol synthesis mostly occurs at night, 

influenced by the fasting state. Indeed statins 
with shorter half- lives are best administered 
in the evening or at bedtime [39].

• Routine monitoring of serum creatine kinase 
(CK) levels and liver enzymes is not recom-
mended. It is, however, reasonable to obtain 
baseline levels prior to initiating treatment 
with statins [40].

Pathophysiology Pearl
Diurnalrhythmofcholesterolsynthesis

Cholesterol production predominantly occurs in 
the liver, and its synthesis is controlled by the 
enzyme HMG- CoA reductase (3- hydroxy- 3- methyl- 
glutaryl- CoA reductase). The activity of this enzyme 
is influenced by the circadian rhythm, with choles-
terol synthesis generally peaking during the 
night [41].

Although all statins undergo metabolism in the 
liver, there is considerable variation in their elimina-
tion half- lives. For example, simvastatin, fluvastatin,
andlovastatin have shortereliminationhalf-lives com-
pared to other statins in the class. These agents with 
shorter half- lives need to be administered at bedtime 
to optimize their efficacy, ensuring the highest statin 
concentration coincides with peak endogenous cho-
lesterol synthesis, which occurs during the night. [42].

In contrast, rosuvastatin, atorvastatin, pitavas-
tatin,andpravastatin have longereliminationhalf-
lives. This extended duration allows these statins 
to maintain therapeutic drug concentrations 
throughout a 24- hour period, offering more flexi-
bility in dosing schedules [42]. Consequently, these 
agents can be administered at different times of the 
day without compromising their effectiveness.

It is important to note that the circadian rhythm 
of cholesterol production plays a key role in deter-
mining the optimal dosing time for statins by align-
ing the peak statin concentration with the time 
when cholesterol synthesis is the highest.
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Clinical Trial Evidence

A summary of landmark trials that evaluated the 
efficacy of statin therapy in reducing cardiovascular 
events is shown in Table 7.2.

TABLE 7.2 Landmark trials of statins in patients with cardiovascular disease.

Study Population Intervention Outcome

PROVE 
IT–TIMI 22

Patients hospitalized for 
an acute coronary 
syndrome within the last 
10 days (n = 4162)

Comparison of daily 40 mg 
pravastatin (standard 
therapy) versus 80 mg 
atorvastatin (intensive 
therapy)

The rates of the primary end point at 
two years were 26.3% in the 
pravastatin group and 22.4% in the 
atorvastatin group, indicating a 16% 
reduction in the hazard ratio in favor 
of atorvastatin. Intensive lipid- lowering 
statin regimen provides greater 
protection against death or major 
cardiovascular events than standard 
therapy [46].

MIRACL Adults aged 18 years or 
older with unstable 
angina or non–Q- wave 
acute myocardial 
infarction

A randomized, double- 
blind trial with atorvastatin 
(80 mg/d) or placebo 
treatment initiated 
between 24 and 96 h after 
hospital admission 
(n = 3086)

There were no significant differences in 
risk of death, nonfatal myocardial 
infarction, or cardiac arrest between 
the groups, but the atorvastatin group 
had a lower risk of symptomatic 
ischemia requiring emergency 
rehospitalization. There were fewer 
strokes in the atorvastatin group than 
in the placebo group [47].

4S Patients with angina 
pectoris or previous 
myocardial infarction 
and serum cholesterol 
5·5–8·0 mmol/L on a 
lipid- lowering diet

Double- blind treatment 
with simvastatin or 
placebo (n = 4444)

The simvastatin group had lower 
death rates (8%) compared to the 
placebo group (12%). The 6- year 
survival probabilities in the placebo 
and simvastatin groups were 87.6% 
and 91.3%, respectively. There were 
fewer coronary deaths and major 
coronary events in the simvastatin 
group compared to the placebo group. 
Additionally, the risk of undergoing 
myocardial revascularisation 
procedures was reduced by 37% in the 
simvastatin group [48].

PROVE IT–TIMI 22, Pravastatin or Atorvastatin Evaluation and Infection Therapy–Thrombolysis in Myocardial Infarction 22; 
MIRACL, The Myocardial Ischemia Reduction with Aggressive Cholesterol Lowering; 4S, Scandinavian Simvastatin Survival Study.

7.1.3 PCSK9- Inhibitors

7.1.3.1 Physiology

Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
is a serine protease enzyme encoded by the PCSK9 
gene, which is primarily expressed in the liver. This 

enzyme plays a pivotal role in modulating cholesterol 
homeostasis by regulating the low- density lipoprotein 
receptor (LDL- R) lifecycle [49].

Under physiological conditions, LDL- Rs situated 
on the surface of hepatocytes bind circulating LDL- C 
particles and internalize them. Subsequently, the 
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intracellular LDL- C particles undergo degradation, 
with cholesterol being utilized or excreted. This mech-
anism is crucial for maintaining optimal cholesterol 
levels in the bloodstream.

However, PCSK9  interferes with this process by 
binding to LDL- R on hepatocytes. Upon PCSK9–
LDL- R interaction, the receptor is internalized and 
directed toward lysosomal degradation rather than 
recycling to the cell surface. Consequently, the avail-
ability of LDL- Rs on the hepatocyte surface decreases, 
leading to reduced LDL- C clearance from the blood. 
This, in turn, results in elevated plasma LDL- C levels, 
thereby increasing the risk of ASCVD [50].

7.1.3.2 Mechanism of Action

PCSK9  inhibitors disrupt the interaction between 
PCSK9 and LDL- R, increasing hepatic LDL- R expres-
sion and decreasing plasma LDL- C levels. Alirocumab 
and evolocumab are fully humanized monoclonal anti-
bodies that target and bind free plasma PCSK9, facili-
tating its degradation. Consequently, less free PCSK9 is 
available in plasma to interact with LDL- R. This 
increased LDL- R recycling to the hepatocyte surface 
allows the liver to remove more LDL- C from circulation, 
leading to reduced plasma LDL- C levels  [51, 52]. 

Importantly, these antibodies are specific for PCSK9 
and do not bind to other members of the PCSK enzyme 
superfamily.

An alternative approach to inhibiting PCSK9 is by 
blocking its synthesis, which relies on messenger RNA 
(mRNA) [14]. Inclisiran, an antisense oligonucleotide, 
silences mRNA and serves as an example of this mech-
anism. By inhibiting the synthesis of PCSK9, inclisiran 
reduces the availability of PCSK9 in the plasma, ulti-
mately enhancing LDL- R recycling and lowering 
plasma LDL- C levels (see Section 7.1.9).

Practice Pearl(s)
• The recommended dosage of evolocumab is 

140 mg subcutaneously every two weeks or 
420 mg once monthly (secondary prevention 
of ASCVD).

• The recommended starting dose of evo-
locumab is 420 mg subcutaneously once 
monthly, which can be increased to 420 mg 
every 2 weeks (homozygous familial hyper-
cholesterolemia).

• The starting dose of alirocumab is 150 mg 
every two weeks or 300 mg every month.

Clinical Trial Evidence

The FOURIER (Further Cardiovascular Outcomes 
Research with PCSK9  Inhibition in Subjects with 
 Elevated Risk) and ODYSSEY OUTCOMES (Evalu-
ation of Cardiovascular Outcomes After an Acute 
Coronary Syndrome During Treatment With 
 Alirocumab) trials were landmark studies that 

evaluated the cardiovascular benefits of PCSK9 
 inhibitors, a class of drugs that emerged as a novel 
therapeutic approach to lowering LDL cholesterol 
beyond what had been achievable with statins alone. 
Refer to Table 7.3 for a summary of both trials.

TABLE 7.3 Trials of PCSK9 inhibitors.

Study Population Intervention Outcome

Evolocumab 
(FOURIER)

Patients with 
atherosclerotic 
cardiovascular disease 
and LDL cholesterol levels 
of 70 mg/dL (1.8 mmol/L) 
or higher who were 
receiving statin therapy.

Random assignment to 
receive evolocumab 
(either 140 mg every 2 wk 
or 420 mg monthly) or 
matching placebo as 
subcutaneous injections 
(n = 27,564).

The reduction in LDL cholesterol levels with 
evolocumab, as compared with placebo, 
was 59%, from a median baseline value of 
92 mg/dL (2.4 mmol/L) to 30 mg/dL 
(0.78 mmol/L) (P < 0.001). Evolocumab 
treatment significantly reduced the risk of 
the primary end point (cardiovascular 
death, myocardial infarction, stroke, 
hospitalization for unstable angina, or 
coronary revascularization) [50].
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7.1.4 Omega- 3 Fatty Acids

7.1.4.1 Physiology

See Section 7.1.1.

7.1.4.2 Mechanism of Action

Sources of fatty acids include diet, adipose tissue, and 
de novo synthesis in the liver.

Omega- 3 fatty acids exert their lipid- lowering 
effects primarily through the reduction of hepatic pro-
duction of triglyceride- rich, VLDLs. Several potential 
cellular mechanisms contribute to this process.

1. Omega 3 fatty acids accumulate in both plasma 
and bile after oral administration, subsequently 
inhibiting triglyceride hydrolysis and absor-
ption at the intestinal brush border. This ulti-
mately results in a reduction in hepatic VLDL 
production [54].

2. Omega 3 fatty acids inhibit the production of 
acyl- CoA, which plays a crucial role in 
 triglyceride synthesis. Additionally, omega- 3 

fatty acids enhance hepatic mitochondrial and 
peroxisomal beta oxidation, promoting the 
break down of fatty acids [55].

Study Population Intervention Outcome

Alirocumab 
(ODYSSEY 
OUTCOMES)

Patients who had an 
acute coronary syndrome 
1–12 months prior, on 
high- intensity or 
maximum tolerated dose 
statin therapy.

Alirocumab 
subcutaneously at a dose 
of 75 mg every 2 weeks, 
with dose adjustments to 
target specific LDL 
cholesterol levels.

Alirocumab group had a reduced risk of 
recurrent ischemic cardiovascular events 
compared to the placebo group. Adverse 
events were similar between groups, 
except for more local injection- site 
reactions in the alirocumab group [53].

TABLE 7.3 (Continued)

Practice Pearl(s)
The suggested prescription omega fatty acid formu-
lations are distinct from numerous over- the- counter 
fish oil supplements, which typically comprise 
30–50% omega- 3 fatty acids and are administered 
at lower doses. Conversely, the commercial product 
Vascepa comprises over 95% icosapent ethyl  [56], 
highlighting a key difference in composition and 
concentration between prescription preparations 
and common fish oil supplements.

The suggested dose of icosapent ethyl (vascepa) 
is 2 g twice daily with meals. This formulation of 
omega- 3 fatty acids contains mainly EPA.

The suggested dose of generic omega- 3 fatty 
acids or the commercial brand Lovaza is either 2 g 
twice a day or 4 g once daily with food. These for-
mulations contain both EPA and docosahexaenoic 
acid DHA [57].

Clinical Trial Evidence

The REDUCE- IT (Reduction of Cardiovascular 
Events with Icosapent Ethyl–Intervention Trial) 
study is a landmark cardiovascular outcomes 
study that assessed the efficacy of icosapent ethyl, 
a highly purified eicosapentaenoic acid (EPA) 
derived from fish oil, in reducing major adverse 

cardiovascular events. Initiated against growing 
interest in the cardioprotective effects of omega- 3 
fatty acids, the trial aimed to determine whether 
icosapent ethyl could provide additional cardio-
vascular benefits beyond standard statin therapy 
(see Table 7.4).

(continued)
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7.1.5 Fibrates

7.1.5.1 Physiology

Metabolism of HDL Cholesterol
HDL cholesterol metabolism is primarily associated 
with reverse cholesterol transport RCT, a crucial process 
that removes excess cholesterol from peripheral tissues 
and returns it to the liver for excretion. The RCT process 
helps maintain cholesterol homeostasis and protect 
against atherosclerosis development (see Figure 7.5).

Nascent HDL formation: Apolipoprotein A- 1 
(ApoA- 1) interacts with the ATP- binding cassette 
transporter A1 (ABCA1) present on the cell mem-
branes of peripheral tissues, such as muscles and 
adipose tissue. This interaction facilitates the transfer 
of free cholesterol and phospholipids from these tis-
sues to ApoA- 1, forming nascent discoidal HDL parti-
cles. Maturation of HDL: The enzyme lecithin 
cholesterol acyltransferase (LCAT) converts free cho-
lesterol in nascent HDL particles into cholesterol 
esters. This process results in the formation of mature, 

TABLE 7.4 Cardiovascular efficacy of icosapent ethyl therapy.

Study Population Intervention Outcome

REDUCE- IT Patients with cardiovascular 
disease or diabetes and 
other risk factors, high 
triglyceride levels, and 
receiving statin therapy.

Administration of 2 g of 
icosapent ethyl twice daily 
(total daily dose, 4 g) or 
placebo.

Significant decrease in the risk of 
ischemic events, including 
cardiovascular death. However, higher 
rates of hospitalization for atrial 
fibrillation or flutter and a slight 
increase in serious bleeding events 
were observed compared to the 
placebo group [58].

FIGURE 7.5 Schematic representation of HDL metabolism.

(continued)
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spherical HDL particles that contain a hydrophobic 
core of cholesterol esters surrounded by phospholipids 
and ApoA- 1 [14].

Cholesterol ester exchange: Cholesterol ester 
transfer protein (CETP) mediates the exchange of 
cholesterol esters and triglycerides between HDL and 
other circulating lipoproteins, such as chylomicrons, 
very low- density lipoproteins (VLDL), and low- 
density lipoproteins (LDL). CETP transfers choles-
terol esters from HDL to these lipoproteins and takes 
up triglycerides in return  [59]. Hepatic uptake and
excretion:HDL particles bind to the hepatic scavenger 
receptor class B type 1 (SR- B1), which facilitates the 
selective uptake of cholesterol esters from HDL into 
the liver. The liver then converts cholesterol into bile 
acids, which are secreted into the bile and ultimately 
excreted via the gastrointestinal tract. The remaining 
smaller HDL particles can be recycled to participate 
in further cholesterol uptake from peripheral tis-
sues [60, 61].

Role of Hepatic Lipase in HDL Metabolism
Hepatic lipase (HL) plays a significant role in HDL 
metabolism within the liver. It is a lipolytic enzyme 
synthesized by hepatocytes and anchored to the liver 
endothelial cell surface. HL influences HDL metabo-
lism by catalyzing the hydrolysis of lipids in lipopro-
teins, particularly HDL. Its primary actions on HDL 
metabolism include:

1. HL hydrolyzes the phospholipids and TAGs 
present in HDL particles. This action leads to 
the release of FFAs and results in the formation 
of smaller, denser HDL particles, which are 
often referred to as HDL3. This remodeling 
process enables the HDL particles to continue 
participating in RCT [62].

2. As a consequence of the HDL remodeling by 
HL, the apolipoprotein A- 1 (ApoA- 1) compo-
nent of the HDL particle may dissociate. The 
dissociated ApoA- 1 can then return to periph-
eral tissues to interact with the ATP- binding 
cassette transporter A1 (ABCA1) and initiate 
the formation of new nascent HDL particles.

3. HL activity may influence the clearance of 
HDL particles from circulation. The smaller, 
denser HDL particles generated after HL- 
mediated remodeling can be more readily 

cleared from the bloodstream, either through 
the hepatic scavenger receptor class B type 1 
(SR- B1) or the LDL- R. The interaction with 
these receptors facilitates the delivery of cho-
lesterol to the liver for bile acid synthesis and 
excretion [63].

7.1.5.2 Mechanism of Action

Fibrates are a class of lipid- lowering drugs that pri-
marily target the ability of peroxisome proliferator- 
activated receptor- alpha (PPARα) to modulate lipid 
metabolism. They are particularly effective in reducing 
elevated triglyceride levels and are often prescribed for 
patients with hypertriglyceridemia. The mechanism 
of action of fibrates involves several processes that 
influence lipid metabolism, as detailed below [64]:

1. Fibrates act as agonists for PPARα, a nuclear 
hormone receptor predominantly expressed in 
tissues with high oxidative capacity, such as the 
liver, heart, and skeletal muscle. By binding to 
and activating PPARα, fibrates regulate the 
transcription of target genes involved in var-
ious aspects of lipid metabolism.

2. Fibrates upregulate the expression of genes 
involved in fatty acid uptake and transport and 
enzymes responsible for mitochondrial and 
peroxisomal beta oxidation [65]. This increase 
in fatty acid oxidation reduces the availability 
of fatty acids for triglyceride synthesis in the 
liver, ultimately leading to lower plasma tri-
glyceride levels.

3. Fibrates also decrease the production and 
secretion of VLDL particles by the liver. This 
reduction is partly due to the enhanced fatty 
acid oxidation, which lowers the availability of 
TAGs for VLDL assembly and secretion [66].

4. They also increase the expression of LPL, an 
enzyme that hydrolyzes TAGs in lipoproteins, 
thereby promoting the clearance of circulating 
triglyceride- rich lipoproteins such as VLDL 
and chylomicrons [67].

5. Fibrates upregulate the expression of ApoA- 1 
and apolipoprotein A- II (ApoA- II), which are 
major components of HDL particles [68]. This 
upregulation can contribute to an increase in 
HDL cholesterol levels, which is generally con-
sidered cardioprotective.
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7.1.6 Inclisiran

7.1.6.1 Physiology

Small interfering RNA (siRNA) technology is a 
novel  tool for silencing (or inhibiting) specific 
genes in cells, providing a way to study gene function, 
regulate gene expression, and develop therapies for 
various  diseases  [73]. The pathophysiological basis 
of  siRNA technology relies on the naturally occur-
ring RNA interference (RNAi) pathway; a post- 
transcriptional gene silencing mechanism conserved 
among eukaryotes [74].

The RNAi pathway is initiated by the presence of 
double- stranded RNA (dsRNA) molecules in the cell. 
These dsRNA molecules can be exogenously intro-
duced or generated endogenously. Dicer, an RNase III 
endonuclease, cleaves these long dsRNAs into short 

20–30 nucleotide fragments called siRNAs [75]. Each 
siRNA molecule consists of the guide strand and the 
passenger strand.

The guide strand, also known as the antisense 
strand, is the key component in the RNAi pathway. 
The guide strand is complementary to the target 
mRNA sequence that needs to be silenced. After the 
formation of siRNA, the guide strand is incorporated 
into the RNA- induced silencing complex (RISC). 
The  RISC then uses the guide strand as a template 
to  recognize and bind to the target mRNA. Once 
bound,  the Argonaute protein within the RISC 
cleaves the target mRNA, effectively silencing the 
gene expression [76].

The passenger strand (sense strand) complements 
the guide strand. After the formation of siRNA, the 
passenger strand is typically degraded or ejected from 
the RISC complex [77]. The role of PCSK9 in LDL cho-
lesterol metabolism was discussed in Section 7.1.3.

7.1.6.2 Mechanism of Action

siRNA inhibitors of PCSK9 synthesis, such as incli-
siran, are a novel class of lipid- lowering agents that 
utilize RNA interference (RNAi) technology to target 
and degrade PCSK9 mRNA [78, 79]. This mechanism 
of action results in reduced PCSK9 protein synthesis, 
ultimately leading to lower LDL cholesterol (LDL- C) 
levels [79] (Figure 7.6).

The mechanism of action of siRNA inhibitors of 
PCSK9 synthesis involves the following steps:

1. The siRNA molecule, which is complementary 
to a specific region of the PCSK9  mRNA, 
is  introduced into the target cells, typically 
hepatocytes.

2. Once inside the cell, the siRNA associates with 
a group of proteins to form the RISC.

3. The RISC complex, guided by the siRNA, binds 
to the complementary PCSK9  mRNA. This 
binding leads to the cleavage and degradation 
of the target mRNA.

4. As a result of mRNA degradation, the transla-
tion of PCSK9 protein is inhibited, leading to 
reduced PCSK9 synthesis.

5. With lower levels of PCSK9, there is less degra-
dation of LDL- R on hepatocyte surfaces. This 
results in increased LDL- R expression and 
activity, allowing for enhanced clearance of 
circulating LDL- C [80].

Practice Pearl(s)

Fenofibrate – Micronized fenofibrate is taken at 
145 mg/day with or without food. However, the 
non- micronized formulation needs to be taken 
with food to improve its absorption. There have 
been reports of severe drug- induced liver injury 
leading to either transplantation or death  [69, 
70]. Liver enzymes should therefore be checked 
periodically in all patients with prompt discon-
tinuation if greater than 3 times the upper limit 
of normal.
Gemfibrozil – The recommended dosing for gem-
fibrozil is 600 mg twice daily, to be administered 
before breakfast and dinner.

The combination of statins with gemfibrozil is 
not recommended due to the risk of significant 
myopathy [71].

Clinical Trial Evidence

In a meta- analysis of 18 trials evaluating the 
 efficacy of fibrates(45,058 participants), there 
was no statistically significant effect on all- cause 
mortality (relative risk [RR] 1.00, 95% CI 
0.93–1.08) or cardiovascular mortality (RR 0.97, 
95% CI 0.85–1.02) [72].
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FIGURE 7.6 Mechanism of action of inclisiran.

Practice Pearl(s)
SC inclisiran 284 mg initially, followed by a repeat 
injection at 3 months and then every 6 months.

Clinical Trial Evidence

The study, comprising two trials (ORION- 10 and 
ORION- 11), assessed the effectiveness of inclisiran, 
an inhibitor of hepatic synthesis of proprotein con-
vertase subtilisin–kexin type 9, in reducing low- 
density lipoprotein (LDL) cholesterol levels. 
Participants were patients with atherosclerotic car-
diovascular disease or an equivalent risk who had 
high LDL cholesterol levels despite receiving the 
maximum tolerated dose of statin therapy.

In both trials, patients were given inclisiran or 
a placebo via subcutaneous injection initially, on 

day 90, and every 6 months thereafter for a period 
of 540 days. The key outcomes measured were the 
change in LDL cholesterol level from baseline to 
day 510 and the time- adjusted change in LDL 
cholesterol level from baseline after day 90 up to 
day 540.

Results showed that inclisiran led to significant 
reductions in LDL cholesterol levels by approxi-
mately 50% in both ORION- 10 and ORION- 11 
trials. The adverse events were generally similar 
for both inclisiran and placebo groups, although 
there were more injection- site adverse reactions 
reported with inclisiran. These reactions were gen-
erally mild, and none were severe or persistent. 
Thus, the study concluded that inclisiran, admin-
istered every 6 months, effectively reduced LDL 
cholesterol levels by around 50%, despite a higher 
occurrence of injection- site adverse events com-
pared to placebo [81].
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7.1.7 Niacin

7.1.7.1 Physiology

See Section 7.1.5.

7.1.7.2 Mechanism of Action

Niacin, also known as nicotinic acid or vitamin B3, is 
a water- soluble vitamin that is used for the treatment 
of lipid disorders due to its ability to favorably modify 
the lipid profile.

Firstly, niacin inhibits hormone- sensitive lipase in 
adipose tissue, resulting in decreased lipolysis, hence 
decreasing the substrate availability of hepatic triglyc-
eride for VLDL synthesis.

As a consequence of reduced VLDL availability, 
even less LDL cholesterol is packaged and released by 
the liver.

Furthermore, niacin promotes the synthesis of 
apolipoprotein A- I (apoA- I), a key component of HDL 
cholesterol [82]. These actions collectively lead to an 
increase in plasma HDL cholesterol levels (also see 
Section 7.1.5).

Also, niacin has been shown to lower lipoprotein 
A levels, a highly atherogenic lipoprotein, by mecha-
nisms that are not yet fully understood [83].

Practice Pearl(s)
The recommended initial dose is 250 mg once daily 
(with food), which can be increased to a maximum 
of 1.5–2 g daily in 2–3 divided doses.

Niacin is associated with an increased risk of 
flushing. To mitigate this, high- dose aspirin may be 
taken prophylactically within 30 minutes of niacin 
administration.

Clinical Trial Evidence

The AIM- HIGH (Atherothrombosis Intervention in 
Metabolic Syndrome with Low HDL/High Triglycer-
ides: Impact on Global Health Outcomes) trial evalu-
ated the cardiovascular benefits of adding niacin to 
statin therapy in patients with established vascular 
disease. While statins effectively lower LDL choles-
terol, the trial focused on patients with residual risk 
manifested by low HDL cholesterol levels and ele-
vated triglycerides, a lipid profile niacin might opti-
mally address.

Building on the backdrop of the AIM- HIGH trial, 
HPS2- THRIVE (Heart Protection Study 2–Treatment 
of HDL to Reduce the Incidence of Vascular Events) 
further investigated niacin’s role in cardiovascular 

protection but in a much larger and diverse cohort. 
The study combined niacin with laropiprant, a drug 
meant to reduce the facial flushing commonly associ-
ated with niacin, aiming to improve patient adherence.

Together, the results from AIM- HIGH and HPS2- 
THRIVE dampened enthusiasm for using niacin as 
adjunctive therapy for cardiovascular prevention 
in  the era of effective statin therapy. These trials 
emphasized the importance of rigorous, large- scale 
randomized trials to validate the cardiovascular ben-
efits of lipid- modifying therapies, even for those with 
a long history of use, like niacin. See Table 7.5 for a 
summary of the results of the AIM- HIGH and HPS2- 
THRIVE trials.

TABLE 7.5 Trials assessing the efficacy of niacin.

Study Population Intervention Outcome

AIM- HIGH Patients with 
established 
cardiovascular 
disease and LDL 
cholesterol levels of 
less than 70 mg/dL.

Patients were randomly assigned 
to receive either extended- release 
niacin (1500–2000 mg/day) or a 
placebo. All patients also received 
simvastatin (40–80 mg/day) plus 
ezetimibe (10 mg/day) if needed.

Despite significant improvements in 
HDL cholesterol and triglyceride levels 
with niacin addition, there was no 
incremental clinical benefit observed 
during a 36- month follow- up period. 
Primary endpoint events occurred in 
16.4% of patients in the niacin group 
and 16.2% in the placebo group [84].
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7.2 OBESITY

7.2.1 Phentermine- Topiramate

7.2.1.1 Physiology

The anorexigenic (satiety- promoting) and orexigenic 
(hunger- stimulating) pathways consist of an intricate 
network of hormones, neurotransmitters, and neural 
circuits, all intricately interwoven to maintain our 
body’s energy balance [89].

The anorexigenic pathway is a complex signaling 
system that regulates food intake and energy balance. 
It involves communication between peripheral tis-
sues, such as adipose tissue, and central nervous 
system (CNS)structures, including the hypothalamus 
and higher cortical centers [90, 91]. The role of other 
mediators of the anorexigenic pathway is shown in 
Figure 7.7.

Adipose tissue produces and releases the hormone 
leptin in proportion to the amount of stored fat [92]. 
As fat stores increase, leptin levels rise, signaling the 

Study Population Intervention Outcome

HPS2- 
THRIVE [85]

Adults with vascular 
disease.

Participants were randomly 
assigned to receive 2 g of 
extended- release niacin and 40 mg 
of laropiprant or a matching 
placebo daily(n = 25,673).

Despite a decrease in LDL cholesterol 
and an increase in HDL cholesterol 
with the addition of niacin- laropiprant, 
there was no significant reduction in 
major vascular events [85].

TABLE 7.5 (Continued)

Concepts to Ponder

Summary of the effects of lipid- lowering 
therapies on lipid levels

Lipid- lowering therapies primarily aim to 
decrease the risk of atherosclerotic cardiovas-
cular disease (ASCVD). Different classes of these 
agents target various aspects of the lipid profile, 
and thus, their effects on lipids can be diverse (see 
Table 7.6).

What is advanced lipid testing?

Advanced lipid testing represents a more com-
prehensive evaluation of blood lipids beyond the 
conventional lipid profile test. The standard lipid 
profile typically measures total cholesterol, low- 
density lipoprotein (LDL) cholesterol, high- density 
lipoprotein (HDL) cholesterol, and triglycerides. 
Advanced lipid testing is an invaluable screening 
test [86].

TABLE 7.6 The effects of various lipid- lowering 
therapies on lipid levels.

Lipid therapy LDL HDL TAGS

Ezetimibe ↓↓ ↑ ↓

Fibrate ↓↓ ↑↑ ↓↓↓

Statins ↓↓↓ ↑ ↓↓

Omega 3FA Variable 
effects

↑ ↓↓

PCSK9i ↓↓↓ ↑ ↓↓

Niacin ↓ ↑↑ ↓↓

Bile acid 
sequestrants

↓↓ →↑ →↑

• To assess the residual risk for cardiovascular 
disease in patients already on lipid- lowering 
therapy [87].

• Patients with borderline risk for Atherosclerotic 
Cardiovascular Disease (ASCVD) based on tradi-
tional risk calculators [88].

• A strong family history of ASCVD [86].

Examples of advanced lipid tests

• Lipoprotein a
• LDL particle size (small dense LDL is artherogenic)
• Apolipoprotein B
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body to decrease food intake and increase energy 
expenditure [91].

Leptin circulates in the bloodstream, crosses the 
blood–brain barrier via specific transporters, and 
finally reaches the arcuate nucleus of the hypothal-
amus in order to exert its anorexigenic pathway [93].

The arcuate nucleus contains two distinct popu-
lations of neurons: one that produces neuropeptide 
Y  (NPY) and agouti- related peptide (AgRP) and 
another that produces pro- opiomelanocortin (POMC) 
and cocaine-  and amphetamine- regulated transcript 
(CART)  [94]. Leptin binds to its receptors on these 
neurons, inhibiting NPY/AgRP neurons and stimu-
lating POMC/CART neurons [95].

NPY is an orexigenic peptide, while AgRP acts as 
an antagonist of the melanocortin receptors  [96]. 
Leptin suppresses the orexigenic effects of NPY 
while  promoting the anorexigenic pathway via 
POMC/CART activation, decreasing food intake and 
promoting weight loss [97].

POMC is processed into alpha- melanocyte- 
stimulating hormone (α- MSH), which binds to 
 melanocortin receptors and exerts anorexigenic 
effects  [98]. CART also has anorexigenic 

properties [99]. Activation of POMC/CART neurons 
by leptin contributes to reduced food intake and 
increased energy expenditure [100].

Signals from the arcuate nucleus are transmitted 
to higher cortical centers involved in the regulation of 
appetite, satiety, and energy balance [101]. These cen-
ters integrate information from various sources, 
including hormonal and neural signals, to modulate 
feeding behavior [102].

7.2.1.2 Mechanism of Action

Phentermine is a sympathomimetic amine that acts 
as an appetite suppressant and is used for the short- 
term management of obesity in conjunction with a 
reduced- calorie diet and exercise. The precise mecha-
nism of action of phentermine is not entirely under-
stood, but it is believed to exert its effects primarily 
through the CNS by stimulating the release of certain 
neurotransmitters.

Phentermine stimulates the release of catechol-
amines, primarily norepinephrine (NE), and to a lesser 
extent, dopamine (DA) and serotonin (5- HT), in the 
hypothalamus and other regions of the brain.

FIGURE 7.7 Schematic diagram of both orexigenic and anorexigenic pathways. There are connections between peripheral 
organs and relay centers in the hypothalamus en route to higher cortical centers.
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The increased levels of NE, DA, and 5- HT in the 
hypothalamus, specifically in the arcuate nucleus, 
lead to the activation of neurons that express POMC 
and CART. Activation of POMC/CART neurons pro-
motes the release of α- MSH, which in turn binds to 
melanocortin receptors (MC4R) in the brain. This ulti-
mately suppresses appetite and reduces food 
intake [103].

Clinical Trial Evidence

Among the numerous clinical trials undertaken to 
assess potential weight loss therapies, two note-
worthy studies are the CONQUER and EQUIP trials.

The Comprehensive Assessment of Long- term 
Effects of Reducing Intake of Energy (CONQUER) 
trial aimed to evaluate the efficacy and safety of 
phentermine–topiramate extended- release combi-
nation as a weight- loss therapy. Efficacy and safety of 
Qsymia (phentermine and topiramate extended- 
release) Indicated for Weight Loss in Patients with 
Obesity and Patients who are Overweight with at 

least one Weight- related Comorbidity: a Randomized, 
Placebo- controlled, Phase 3 Study (EQUIP) was 
another pivotal trial. This study primarily evalu-
ated  a higher dosage of phentermine–topiramate 
extended- release for weight loss in obese partici-
pants without diabetes. The EQUIP trial reinforced 
the findings of the CONQUER trial, presenting sub-
stantial weight reduction in participants treated with 
the drug combination relative to the placebo group. 
Refer to Table 7.7 for a summary of the results of the 
CONQUER and EQUIP trials.

TABLE 7.7 Trials evaluating the efficacy of phentermine and topiramate in obesity.

Study Population Intervention Outcome

CONQUER Overweight or obese adults 
(aged 18–70 years), with a 
body- mass index of 
27–45 kg/m(2) and two or 
more comorbidities 
(hypertension, dyslipidemia, 
diabetes or prediabetes, or 
abdominal obesity).

Random assignment to one of 
the following groups: Placebo, 
once- daily Phentermine 7.5 mg 
plus Topiramate 46.0 mg, 
once- daily Phentermine 
15.0 mg plus Topiramate 
92.0 mg (n = 2487).

Patients on Phentermine 
7.5 mg plus Topiramate 
46.0 mg and Phentermine 
15.0 mg plus Topiramate 
92.0 mg showed significant 
weight reduction compared 
to placebo. [105].

EQUIP Men and women with class II 
and III obesity 
(BMI ≥ 35 kg/m(2)).

Random assignment to one of 
the following groups: Placebo, 
Phentermine/Topiramate 
3.75/23 mg, or Phentermine/
Topiramate 15/92 mg, added 
to a reduced- energy diet.

Patients on Phentermine/
Topiramate 3.75/23 mg and 
Phentermine/Topiramate 
15/92 mg showed significant 
weight reduction compared 
to placebo [106].

Practice Pearl(s)
The starting dosage for phentermine- topiramate 
consists of 3.75/23 mg administered for a 14- day 
period, followed by a dose of 7.5/46 mg. If a 3% 
reduction in baseline body weight is not observed 
after 12 weeks, the dosage can be escalated to 
11.25/69 mg for an additional 14 days and subse-
quently increased to 15/92 mg daily [104].

7.2.2 Liraglutide

7.2.2.1 Physiology

The Brain–Gut Axis
The brain–gut axis is a complex bidirectional commu-
nication system that connects the CNS with peripheral 
signals, mainly from the gastrointestinal (GI) tract. 

This intricate system regulates appetite, energy 
balance, and metabolism. Gut hormones and peptides, 
including glucagon- like peptide- 1 (GLP- 1), cholecys-
tokinin (CCK), polypeptide Y, and ghrelin, play 
 various roles in the brain–gut axis.

CCK is secreted by I- cells in the small intestine in 
response to the presence of nutrients in the proximal 
small intestine  [107]. It acts locally to stimulate 
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gallbladder contraction and pancreatic enzyme secre-
tion while also acting centrally to promote satiety and 
reduce food intake  [108]. CCK promotes satiety by 
inhibiting NPY/AgRP neurons in the arcuate nucleus 
(orexigenic pathway) [109].

NPY is a potent orexigenic peptide produced by 
the small intestine and acts primarily in the arcuate 
nucleus of the hypothalamus. It stimulates food 
intake and is involved in the regulation of energy 
balance [110].

Ghrelin (the “hunger hormone”) is a potent 
peripheral orexigenic peptide. It is secreted by the 
gastric fundus about 1–2 hours before meal ingestion. 
It stimulates appetite and food intake by acting on 
NPY/AgRP neurons in the arcuate nucleus of the hypo-
thalamus (orexigenic pathway) [111]. See Figure 7.7.

GLP- 1 is an incretin hormone released by the 
L- cells in the intestine in response to nutrient inges-
tion (see Chapter 4). It slows gastric emptying, stimu-
lates insulin secretion, and inhibits glucagon secretion. 
Even more importantly, GLP- 1 acts as an anorexigenic 
factor, decreasing food intake and promoting 
satiety [112]. It exerts these effects through the stimu-
lation of POMC and CART neurons in the arcuate 
nucleus [113].

7.2.2.2 Mechanism of Action

GLP- 1 agonists stimulate the anorexigenic pathway 
by binding to GLP- 1 receptors (GLP- 1R) present on 
POMC/CART neurons in the arcuate nucleus of the 
hypothalamus. Upon activation by GLP- 1, POMC/
CART neurons stimulate the synthesis and release 
of  α- MSH. Next, α- MSH binds to melanocortin- 4 

receptors (MC4R) found on second- order neurons in 
the hypothalamus, which relays signals to higher cor-
tical centers that ultimately lead to early satiety [114, 115].

Pathophysiology Pearl
Tirzepatide is a novel dual glucose- dependent 
insulinotropic polypeptide (GIP) and glucagon- like 
peptide- 1 (GLP- 1) receptor agonist, which has 
shown promise in treating obesity. Tirzepatide’s 
site of action in the arcuate nucleus involves 
binding to GLP- 1 receptors on POMC/CART neurons 
(anorexigenic pathway) [116].

Practice Pearl(s)
For weight loss, liraglutide (Saxenda®) should be 
started at a dose of 0.6 mg subcutaneously once 
daily for one week. After the initial week, the dose 
should be increased by 0.6 mg increments each 
week until the maintenance dose of 3.0 mg once 
daily is reached. The dose should not exceed 3.0 mg 
daily, and liraglutide can be administered at any 
time of day, with or without meals [117].

For patients on semaglutide (Wegovy™), the 
initial dose should be 0.25 mg subcutaneously once 
weekly for four weeks. Following this period, the 
dose should be increased to 0.5 mg once weekly for 
the next four weeks. If further dose escalation is 
needed, the dose can be increased to 1.0 mg once 
weekly for 4 weeks. The dose can be increased to 
2.0 mg for a further month and then a maximum of 
2.4 mg weekly [118].

Clinical Trial Evidence

The growing prevalence of obesity has intensified 
the search for effective therapeutic agents. Among 
the promising candidates are the glucagon- like pep-
tide- 1 (GLP- 1) agonists, traditionally used in diabetes 
management but now recognized for their potential 
in weight loss. The Satiety and Clinical Adiposity–
Liraglutide Evidence (SCALE) trial investigated the 
efficacy of liraglutide, a GLP- 1 receptor agonist, in 
weight management. The study showed that liraglu-
tide, when used at higher doses than typically 

prescribed for diabetes, led to significant weight loss 
compared to placebo, alongside improvements in 
several health parameters.

The Semaglutide Treatment Effect in People with 
Obesity (STEP 1) trial assessed the weight loss poten-
tial of semaglutide, another GLP- 1 receptor agonist. 
Participants receiving semaglutide experienced a sub-
stantial reduction in body weight relative to those on 
placebo, underscoring the potential of this agent as a 
powerful tool in obesity management (see Table 7.8).
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TABLE 7.8 Trials evaluating the efficacy of GLP- 1 agonists in obesity.

Study Population Intervention Outcome

SCALE Patients without type 2 
diabetes, with a BMI of 
at least 30 or a BMI of 
at least 27 if they had 
treated or untreated 
dyslipidemia or 
hypertension.

Study participants were 
randomly assigned in a 2 : 1 
ratio to receive once- daily 
subcutaneous injections of 
liraglutide at a dose of 3.0 mg 
or placebo; all participants also 
received lifestyle modification 
counseling (n = 3731).

The liraglutide group lost a mean of 
8.4 ± 7.3 kg of body weight, while the 
placebo group lost a mean of 2.8 ± 6.5 kg 
(difference of −5.6 kg; 95% confidence 
interval, −6.0–−5.1; P < 0.001) [119].

STEP 1 Adults with a BMI of 30 
or greater (≥27 in 
persons with ≥1 weight- 
related coexisting 
condition), who did not 
have diabetes.

Participants were randomly 
assigned in a 2 : 1 ratio to 
receive once- weekly 
subcutaneous injections of 
semaglutide at a dose of 
2.4 mg or placebo (n = 1961).

The mean change in body weight from 
baseline to week 68 was −14.9% in the 
semaglutide group and − 2.4% with 
placebo, treatment difference of −12.4% 
(95% confidence interval, −13.4–−11.5; 
P < 0.001) [118].

7.2.3 Bupropion–Naltrexone

7.2.3.1 Physiology

Also, see Section 7.2.1.

7.2.3.2 Mechanism of Action

The combination of sustained- release (SR) bupropion 
and naltrexone has been shown to be effective in the 
treatment of obesity through their synergistic effects 
on appetite regulation and energy expenditure.

Bupropion, an atypical antidepressant, and a DA/
NE reuptake inhibitor, is believed to promote weight 
loss through its stimulatory effect on POMC neurons 
in the arcuate nucleus of the hypothalamus. Activation 
of POMC neurons leads to the release of α- MSH, 
which binds to MC4R in downstream brain regions. 
This binding results in a decrease in food intake and 
an increase in energy expenditure [120].

Naltrexone, an opioid receptor antagonist, primarily 
blocks the mu- opioid receptor. Its role in weight loss is 
thought to be related to its ability to counteract the 

inhibitory effect of beta- endorphins on POMC neurons. 
Under normal circumstances, beta- endorphins, which 
are opioid peptides, suppress POMC neuronal activity. 
By antagonizing the mu- opioid receptor, naltrexone pre-
vents beta- endorphins from inhibiting POMC neurons, 
thus promoting the release of α- MSH and enhancing the 
anorexigenic pathway (see Figure 7.7) [121].

Practice Pearl(s)
Initially, administer a single tablet containing a 
combination of 8 mg naltrexone and 90 mg bupro-
pion once daily in the morning for a duration of 
1 week. Subsequently, based on patient tolerability, 
escalate the dosage in weekly intervals as follows: 
during the second week, administer one tablet 
twice daily; during the third week, administer two 
tablets in the morning and one tablet in the eve-
ning; and thereafter, administer two tablets twice 
daily. The maximum recommended dosage is four 
tablets per day, equivalent to 32 mg naltrexone and 
360 mg bupropion [122].

Clinical Trial Evidence

The Contrave Obesity Research (COR- 1) trial was 
designed to evaluate the safety and efficacy of Con-
trave (Naltrexone/Bupropion) in overweight and 

obese participants. This pivotal trial demonstrated 
that individuals treated with Contrave experienced 
significantly greater weight loss compared to those 

(continued)
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7.2.4 Intestinal Lipase Inhibitor

7.2.4.1 Physiology

The role of pancreatic lipases in the hydrolysis of 
 dietary triglycerides in the intestine was reviewed in 
Section 7.1.1.

7.2.4.2 Mechanism of Action

Orlistat is a gastrointestinal (GI) lipase inhibitor that is 
used to treat obesity. Its mechanism of action involves 
the reversible inhibition of pancreatic lipases, which 
are essential enzymes responsible for the hydrolysis of 

dietary triglycerides into absorbable FFAs and mono-
glycerides. By inhibiting these lipases, orlistat prevents 
the breakdown and subsequent absorption of dietary 
fat in the GI tract. Consequently, a portion of the con-
sumed fat is excreted in the feces, reducing overall 
caloric intake and promoting weight loss. It is impor-
tant to note that orlistat does not act centrally; its 
effects are confined to the GI tract.

on placebo. Additionally, several health- related 
quality- of- life measures were improved in the Con-
trave group. The results from the COR- 1 trial played 

a foundational role in substantiating the benefits of 
Contrave as a novel approach to obesity management 
(see Table 7.9).

TABLE 7.9 Clinical trial evaluating the efficacy of naltrexone and bupropion in obesity.

Study Population Intervention Outcome

Contrave 
obesity 
research 
(COR)- 1

Men and women aged 
18–65 y with a BMI of 
30–45 kg/m2 and 
uncomplicated obesity or 
BMI 27–45 kg/m2 with 
dyslipidemia or hypertension.

Participants were randomly 
assigned in a 1 : 1 : 1 ratio to 
receive: 1) NB32: naltrexone 
32 mg/day + bupropion 360 mg/
day, 2) NB16: naltrexone 16 mg/
day + bupropion 360 mg/day, or 
3) matching placebo.

The proportion of participants 
achieving a decrease in body 
weight of 5% or more: 16% 
(placebo), 48% (NB32; p < 0.0001 
vs. placebo), and 39% (NB16; 
p < 0.0001 vs. placebo) [123].

Practice Pearl(s)
The recommended dose of orlistat is 120 mg three 
times a day with fat- based meals.

Clinical Trial Evidence

The Xenical in the Prevention of Diabetes in Obese 
Subjects (XENDOS) trial was a landmark study that 
evaluated the long- term efficacy of orlistat in weight 
management and its potential role in diabetes pre-
vention. Spanning over four years, this trial included 
obese subjects. It assessed weight loss outcomes and 
the incidence of type 2 diabetes in participants 
treated with orlistat versus those on placebo. The 

results indicated that orlistat users experienced 
sustained weight loss over the trial period and had a 
reduced risk of developing type 2 diabetes compared 
to the placebo group (see Table 7.10).

The XENDOS trial provided valuable insights 
into the dual benefits of orlistat: as a weight 
management tool and as a preventive measure 
against type 2 diabetes in obese individuals.

TABLE 7.10 Clinical trial evaluating the efficacy of orlistat in obesity.

Study Population Intervention Outcome

XENDOS Patients with a BMI >/=30 kg/
m2, having either normal 
(79%) or impaired glucose 
tolerance (IGT) (21%).

Participants were randomized to receive 
lifestyle changes plus either orlistat 
120 mg or placebo, three times daily, in 
a 4- y, double- blind, prospective study.

Mean weight loss was 
significantly greater with 
orlistat (5.8 vs. 3.0 kg with 
placebo; P < 0.001) [124].

(continued)
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7.2.5 Bariatric Surgery

7.2.5.1 Physiology

Hormonal regulation of appetite has been reviewed in 
previous sections of this chapter.

7.2.5.2 Mechanism of Action

Metabolic surgery, also known as bariatric surgery, is a 
surgical intervention aimed at promoting weight loss 
and improving obesity- related comorbidities. The 
mechanisms of action of metabolic surgery are com-
plex and multifactorial. Some of the key mecha-
nisms include:

1. Bariatric surgeries, such as gastric banding and 
sleeve gastrectomy, physically limit the stom-
ach’s capacity, reducing food intake and pro-
moting satiety [125, 126].

2. Procedures like Roux- en- Y gastric bypass 
(RYGB) lead to reduced absorption of nutrients 
by bypassing a portion of the small intestine [126].

3. Metabolic surgery alters the gut hormone pro-
file, including increased GLP- 1 and reduced 
ghrelin levels, resulting in appetite suppression 
and enhanced insulin sensitivity [127].

4. Metabolic surgeries can induce changes in 
the  gut microbiota composition, leading to 
enhanced energy expenditure, altered short- 
chain fatty acid production, and improved 
glucose metabolism [128].

Practice Pearl(s)
Refer to Figure 7.8 for a summary of various forms of 
bariatric surgery.

LaparoscopicRoux-en-YGastricBypass(LRYGB)

Laparoscopic Roux- en- Y gastric bypass (LRYGB) is a 
widely performed bariatric surgery that promotes 
significant weight loss and improves obesity- related 
comorbidities. This procedure combines both 
restrictive and malabsorptive mechanisms to achieve 
its metabolic effects.

In LRYGB, the surgeon creates a small gastric 
pouch (roughly 30 ml in volume) by dividing the 
stomach. This restrictive step limits the amount of 
food that can be consumed at a time, promoting early 
satiety. Next, the small intestine is divided approxi-
mately 30–50 cm distal to the ligament of Treitz. The 
distal part of the divided small intestine (the Roux 
limb) is then connected to the newly formed gastric 
pouch, effectively bypassing a significant portion of 
the stomach and the proximal small intestine (duo-
denum and part of the jejunum). This malabsorptive 
step reduces the absorption of nutrients, particularly 
fats and fat- soluble vitamins.

The remaining proximal part of the divided 
small intestine, known as the biliopancreatic limb, is 
connected to the Roux limb 75–150 cm distal to the 
gastrojejunostomy, forming the Y- shaped configura-
tion. This connection, called the jejunojejunostomy, 
allows digestive enzymes and bile to mix with the 

food, enabling digestion and absorption in the distal 
small intestine [129].

SleeveGastrectomy

Sleeve gastrectomy, or laparoscopic sleeve gastrectomy 
(LSG), is a widely adopted bariatric surgical interven-
tion that promotes substantial weight loss by primarily 
employing restrictive mechanisms. The procedure 
entails the resection of approximately 75–80% of the 
stomach, resulting in a tubular gastric remnant, often 
likened to a “sleeve” or “banana” shape, with a mark-
edly reduced volume capacity for food.

The residual tubular portion of the stomach is 
secured with surgical staples and sealed, culmi-
nating in the formation of the gastric sleeve. This 
newly fashioned, smaller stomach significantly cur-
tails food intake by facilitating early satiety, thus 
restricting caloric consumption and promoting 
weight loss.

A notable advantage of LSG over other bariatric 
procedures, such as Roux- en- Y gastric bypass, is the 
absence of intestinal rerouting or a malabsorptive 
component. As a result, LSG is associated with a 
lower risk of nutritional deficiencies [130].

LaparoscopicAdjustableGastricBanding(LAGB)

Laparoscopic adjustable gastric banding (LAGB) is a 
minimally invasive bariatric surgery intended to 
induce weight loss primarily through restrictive 

(continued)
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mechanisms. This procedure involves the placement 
of an adjustable, inflatable silicone band around the 
upper portion of the stomach, creating a small gastric 
pouch and a narrow outlet leading to the rest of the 
stomach. The restricted stomach capacity facilitates 
early satiety, limiting caloric intake and promoting 
weight loss.

The adjustability of the gastric band is a key fea-
ture, as it enables the band’s diameter to be modified 
based on the patient’s weight loss progress and toler-
ability. By injecting or removing saline through the 
access port, the band’s constriction can be controlled, 
thereby regulating the size of the stomach pouch and 
the rate at which food passes through the outlet.

LAGB has the advantage of being a reversible 
procedure with a relatively low risk of complications 
and nutritional deficiencies compared to other bar-
iatric surgeries. However, it often results in slower 

and less substantial weight loss than more invasive 
procedures, such as Roux- en- Y gastric bypass or 
sleeve gastrectomy [131].

Biliopancreatic Diversion with Duodenal Switch
(BPD-DS)

Biliopancreatic diversion with duodenal switch (BPD-
 DS) is a complex bariatric surgery combining restrictive 
and malabsorptive mechanisms to achieve significant 
weight loss. This procedure is typically reserved for 
patients with severe obesity or those without adequate 
weight loss with other bariatric surgeries. BPD- DS 
consists of two main components: a vertical sleeve gas-
trectomy (VSG) and an intestinal bypass.

In the first step, a vertical sleeve gastrectomy 
is performed, which involves the removal of a large por-
tion of the stomach, leaving a tubular gastric pouch.

FIGURE 7.8 Types of bariatric surgery.

(continued)
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Clinical Trial Evidence

The Surgical Therapy And Medications Potentially 
Eradicate Diabetes Efficiently (STAMPEDE) trial 
was a seminal study that compared the efficacy of 
intensive medical therapy alone with that of medical 
therapy combined with Roux- en- Y gastric bypass 
(RYGB) or sleeve gastrectomy in patients with 

uncontrolled type 2 diabetes. The results showed 
that patients undergoing RYGB and medical therapy 
experienced superior glycemic control and needed 
fewer medications than those receiving medical 
therapy alone (see Table 7.11).

TABLE 7.11 Clinical trial evaluating the efficacy of metabolic surgery in obesity.

Study Population Intervention Outcome

STAMPEDE Obese patients 
with uncontrolled 
type 2 diabetes.

1. Intensive medical therapy 
alone. 2. Medical therapy 
plus Roux- en- Y gastric 
bypass. 3. Medical therapy 
plus sleeve gastrectomy.

Weight loss was greater in the gastric- bypass 
group (−29.4 ± 9.0 kg) and sleeve- gastrectomy 
group (−25.1 ± 8.5 kg) than in the medical- therapy 
group (−5.4 ± 8.0 kg). The use of drugs to lower 
glucose, lipid, and blood- pressure levels 
decreased significantly after both surgical 
procedures but increased in patients receiving 
medical therapy only [133].

Concepts to Ponder

How do corticosteroids promote weight gain?

As you may recall, alpha MSH is the ligand for 
the  hypothalamic MC4 receptor (MC4R) in the 
anorexigenic pathway. Pro- opiomelanocortin in 
the  hypothalamus is converted to ACTH, beta- 
lipoprotein, and gamma melanocyte- stimulating 
 hormone (γMSH) [134]. Next, γMSH is processed into 
alpha MSH (αMSH) and corticotropin- like inter-
mediate peptide (CLIP). Cortisol exerts negative 
feedback control POMC processing at the level of 
the  hypothalamus under physiological conditions. 
For patients on exogenous glucocorticoid therapy, 
there is profound suppression of POMC synthesis and 

hence, αMSH production  [135]. This reduces sig-
naling of the anorexigenic pathway in favor of the 
orexigenic pathway (neuropeptide Y/agouti- related 
peptide). Review both the anorexigenic and orexi-
genic pathways. See Figure 7.7.

Why do patients with Addison’s disease have 
significant anorexia?

Hypocortisolemia in Addison’s disease lifts the 
normal negative feedback inhibition of POMC by 
 cortisol. Significant overproduction of POMC, ACTH, 
and αMSH promotes the anorexigenic pathway, 
resulting in poor oral intake [136] (see Figure 7.9).

The second step involves the creation of the 
intestinal bypass. The duodenum is divided just past 
the pylorus, and the distal portion of the small 
intestine (the ileum) is connected to the duodenal 
stump. This rerouting of the intestinal tract creates 
the “duodenal switch.” The remaining portion of the 
small intestine, carrying bile and pancreatic enzymes, 

is then connected to the ileum approximately 100 cm 
proximal to the ileocecal valve. This configuration 
results in a short “common channel” where diges-
tion and absorption occur, thereby limiting the 
absorption of nutrients and calories, leading to the 
malabsorptive component of the surgery [132].

(continued)
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7.3 LIPODYSTROPHY SYNDROMES

7.3.1 Insulin Sensitizers

7.3.1.1 Physiology

Location and Types of Adipose Tissues
Adipose tissue is a specialized connective tissue that 
primarily functions in energy storage, insulation, 
metabolism, immune response, and hormone secre-
tion [137]. There are two main types of adipose tissue, 
white adipose tissue (WAT) and brown adipose tissue
(BAT) [138].

WAT is the most abundant type of adipose tissue and 
is primarily involved in energy storage and the secretion 
of adipokines and cytokines that regulate metabolism, 
inflammation, and insulin sensitivity [139].

WAT can be further subdivided into two subtypes 
based on its anatomical location and function:

a. Subcutaneous adipose tissue (SAT): SAT is 
located beneath the skin and accounts for 
approximately 80% of human body fat  [140]. 

It is mainly found in the buttocks, thighs, and 
abdomen and plays a role in insulation and 
energy storage [141].

 b. Visceraladiposetissue(VAT): VAT is found within 
the abdominal cavity, surrounding internal organs 
such as the liver, intestines, and pancreas [142]. 
It accounts for approximately 20% of total body 
fat. It is associated with a higher risk of meta-
bolic disorders, as it secretes pro- inflammatory 
adipokines and releases FFAs into the portal 
circulation, which can contribute to insulin 
resistance and dyslipidemia [143].

BAT promotes thermogenesis  [144] through a 
process mediated by uncoupling protein 1 (UCP1), 
uniquely expressed in brown adipocytes [145]. BAT is 
predominantly found in infants and decreases in 
abundance with age, but it can still be found in adults 
in small amounts  [146]. In adults, BAT is primarily 
located in the cervical, supraclavicular, and paraverte-
bral regions and around the heart, kidneys, and major 
blood vessels [147]. See Figure 7.10.

FIGURE 7.9 Comparison of the effects of exogenous steroids and Addison’s disease on the anorexigenic and orexigenic 
pathways, respectively.

(continued)
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Adipocyte Physiology
Adipocytes are specialized cells primarily responsible 
for storing energy as TAGs and releasing fatty acids 
during periods of increased energy demand  [148]. 
Besides their energy storage function, adipocytes 
serve as endocrine cells, secreting numerous hormones 
and  cytokines that modulate systemic metabolism, 
inflammation, and insulin sensitivity [149].

Adiponectin possesses anti- inflammatory, anti- 
atherogenic, and insulin- sensitizing properties. Secreted 
primarily by adipocytes, adiponectin enhances insulin 
sensitivity by promoting glucose uptake in skeletal 
muscle and suppressing hepatic gluconeogenesis [150]. 
Also, the levels of adiponectin have an inverse rela-
tionship with the degree of adiposity, highlighting its 
protective role against insulin resistance and type 2 
diabetes development [150].

Furthermore, adiponectin exerts a host of anti- 
inflammatory effects, the most essential being its 
ability to inhibit the production of pro- inflammatory 
cytokines such as TNF- alpha and interleukin- 6 
(IL- 6) [150].

As a pro- inflammatory cytokine, TNF- alpha is 
secreted by various cell types, including adipo-
cytes [151]. It has been implicated in the pathogenesis 
of insulin resistance and the chronic low- grade 
inflammatory state characteristic of obesity. TNF- 
alpha contributes to insulin resistance by impairing 
insulin signaling pathways and promoting the produc-
tion of other inflammatory mediators [151]. Moreover, 
it enhances lipolysis and free fatty acid release, further 
exacerbating insulin resistance [151].

Resistin is another adipokine central to the path-
ogenesis of insulin resistance. While predominantly 
secreted by adipocytes in rodents, human resistin 
production mainly occurs in macrophages present in 
adipose tissue  [152]. Resistin has been shown to 
impair insulin signaling and glucose uptake in 
skeletal muscle, contributing to insulin resistance. 
Furthermore, resistin promotes the production of 
pro- inflammatory cytokines such as TNF- alpha and 
IL- 6, further exacerbating inflammation and insulin 
resistance [152].

Peroxisome proliferator- activated receptor gamma 
is a nuclear transcription factor that plays a crucial 

FIGURE 7.10 Location of adipose tissue.



282 Chapter 7 Therapies in Disorders of Lipid Metabolism and Obesity 

role in adipogenesis, lipid metabolism, and insulin 
sensitivity  [153]. PPAR- gamma activation in adipo-
cytes promotes lipid storage and insulin sensitivity by 
regulating the expression of genes involved in lipid 
and glucose metabolism, respectively [6].

7.3.1.2 Mechanism of Action

Insulin sensitizers, such as thiazolidinediones (TZDs) 
and metformin, have been used as treatment options 
for lipodystrophy syndromes due to their ability to 
improve insulin sensitivity and ameliorate metabolic 
complications associated with these disorders [154].

TZDs, such as pioglitazone, are peroxisome 
proliferator- activated receptor- gamma (PPAR- gamma) 
agonists. TZDs activate PPAR- gamma in adipose tissue 
and other insulin- responsive tissues in lipodystrophy 
syndromes, promoting adipocyte differentiation and 
enhancing insulin- stimulated glucose uptake  [155]. 
This results in improved insulin sensitivity. Addition-
ally, TZDs may exert anti- inflammatory effects, which 
can contribute to improved insulin action in lipodys-
trophy syndromes [156].

7.3.2 Leptin

7.3.2.1 Physiology

Leptin and Adipocyte Physiology
Leptin (also known as the “satiety hormone”) is a cru-
cial hormone in adipocyte physiology, playing a central 
role in regulating energy balance, appetite, and metab-
olism [91]. Primarily secreted by WAT, leptin signals 
the body’s energy stores, conveying information about 
adipose tissue mass to the CNS, specifically the 
hypothalamus [92].

Leptin plays an essential role in energy homeostasis 
by modulating food intake and expenditure [91]. Leptin 
exerts its anorexigenic effects by binding to its receptor, 
the leptin receptor (LEPR), expressed in the arcuate 
nucleus of the hypothalamus. Here, leptin inhibits the 
expression of orexigenic neuropeptides, such as NPY 
and agouti- related protein (AgRP), while stimulating 
the expression of anorexigenic neuropeptides, including 
POMC and CART [95]. The net effect is a reduction in 
appetite and hence food intake (see Figure 7.7).

Additionally, leptin influences energy expenditure 
by modulating the activity of the sympathetic nervous 
system and increasing thermogenesis in BAT [91]. It 
also contributes to glucose homeostasis by enhancing 
insulin sensitivity in peripheral tissues, such as skeletal 
muscle and liver [163].

In obesity, a state of hyperleptinemia and leptin 
resistance often arises, in which the elevated leptin 

Practice Pearl(s)
See Section  4.1.6 for the mechanism of action of 
pioglitazone in insulin resistance.

Clinical Trial Evidence

There is limited randomized clinical trial data on 
using insulin sensitizers in lipodystrophy syn-
dromes. They have been shown in case reports to 
improve some metabolic parameters such as hyper-
glycemia and hypertriglyceridemia [157–159].

Pathophysiology Pearl

Compare the various types of adipose tissue 
distribution in lipodystrophy syndromes

The distribution of adipose tissue atrophy is variable 
in patients with lipodystrophy syndromes and is 
largely dependent on the underlying cause [160, 161] 
(see Table 7.12).

TABLE 7.12 Distribution of fat loss 
in lipodystrophy syndromes.

Type of 
lipodystrophy

Distribution of adipose  
atrophy

Familial partial 
lipodystrophy 
(Dunnigan variety)

Loss of subcutaneous tissue fat in 
the extremities and trunk. 
Increased fat deposition in the 
supraclavicular region [162].

Acquired 
generalized 
lipodystrophy

A generalized progressive loss of 
subcutaneous tissue fat [116].

Acquired partial 
lipodystrophy (APL, 
Barraquer–Simons 
syndrome)

Selective loss of subcutaneous 
tissue fat involving the trunk, 
upper limbs, and head [117, 118].

Localized 
lipodystrophy

Medication- induced loss of 
subcutaneous tissue. It tends to 
involve sites of injection, e.g. insulin- 
mediated lipodystrophy [119].
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levels fail to suppress appetite and promote energy 
expenditure effectively, thereby contributing to the 
maintenance of obesity and the development of related 
metabolic complications, such as insulin resistance 
and type 2 diabetes [164].

Lipodystrophy Syndrome and Leptin
Leptin is a crucial hormone in adipocyte physiology, 
and its role is particularly important in the context of 
lipodystrophy syndromes, a group of rare disorders 
characterized by partial or total loss of adipose 
tissue [165]. These syndromes result in a deficiency of 
leptin, which in turn leads to alterations in energy 
balance, appetite, and metabolism [166].

In lipodystrophy syndromes, the reduction or 
absence of adipose tissue impairs the production and 
secretion of leptin  [167]. Consequently, leptin defi-
ciency disrupts normal signaling to the CNS, specifi-
cally the hypothalamus, which regulates energy 
homeostasis by modulating both food intake and 
energy expenditure  [168]. Leptin deficiency in lipo-
dystrophy leads to increased appetite, and reduced 
energy expenditure, contributing to the development 
of metabolic complications often associated with these 
syndromes [169].

Additionally, leptin’s role in enhancing insulin 
sensitivity in peripheral tissues, such as skeletal 
muscle and liver, is compromised in lipodystrophy 
syndromes due to its deficiency [170]. This results in 
the development of insulin resistance and hyperinsu-
linemia, which are commonly observed in patients 
with lipodystrophy [171].

Furthermore, the absence of leptin’s regulatory 
effect on the immune system in lipodystrophy may 
lead to abnormal immune and inflammatory 
responses, exacerbating the risk of developing other 
complications [172].

7.3.2.2 Mechanism of Action

One therapeutic approach for treating leptin deficiency 
in lipodystrophy syndromes is the administration 
of recombinant human leptin, known as 
metreleptin  [166]. Metreleptin therapy has been 
shown to improve metabolic parameters, such as gly-
cemic control and lipid profiles, reduce food intake 
and increase energy expenditure in patients with lipo-
dystrophy [173]. However, the long- term efficacy and 
safety of metreleptin treatment for lipodystrophy syn-
drgVomes require further investigation [174].

Practice Pearl(s)
For patients with a baseline weight of 40 kg or less, 
the initial subcutaneous dosage of metreleptin is 
0.06 mg/kg once daily. The dose can be adjusted by 
0.02 mg/kg daily, based on the patient’s response and 
tolerability, with a maximum dose of 0.13 mg/kg 
once daily [175].

For patients with a baseline weight above 40 kg, 
the initial subcutaneous dosage is 2.5 mg for males 
and 5 mg for females, administered once daily. 
Depending on the patient’s response and tolerability, 
the dose can be steadily adjusted by 1.25–2.5 mg 
daily, with a maximum dose of 10 mg once daily [175].

Clinical Trial Evidence

Refer to Table 7.13 for the summary of a trial evalu-
ating the efficacy of leptin in lipodystrophy syndromes.

TABLE 7.13 Results of a study evaluating the safety and efficacy of recombinant human leptin therapy 
in patients with lipodystrophy syndromes.

Study Population Intervention Outcome

Leptin replacement 
for severe 
lipodystrophy

Patients with severe 
lipodystrophy not 
related to HIV 
infection.

Administration of recombinant 
human methionyl leptin 
(metreleptin). Typical daily 
replacement doses were 
0.06–0.08 mg/kg for female 
patients and 0.04 mg/kg for 
male patients, delivered via 
subcutaneous injection twice daily.

Improvement in glycemic control, 
insulin sensitivity, plasma 
triglycerides, caloric intake, liver 
volume and lipid content, 
intramyocellular lipid content, and 
neuroendocrine and immunologic 
endpoints. The treatment with 
metreleptin was well tolerated [176].
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PRACTICE- BASED QUESTIONS

1. A 68- year- old woman with a history of hyperlipid-
emia and coronary artery disease is currently tak-
ing atorvastatin. Despite adhering to her medication 
regimen, her LDL cholesterol levels remain above 

the target range (recent LDL cholesterol was 
114 mg/dL). Her physician decides to add another 
medication to her current therapy.
Which medication is most likely to be added?

a. Rosuvastatin
b. Ezetimibe
c. Fenofibrate
d. Alirocumab

Answer: b. Ezetimibe. Explanation: Ezetimibe 
inhibits the absorption of cholesterol in the small 
intestine, leading to a decrease in the total 
amount of cholesterol available to the liver. 
This causes the liver to take more cholesterol 
out of the bloodstream, lowering the overall 
cholesterol levels. It is especially effective 
when used in combination with a statin, like 
atorvastatin.

2. A 72- year- old male with a history of hyperlipid-
emia and coronary artery disease presents to his 
primary care provider for a routine follow- up. His 
current medications include rosuvastatin and ezeti-
mibe. He has been compliant with his medications, 
and his LDL cholesterol levels are on target.
What is the likely mechanism of action of ezeti-
mibe in this patient?

a. Inhibition of HMG- CoA reductase
b. Inhibition of cholesterol absorption in the 

small intestine
c. Increase in the production of bile acids
d. Activation of peroxisome proliferator- activated 

receptor- alpha (PPAR- α)

Answer: b. Inhibition of cholesterol absorption in the 
small intestine. Explanation: Ezetimibe acts 
by inhibiting a protein called Niemann- Pick 
C1- Like 1 (NPC1L1) on the intestinal cells. 
NPC1L1 is responsible for the uptake of choles-
terol into these cells. Therefore, inhibition of 
this protein by ezetimibe decreases cholesterol 
absorption, reducing the delivery of cholesterol 
to the liver and lowering cholesterol levels in 
the blood.

3. A 68- year- old man with a history of hypertension, 
type 2 diabetes mellitus, and coronary artery dis-
ease (CAD) presents for a routine follow- up visit. 
His current medications include metformin, lisin-
opril, and aspirin. His LDL- C level is 140 mg/dL. 
Given the patient’s risk factors and medical 
 history, what would be the most appropriate 
statin therapy?

Concepts to Ponder

What is congenital leptin deficiency?

Congenital leptin deficiency occurs as a result of a 
genetic mutation in the leptin gene, which results 
in the transcription of a defective protein 
(leptin) [177].

Patients with congenital leptin deficiency  present 
with significant early- onset obesity [178] due to food- 
seeking behavior, which starts at a very young 
age  [177]. Leptin, a hormone secreted by white
adiposetissue, is involved in triggering satiety through 
the central anorexigenic pathway  [178]. Indeed, 
leptin binds to leptin receptors present on pro- 
opiomelanocortin (POMC) processing neurons in the 
arcuate nucleus of the hypothalamus to cause satiety 
(this was reviewed in earlier in Section 7.2.1) [179]. 
Congenital leptin deficiency, therefore, causes hyper-
phagia and promotes excess weight gain due to the 
absence of normal leptin signaling [178].

Also, leptin increases energy expenditure by 
potentiating sympathetic nerve activity in brown
adiposetissue, a process which results in increased 
thermogenesis. Consequently, reduced energy 
expenditure in the setting of leptin deficiency con-
tributes to obesity [180].

What are the other endocrine effects of leptin?

1. Hypothalamic–pituitary–thyroidal axis: 
Leptin regulates the release of thyroid- 
stimulating hormone (TSH) [181]. Central 
hypothyroidism occurs due to leptin- 
mediated signaling defects in the hypotha-
lamic–pituitary–thyroid axis. It is worth 
noting that optimal leptin replacement 
therapy completely corrects hypothy-
roidism [182].

2. Hypogonadotropic–pituitary–gonadal axis: 
Leptin regulates the release of gonadotropin- 
releasing hormone (GnRH)  [180]. Patients 
with congenital leptin deficiency are 
 hypogonadal due to defective GnRH sig-
naling [181].
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a. High- intensity statin therapy
b. Moderate- intensity statin therapy
c. Low- intensity statin therapy
d. No statin therapy

Answer: a) High- intensity statin therapy. 
Explanation: The patient has multiple risk 
factors for atherosclerotic cardiovascular disease 
(ASCVD), including hypertension, diabetes, and 
CAD. Furthermore, his LDL- C level is high. As 
per the guidelines, high- intensity statin therapy, 
which aims to reduce LDL- C levels by at least 
50%, is recommended for patients at high risk 
for ASCVD and those with extremely high 
LDL- C levels. Examples of high- intensity statin 
therapy include atorvastatin (40–80 mg/day) 
and rosuvastatin (20–40 mg/day).

4. A 50- year- old woman with a history of hypothy-
roidism and a recent diagnosis of hyperlipidemia 
with an LDL- C level of 160 mg/dL is started on 
atorvastatin 80 mg daily. What is the expected 
reduction in her LDL- C level following high- 
intensity statin therapy?

a. 10–29%
b. 30–49%
c. At least 50%
d. No significant reduction

Answer: c) At least 50%. Explanation: High- 
intensity statin therapy, such as atorvastatin 
80 mg daily, is expected to reduce LDL- C levels 
by at least 50%.

5. A 62- year- old man with a history of ischemic stroke 
is started on simvastatin for secondary prevention. 
What would be the optimal time of day to admin-
ister simvastatin to this patient?

a. Morning
b. Afternoon
c. Evening
d. No specific timing necessary

Answer: c) Evening. Explanation: Simvastatin has 
a shorter half- life, and given that cholesterol 
synthesis is highest during the night, it is most 
effective when administered in the evening or 
at bedtime.

6. A 75- year- old woman with a history of rheumatoid 
arthritis and mild hyperlipidemia is started on 
statin therapy. Her LDL- C level is 110 mg/dL. What 
would be the most appropriate statin therapy?

a. High- intensity statin therapy
b. Moderate- intensity statin therapy
c. Low- intensity statin therapy
d. No statin therapy

Answer: c) Low- intensity statin therapy. 
Explanation: Given the patient’s age and 
relatively mild hyperlipidemia, low- intensity 
statin therapy would be appropriate. This reg-
imen aims to reduce LDL- C levels by less than 
30%. It is typically prescribed for older adults, 
individuals with lower ASCVD risk, or those 
with contraindications or intolerance to higher- 
intensity statins. Some low- intensity statin 
 regimens include simvastatin 10 mg daily, pravas-
tatin 10–20 mg daily, and lovastatin 20 mg daily.

7. A 55- year- old female patient with elevated triglyc-
eride levels is being prescribed Vascepa. What is the 
suggested dose of this medication?

a. 2 g once daily with meals
b. 2 g twice daily with meals
c. 4 g once daily with meals
d. 4 g twice daily with meals

Answer: B. The suggested dose of icosapent ethyl 
(Vascepa) is 2 g twice daily with meals. Options 
A, C, and D are incorrect as they do not match 
the recommended dosage of this medication.

8. In the metabolism of HDL cholesterol, which 
 protein mediates the exchange of cholesterol 
esters  and triglycerides between HDL and other 
circulating lipoproteins?

a. Apolipoprotein A- 1 (ApoA- 1)
b. ATP- binding cassette transporter A1 (ABCA1)
c. Cholesterol ester transfer protein (CETP)
d. Hepatic scavenger receptor class B type 1  

(SR- B1)

Answer: c. CETP mediates the exchange of choles-
terol esters and triglycerides between HDL and 
other circulating lipoproteins. Options A, B, 
and D are proteins that play significant roles in 
the metabolism of HDL cholesterol, but they 
do not mediate this particular process.

9. A 70- year- old man with hypertriglyceridemia is 
being started on fenofibrate. It is important to mon-
itor which of the following in this patient?

a. Creatinine levels
b. Liver enzymes
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c. Serum potassium levels
d. Hemoglobin A1C

Answer: b. It is crucial to monitor liver enzymes 
in  patients taking fenofibrate due to the 
risk  of  drug- induced liver injury. Options 
A,  C, and D are important to monitor in 
certain patient populations or those taking 
certain medications, but they are not the pri-
mary concern when starting a patient on 
fenofibrate.

10. A 55- year- old man with a history of familial 
hypercholesterolemia is under your care. Despite 
maximal statin therapy, his LDL cholesterol 
remains high. You decide to add Inclisiran to his 
regimen. What mechanism does Inclisiran use to 
lower LDL cholesterol?

a. Inhibits HMG- CoA reductase
b. Upregulates ApoB100 synthesis
c. Inhibits PCSK9 mRNA
d. Increases LDL receptor degradation

Answer: c. Inclisiran, a small interfering RNA 
(siRNA), inhibits the synthesis of PCSK9 
by  targeting and degrading PCSK9  mRNA. 
This results in a decrease in PCSK9 protein 
synthesis, which in turn leads to less 
 degradation of LDL receptors on hepatocyte 
surfaces. More LDL receptors lead to enhanced 
clearance of circulating LDL  cholesterol, 
thereby lowering LDL cholesterol levels.

11. A 40- year- old woman with mixed dyslipidemia 
has been prescribed Niacin to improve her lipid 
profile. How does Niacin primarily function to 
manage her condition?

a. Increases synthesis of Apolipoprotein B
b. Inhibits hormone- sensitive lipase in adipose  

tissue
c. Increases LDL receptor degradation
d. Stimulates PCSK9 production

Answer: b. Niacin primarily inhibits hormone- 
sensitive lipase in adipose tissue, which 
results in decreased lipolysis. This reduction 
decreases the substrate availability for hepatic 
triglyceride and very- low- density lipoprotein 
(VLDL) synthesis. Consequently, less LDL 

cholesterol is packaged and released by the 
liver, improving the patient’s lipid profile.

12. Which hormone, produced and released by 
adipose tissue, plays a significant role in regu-
lating food intake and energy balance as part of 
the anorexigenic pathway?

a. Ghrelin
b. Insulin
c. Leptin
d. Glucagon

Answer: c. Leptin, produced and released by 
adipose tissue, plays a significant role in the 
anorexigenic pathway. As fat stores increase, 
leptin levels rise, signaling the body to decrease 
food intake and increase energy expenditure. 
Leptin exerts its effects by reaching the arcuate 
nucleus of the hypothalamus, where it inhibits 
Neuropeptide Y/agouti- related peptide neu-
rons and stimulates pro- opiomelanocortin/
cocaine-  and amphetamine- regulated tran-
script neurons.

13. A 45- year- old man with obesity has been started 
on Phentermine for short- term management of 
his weight. The primary mode of action of this 
drug involves which neurotransmitter?

a. Dopamine
b. GABA
c. Acetylcholine
d. Norepinephrine

Answer: d. Phentermine primarily stimulates 
the  release of catecholamines, particularly 
norepinephrine, in the hypothalamus and 
other regions of the brain. The increased 
levels of norepinephrine lead to activation of 
neurons that express pro- opiomelanocortin 
(POMC) and cocaine-  and amphetamine- 
regulated transcript (CART). This results in 
the release of alpha- melanocyte- stimulating 
hormone (α- MSH), which binds to melano-
cortin receptors in the brain, suppressing 
appetite and reducing food intake.

14. A 55- year- old man with a history of type 2 diabetes 
and obesity is currently taking metformin and 
atorvastatin. He has been struggling with weight 
loss and asks about medication options.
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How does the medication tirzepatide aid in 
weight loss?

a. It stimulates the release of ghrelin.
b. It binds to GLP- 1 receptors on POMC/

CART neurons.
c. It inhibits the absorption of dietary fat.
d. It inhibits pancreatic lipase.

Answer: b. It binds to GLP- 1 receptors on POMC/
CART neurons. Explanation: Tirzepatide is 
a dual glucose- dependent insulinotropic poly-
peptide (GIP) and GLP- 1 receptor agonist. It 
aids in weight loss by binding to GLP- 1 recep-
tors on POMC/CART neurons in the arcuate 
nucleus of the hypothalamus, thus promoting 
the anorexigenic pathway. This decreases food 
intake and promotes satiety.

15. A 38- year- old woman presents to the endocri-
nology clinic complaining of recent significant 
weight gain, despite no changes in diet or physical 
activity. Her past medical history is significant for 
rheumatoid arthritis and she takes  prednisone 
10 mg daily. She also complains of excessive 
hunger, which she finds difficult to control.
Which of the following mechanisms is most likely 
responsible for the patient’s weight gain and 
increased appetite?

a. Increased production of pro- opiomelanocortin  
(POMC)

b. Suppression of POMC production
c. Overexpression of the MC4 receptor
d. Activation of the hypothalamic–pituitary–

thyroid axis

Answer: b) Suppression of POMC production. 
Explanation: Patients on exogenous gluco-
corticoids like prednisone experience pro-
found suppression of pro- opiomelanocortin 
(POMC) production in the hypothalamus, 
which in turn reduces the production of 
alpha melanocyte- stimulating hormone 
(αMSH). αMSH is involved in signaling the 
anorexigenic pathway, which promotes 
satiety. When this pathway is suppressed due 
to lower αMSH, the orexigenic pathway, 
which promotes hunger, dominates. 
Therefore, patients on long- term glucocorti-
coid therapy  often experience weight gain 
and increased appetite.

16. A 55- year- old man presents with weight loss, 
anorexia, and fatigue. He has a history of 
Addison’s disease, which is poorly controlled. 
Which of the following is most likely responsible 
for his symptoms?

a. Increased production of pro- opiomelanocortin  
(POMC)

b. Suppression of POMC production
c. Overexpression of the MC4 receptor
d. Activation of the hypothalamic–pituitary–

thyroid axis

Answer: a) Increased production of pro- 
opiomelanocortin (POMC). Explanation: In 
Addison’s disease, there is hypocortisolemia, 
which lifts the normal negative feedback inhi-
bition of POMC by cortisol. This leads to an 
overproduction of POMC, ACTH, and αMSH. 
The overproduction of αMSH promotes the 
anorexigenic pathway, which suppresses 
hunger, and can result in poor oral intake and 
weight loss.

17. Which of the following hormones primarily 
secreted by adipocytes is anti- inflammatory, anti- 
atherogenic, and insulin- sensitizing?

a. Leptin
b. Resistin
c. Adiponectin
d. TNF- alpha

Answer: c) Adiponectin. Explanation: Adipo-
nectin, secreted by adipocytes, enhances 
insulin sensitivity by promoting glucose 
uptake in skeletal muscle and suppressing 
hepatic gluconeogenesis. Additionally, it has 
anti- inflammatory effects, including the 
ability to inhibit the production of pro- 
inflammatory cytokines such as TNF- alpha 
and interleukin- 6 (IL- 6).
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C H A P T E R  8
Miscellaneous Topics in Disorders 
of Endocrine Glands

8.1 RECENT TECHNOLOGICAL 
ADVANCES IN DIABETES CARE

8.1.1 Insulin Pumps

Insulin pumps are small computerized medical 
devices used by those living with type 1 diabetes to 
continuously administer insulin throughout their day, 
replicating the pancreas’ normal physiological role of 
regulating blood glucose levels. A conventional insulin 
pump comprises a disposable reservoir for insulin 
storage and a thin, flexible tube (cannulae) that serves 
as a conduit for delivering insulin from the reservoir to 
the subcutaneous tissue [1].

Insulin pumps, also known as continuous subcu-
taneous insulin infusion (CSII) devices, deliver a 
steady and continuous stream of basal insulin at an 
adjustable basal rate to meet user needs and additional 
doses during mealtimes or to correct hyperglycemia. 
Physicians can program specific amounts to be deliv-
ered automatically by the insulin pump [2]. The typical 
programmed rates on an insulin pump include 
basal rates, insulin sensitivity factors, and insulin- to- 
carbohydrate ratios. A comparison of available insulin 
pumps in the United States of America is shown 
in Table 8.1.

8.1.2 Continuous Glucose Monitors

8.1.2.1 A Brief History of Glucose Monitoring

Blood glucose monitoring, essential in diabetes 
management, has evolved significantly over the past 
century. Major developments include Benedict’s urine 
glucose testing reagent in 1908, the introduction of 
Clinitest in 1945, and Ames’ Dextrostix, the first blood 
glucose test strip in 1965. By the mid- 1970s, the idea 
of  home- based glucose monitoring emerged, leading 
to the development of the Dextrometer in 1980. 
Throughout the 1980s, more affordable, less- invasive 
blood glucose meters and strips were introduced, 
making self- monitoring of blood glucose a standard of 
care. The advent of continuous glucose monitoring 
(CGM) revolutionized glucose monitoring, starting 
with the FDA- approved professional CGM in 1999 [3].

Types of CGMs

• Dexcom G6 and Dexcom G7
• Freestyle libre, Freestyle libre 2, and Freestyle  

Libre 3
• Eversense senseonics
• Medtronic guardian sensor 3, and guardian 

 sensor 4 (see Table 8.2)
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TABLE 8.1  The types of insulin pumps.

Manufacturer Medtronic Insulet Tandem diabetes care

Legacy models MiniMed 508, Minimed 
Paradigm (511, 512, 712, 515, 
715), MiniMed Paradigm 
REAL- time (522, 722), MiniMed 
Paradigm REAL- Time Revel, 
MiniMed (530G, 630G, 670G, 
770G).

Omnipod DASH, Insulet 
Omnipod UST400, Omnipod 
Eros

Tandem T:Slim G4, Tandem 
T:Flex

Current model 
(Flagship)

Minimed 770G system Omnipod 5 Tandem T:Slim X2

Features Links to a CGM (Guardian 
Sensor 3, Guardian Link 3 
transmitter, Accu- Check Guide 
Link meter, and Test strips). 
Integrated insulin pump and 
display screen. Smartphone 
app (displays your blood sugar 
trends over time).

Links to Dexcom G6. PDM 
(An android phone displays 
blood sugars and pump 
settings). Can link to personal 
smartphone.

Links to Dexcom G6. 
Integrated insulin pump and 
display screen.

Dimensions 3.78 length × 2.11 width × 0.96 
depth (inches)

2.05 length × 1.53 width × 0.57 
depth (inches)

3.13 length × 2.0 width × 0.6 
depth (inches)

Compatible insulin U- 100 insulins: Novolog, 
Humalog, fiasp

U- 100 insulins: Novolog, 
Humalog, admelog, fiasp

U- 100 insulins: Novolog, 
Humalog

Basal increment Variable 0.025, 0.05 and 
0.1 units

0.05 units 0.1 units

Maximum basal rate 35 units per hour 30 units per hour 15 units per hour

Maximum bolus 25 units 30 units 25 units

The capacity of the 
reservoir

300 units 200 units 300 units

Battery life AA battery replaceable Rechargeable lithium battery 
(android phone as PDM)

The rechargeable lithium 
battery of the pump can last 
for up to 7 days (depending 
on settings).

Basal programming Three basal patterns 12 basal patterns 6 patterns

Insulin on board Yes. SmartGuard Auto Mode 
can only be used for patients 
requiring 8–250 units/24 h

Yes. SmartAdjust Technology Yes. Control IQ and Basal IQ 
Technology

CGM integration Yes (Compatible with Guardian 
System, change sensor every 
7 days)

Yes (Compatible with Dexcom 
G6 CGM)

Yes (Compatible with 
Dexcom G6 CGM)

Calibration of CGM Yes. At least twice a day using 
the accu- check Guide link

No No

Future model MiniMed 780G N/A Tandem Mobi (tubeless 
pump), Tandem TSlim X3

Major limitation At least two capillary glucose 
checks are needed daily. 
Patients are tethered to a 
tubing.

Restricted to 200 units of 
insulin per day

Patients are tethered to a 
tubing.

Major advantage Hybrid- closed loop system Hybrid- closed loop system. 
Tubeless pump

Hybrid- closed loop system
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8.1.3 Pumps and CGMs in Practice

In clinical practice, the integration of insulin pumps 
and CGM systems offers a sophisticated approach to 
managing diabetes, facilitating improved glycemic 
control, and reducing the risk of diabetes- related com-
plications. These advanced devices are crucial compo-
nents of modern diabetes management, enabling 
patients to achieve better regulation of their blood 
glucose levels.

Insulin pumps are programmable devices designed 
to administer a continuous basal insulin infusion, 
with the capacity to deliver additional bolus doses as 
needed. This precise and adjustable method of insulin 
delivery supports patients in maintaining their blood 
glucose levels within the desired range.

CGM systems measure glucose concentrations in 
interstitial fluid throughout the day and night. 
Comprised of a subcutaneous sensor, a transmitter 
affixed to the sensor, and a display device or smartphone 
application that displays real- time glucose data, CGMs 
provide patients with continuous insights into their 
blood glucose levels, informing decisions regarding 
insulin dosing, nutrition, and physical activity. The sites 
of application of CGMs are shown in Figure 8.1.

The combination of insulin pumps and CGMs in 
clinical practice offers several advantages:

1. By continuously monitoring glucose levels and 
adjusting insulin delivery in response, patients 
can maintain their blood glucose levels within 
their target range more consistently.

2. CGM enables patients to rapidly identify and 
address impending hypoglycemic spells, 
which  helps in mitigating the risk of severe 
hypoglycemia.

3. CGMs facilitate the tracking of glucose trends 
and patterns over time, assisting patients and 
physicians in making informed decisions 
regarding adjustments in diabetes treatment.

4. The integration of insulin pumps and CGMs 
(hybrid- closed loop insulin pump systems) 
empowers patients to effectively manage 
their  diabetes under various circumstances, 
such as  during exercise, travel, or changes in 
daily routines.

5. CGM and insulin pump therapy can alleviate 
the burden of diabetes management, leading to 
an enhanced quality of life for patients [8].

TABLE 8.2  Comparison of popular continuous glucose monitors.

Feature Dexcom G7 Guardian sensor 4 Freestyle libre 3 Eversense E3

Manufacturer Dexcom Medtronic Abott Senseonics

Mean absolute 
relative difference

8.20% 9.60% 7.90% 8.50%

Approved sites Back of upper arms 
or upper buttocks

Back of upper arms 
or upper buttocks

Back of upper arms Back of 
upper arms

Warm up 30 min 2 h 60 min warm up 24 h

Duration of wear 10 d 7 d 14 d 180 d

Insulin pump 
integration

Tandem T Slim X2 
(pending as of 
March 2023)

Minimed 780G Not yet Not yet

Smartphone app Yes Yes Yes (not compatible 
with all models)

Yes

Sharing of data Yes (Dexcom follow) Yes (Carelink 
Connect)

Yes (libre link app) Yes

Water resistance Yes Yes Yes Yes

Source: Table is adapted from Refs. [4–7].
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FIGURE 8.1  Locations for continuous glucose monitor placement. A comparison of approved and real- world use sites for CGM 
placement.

Clinical Pearl
Time in range (TIR): Time in range refers to the 
percentage of time an individual with diabetes 
spends within a specified target blood glucose 
range, typically between 70 mg/dL (3.9 mmol/L) and 
180 mg/dL (10 mmol/L). TIR is an essential metric in 
diabetes management, as it provides insights into 
overall glycemic control and is associated with a 
reduced risk of both short- term and long- term com-
plications. Continuous glucose monitoring (CGM) 
systems enable patients and healthcare providers to 
monitor TIR and make informed decisions regarding 
treatment adjustments [9].

Hybrid- closed loop insulin pump: A hybrid- closed 
loop insulin pump, also known as an artificial pan-
creas or an advanced insulin pump system, is a device 
that combines an insulin pump with continuous 
glucose monitoring (CGM) technology  [10]. This 
system automatically adjusts basal insulin delivery in 

response to real- time glucose levels, providing a 
semiautomated approach to diabetes management. 
While the hybrid- closed loop system manages basal 
insulin adjustments, users are still required to admin-
ister bolus insulin doses for meals and correct high 
blood glucose levels manually [11].

Mean absolute relative difference (MARD): MARD 
is a statistical measurement used to assess the 
 accuracy of continuous glucose monitoring (CGM) 
 systems. It calculates the average difference between 
CGM glucose values and blood glucose values 
obtained through capillary blood testing or a labora-
tory method  [12]. The MARD is expressed as a 
percentage, with lower values indicating higher 
accuracy. A lower MARD value signifies that the 
CGM system provides more reliable and precise 
glucose measurements, contributing to improved 
diabetes management and decision- making [13].
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8.2 IMMUNE CHECKPOINT INHIBITOR- 
RELATED ENDOCRINOPATHIES

8.2.1 Hypophysitis

8.2.1.1 Checkpoints in Immune Regulation

CTLA- 4 is expressed on the surface of T cells and com-
petes with the co- stimulatory receptor CD28 for 
binding to both CD80 and CD86, present on antigen- 
presenting cells (APCs)  [21]. While CD28 binding 
enhances T cell activation, CTLA- 4 binding inhibits T 
cell activation. In cancer, overexpression of CTLA- 4 
can dampen the immune response against tumor cells 
by inhibiting T- cell activation, thus promoting tumor 
progression [22].

PD- 1 is also expressed on the surface of T cells and 
binds to its ligands [23], programmed death ligand 1 
(PD- L1), and programmed death ligand 2 (PD- L2), 
which can be found on tumor cells and some immune 
cells [24]. The binding of PD- 1 to its ligands leads to 
the suppression of T cell activation and proliferation, 
promoting immune tolerance and allowing tumor 
cells to effectively evade immune detection [25].

Immune checkpoint inhibitors (ICIs) represent a 
new class of anticancer medications that have been 
developed to target these immune checkpoints and 
counteract the immunosuppressive effects of CTLA- 4 
and PD- 1 activation pathways (Table 8.3).

Anti- CTLA- 4 inhibitors, such as ipilimumab, dis-
rupt the binding of CTLA- 4 to CD80/CD86, prevent-
ing the inhibition of T cell activation and promoting 
an antitumor immune response [28].

Also, anti- PD- 1  inhibitors, like nivolumab and 
pembrolizumab, block the interaction between PD- 1 
and its ligands, allowing T cells to maintain their 
activation and attack tumor cells [29] (see Figure 8.2).

Clinical Pearl
Immune checkpoint inhibitors enhance the immune 
system’s ability to recognize and attack cancer cells. 
They target specific proteins on immune cells, 
called immune checkpoints, which play a critical 
role in modulating the immune response [14].

Under normal conditions, immune check-
points help maintain self- tolerance and prevent the 
immune system from causing damage to healthy 
cells [15]. However, cancer cells can exploit these 
checkpoints to evade immune surveillance and 
destruction by expressing inhibitory proteins that 
bind to checkpoint receptors on immune cells, 
such as T cells. This binding effectively “switches 
off” the immune response against the cancer 
cells [16].

Immune checkpoint inhibitors work by block-
ing the interaction between checkpoint proteins 
and their ligands, thereby releasing the “brakes” 
on the immune system and allowing T cells to 
 recognize and attack cancer cells more effectively. 
Some examples of targeted immune checkpoints 
include cytotoxic T- lymphocyte- associated pro-
tein  4 (CTLA- 4), programmed cell death protein 
1  (PD- 1), and programmed death- ligand 1 
(PD- L1) [17, 18].

Immune checkpoint inhibitors have shown 
promising results in treating various cancers, 
including melanoma, non- small cell lung cancer, and 
renal cell carcinoma, among others [19]. However, 
they can also cause immune- related adverse events 
due to increased immune activation, potentially 
leading to inflammation and damage to healthy tis-
sues. The endocrine system is susceptible to these 
immune- related adverse events [20].

TABLE 8.3  Sites of action of immune checkpoint 
inhibitors.

Immune checkpoint inhibitors Site of action

Atezolizumab, avelumab, 
durvalumab [26]

PD- L1

Nivolumab, pembrolizumab, 
cemiplimab, dostarlimab

PD- 1

Ipilimumab, tremelimumab [27] CTLA- 4



FIGURE 8.2  Mechanism of action of various immune check inhibitors. The phases of immune checkpoint processes, showing 
the role of the dendritic cell, T cell, and cancer cell during the priming and effector phases. The site of action of immune 
checkpoint inhibitors (CTLA- 4 inhibitors, PD- 1 inhibitors, and PD- L1 inhibitors) is shown.

Pathophysiology Pearl
The proposed mechanisms of toxicity (irAEs) associ-
ated with ICIs

Immune- related adverse events in the setting 
of  ICIs can affect any organ or tissue, with the 
endocrine system being no exception. See Figure 8.3.

FIGURE 8.3  Mechanisms of immune checkpoint inhibitor- related adverse events. The proposed mechanisms include T cell 
activity against antigens on normal endocrine cells, proliferation of pre- existing antibodies, complement activation, and the 
release of proinflammatory cytokines. Source: Adapted from Ref. [30].
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8.2.1.2 Hypophysitis – An Immune- Related 
Adverse Reaction

ICIs have been associated with various immune- 
related adverse events (irAEs), one of which is hypoph-
ysitis. Hypophysitis can result in the disruption of 
normal hormone production and regulation [31].

The association between ICIs and hypophysitis is 
thought to be due to the enhanced immune activation 
caused by these drugs. By blocking inhibitory immune 
checkpoints, such as CTLA- 4 and PD- 1/PD- L1, ICIs 
enable a more potent immune response against cancer 
cells. However, this heightened immune activation 
can also lead to the immune system mistakenly 
 targeting and attacking healthy tissues, such as the 
pituitary gland, causing inflammation and subsequent 
dysfunction [32, 33].

Hypophysitis is more commonly observed with 
CTLA- 4 inhibitors, such as ipilimumab, compared to 
PD- 1 and PD- L1 inhibitors, like nivolumab and pem-
brolizumab. Nonetheless, the risk of hypophysitis 
should be considered when using any ICIs, and patients 
should be closely monitored for signs and symp-
toms [34, 35].

Hypophysitis is more common with CTLA- 4 
inhibitors than PD- 1/PD- L1 inhibitors [36].

8.2.2 Thyroid Dysfunction

ICIs can cause thyroid dysfunction, which can manifest 
as hypothyroidism or overt hyperthyroidism [37]. This 
immune response can result in the destruction of thy-
roid tissue and the development of hypothyroidism or, 
initially, transient hyperthyroidism due to the release 
of preformed thyroid hormones through a process of 
destructive thyroiditis [38, 39].

Also, some tumor antigens might share structural 
similarities with thyroid antigens, leading to the 
activation of T cells that cross- react with both tumor 
and thyroid tissue (molecular mimicry). This cross- 
reactivity could result in an autoimmune attack on the 
thyroid gland, causing thyroid dysfunction [39, 40].

8.2.3 Autoimmune Diabetes

ICIs have been reported to cause autoimmune 
diabetes, also known as insulin- dependent diabetes or 
type 1 diabetes mellitus, as a rare immune- related 
adverse event (irAE)  [41]. This occurs when the 
immune system mistakenly attacks and destroys 
insulin- producing beta cells in the pancreas, leading 
to insulin deficiency and hyperglycemia.

The precise mechanism by which ICIs induce 
autoimmune diabetes is not yet fully understood [42].

8.2.4 Hypoparathyroidism

The development of hypoparathyroidism due to ICIs 
is a irAE.

Early detection and management of hypopara-
thyroidism in patients receiving ICIs are essential to 
 prevent complications, such as hypocalcemia and 
associated symptoms like muscle cramps, tetany, and 
seizures. Patients should be monitored for symptoms 
of hypoparathyroidism. Appropriate treatment, such 
as calcium and vitamin D supplementation, should be 
initiated if necessary.

8.3 PSEUDOENDOCRINE CONDITIONS

8.3.1 Adrenal Fatigue

Adrenal Fatigue (AF) has recently gained immense 
traction within alternative medicine circles. Proponents 
of AF suggest that chronic stress causes adrenal gland 
dysfunction, leading to nonspecific symptoms, 
including fatigue, body aches, and sleep disruption; 
however, mainstream medical authorities  – The 
Endocrine Society specifically – do not recognize AF as 
an official endocrine disorder.

The theory underlying AF rests on the idea that 
chronic stress places an excessive strain on adrenal 
glands, which are responsible for producing stress 
hormones like cortisol. Over time, this pressure may 
cause them to fatigue out, leaving patients vulnerable 
to AF symptoms.

Evidence supporting AF remains scarce and often 
anecdotal. No research studies have conclusively 
established a connection between chronic stress and 
reduced adrenal function and AF, and there are no 
established diagnostic criteria or laboratory tests that 
reliably detect it. The Endocrine Society issued a state-
ment emphasizing that AF is not a legitimate medical 
condition and no scientific studies supports its diag-
nosis or treatment. Furthermore, adrenal insuffi-
ciency  – an endocrine disorder  – should never be 
confused with AF as the former can pose life- 
threatening dangers necessitating proper diagnosis 
and therapy [43]. Although scientific evidence has not 
proven AF, numerous over- the- counter adrenal sup-
plements are being sold as treatments. These supple-
ments typically consist of vitamins, minerals, and 
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herbs which could potentially have unintended nega-
tive side effects.

• Dietary supplements do not face the same strin-
gent testing and regulations as prescription 
medicines, thus affecting their quality, safety, 
and efficacy to varying degrees.

• Some adrenal supplements contain ingredients 
that interfere with normal adrenal function, 
leading to reduced hormone production. 
Prolonged use may even result in real adrenal 
insufficiency, which requires urgent medical 
intervention. The US Food and Drug 
Administration recently warned the public of 
the risks posed by over- the- counter supple-
ments like “Artri King”, which contains high 
 concentrations of dexamethasone [44].

• Individuals who diagnose and self- treat their 
AF could be overlooking other medical condi-
tions that are potentially responsible for their 
symptoms, like anemia. By solely treating AF, 
they might miss an opportunity for proper med-
ical intervention to address a real medical 
diagnosis.

8.3.2 Relative Adrenal Insufficiency

Relative adrenal insufficiency (RAI) is a controversial 
phenomenon that has been increasingly recognized in 
critically ill patients, particularly in those with severe 
septic shock. It is described as a state where the adrenal 
glands produce an insufficient amount of cortisol 
relative to the body’s needs during periods of extreme 
stress, such as severe sepsis  [45]. In severe septic 
shock, the overwhelming systemic infection and 
inflammation can lead to profound alterations in the 
hypothalamic–pituitary–adrenal (HPA) axis, resulting 
in an inadequate cortisol production required to meet 
the body’s stress response [46, 47]. Several factors may 
contribute to the development of RAI in septic shock, 
including:

1. Impaired cortisol synthesis: Inflammation can 
inhibit the enzymes responsible for cortisol 
synthesis, reducing the overall production of 
the hormone.

2. Altered cortisol metabolism: Inflammation can 
also affect the metabolism of cortisol, increasing 
its clearance from the body.

3. Reduced cortisol availability: High levels of 
circulating inflammatory mediators can lead to 
increased cortisol binding to its carrier protein, 
reducing the availability of free, biologically 
active cortisol.

Diagnosing RAI in septic shock is challenging 
due to the lack of a universally accepted diagnostic 
criteria. A commonly used diagnostic test is the 
adrenocorticotropic hormone (ACTH) stimulation 
test, which measures the adrenal glands’ ability to 
 produce cortisol in response to ACTH administration. 
However, the interpretation of the test results is sub-
ject to debate, and there is no consensus on the cortisol 
cutoff levels that indicate RAI [45, 48].

Some experts propose the use of dynamic tests, 
such as the delta cortisol or the cortisol- to- ACTH ratio, 
to assess adrenal function more accurately. These tests 
take into account the baseline cortisol levels and the 
individual patient’s physiological response to 
stress [49].

The optimal dosing, duration, and tapering of 
 glucocorticoids in RAI are not well established, and 
the management strategies may vary depending on the 
severity of the septic shock and the individual patient’s 
response to treatment [50].

8.3.3 Low T3 Syndrome

Low T3 syndrome, also known as Wilson’s syndrome, 
is a controversial pseudoendocrine condition charac-
terized by low levels of triiodothyronine (T3) and 
normal levels of thyroxine (T4) and thyroid- stimulating 
hormone (TSH). Although some alternative health 
practitioners argue that this condition is a legitimate 
and underdiagnosed cause of fatigue, weight gain, and 
other nonspecific symptoms, current consensus guide-
lines do not recognize Wilson’s syndrome as a legiti-
mate endocrine disorder [51].

Dr. Denis Wilson first proposed Wilson’s syn-
drome as a possible explanation for a subset of hypo-
thyroid patients presenting with nonspecific symptoms 
such as fatigue, weight gain, brain fog, and cold 

Clinical Pearl
Pseudoendocrine syndromes are a group of condi-
tions that may mimic the signs and symptoms of 
true endocrine disorders but are not caused by hor-
monal deficiency or excess states.
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intolerance, but with normal TSH and T4  levels. He 
hypothesized that these patients might have a defi-
ciency in the conversion of T4 to the more biologically 
active T3 hormone, leading to a state of “functional 
hypothyroidism” that goes undetected by conventional 
thyroid function tests. It is worth noting that this is not 
the same condition as the previously described deio-
dinase deficiency state (Thr92Ala)  mentioned in 
Section 2.1.3.

The proposed pathophysiology of Wilson’s syn-
drome involves a decreased conversion of T4 to T3 in 
peripheral tissues, leading to low serum T3 levels. This 
decrease may be due to various factors such as stress, 
inflammation, or illness. However, no clear causative 
mechanism has been established, and the relationship 
between low T3  levels and the reported symptoms 
remains speculative at best.

Diagnosing Wilson’s syndrome is beset with var-
ious challenges, as no universally accepted diagnostic 
criteria exist. Low T3 levels, normal T4 and TSH levels, 
and a constellation of nonspecific symptoms primarily 
define the condition. However, these symptoms are 
common and can be caused by numerous other 
 medical conditions, making it difficult to determine 
whether a true association exists between low T3 levels 
and the reported symptoms.

Moreover, transient fluctuations in thyroid hor-
mone levels can occur in healthy individuals and in 
response to various stressors, such as illness, surgery, 
or fasting. These fluctuations typically resolve without 
intervention and do not warrant treatment.

The treatment for Wilson’s syndrome, as proposed 
by Dr. Wilson, involves the administration of time- 
released T3 hormone, often using a protocol called the 
“Wilson’s Temperature Syndrome Protocol.” However, 
there is no scientific evidence supporting the efficacy 
or safety of this treatment approach. Moreover, using 
T3 hormone supplementation in patients with normal 
TSH levels can lead to overtreatment and potential 
harm, such as the development of hyperthyroidism or 
cardiac complications [52].

8.3.4 Hashimoto Encephalopathy

Hashimoto encephalopathy (HE), also referred to as 
Steroid Responsive Encephalopathy Associated with 
Autoimmune Thyroiditis (SREAT), is a rare but poten-
tially reversible neurological disorder associated with 
autoimmune thyroiditis that manifests with cognitive 
dysfunction, psychiatric symptoms, seizures, and focal 
neurological deficits  [53]. The condition may be 

immune- mediated; early recognition and prompt 
treatment with corticosteroids could result in 
significant improvement or even complete resolution 
of symptoms.

HE can typically be diagnosed on clinical suspi-
cion and the presence of elevated thyroid peroxidase 
(TPO) antibodies  – commonly seen among those 
suffering from autoimmune thyroiditis; however, 
 elevated TPO antibodies alone do not confirm a diag-
nosis, as they may also exist among people without 
neurological symptoms [54].

Lumbar puncture and cerebrospinal fluid (CSF) 
analysis can aid in diagnosing and ruling out other 
potential causes of encephalopathy, such as infec-
tions or inflammation conditions [55]. CSF analysis 
may show signs of HE, such as mild- to- moderate 
lymphocytic pleocytosis, elevated protein levels, or 
the presence of oligoclonal bands; however, these 
results are nonspecific and could occur as part of 
any number of other inflammatory or autoimmune 
conditions [56].

Other diagnostic tests, including brain imaging 
(MRI) and electroencephalography (EEG), may reveal 
nonspecific abnormalities that support the diagnosis 
of HE, but they cannot stand alone as conclusive 
tests [57, 58].

Prompt therapy with corticosteroids such as pred-
nisone or intravenous methylprednisolone is the cor-
nerstone of treatment for HE. Steroids appear to exert 
their therapeutic effect by reducing inflammation and 
modulating immune response; most patients respond 
quickly with either significant improvement or 
complete resolution of symptoms as soon as starting 
on steroids; however, some may require long- term 
immunosuppressive therapy.

8.4 DRUGS OF ABUSE WITH 
ENDOCRINE SIDE EFFECTS

8.4.1 Cannabis

Cannabis sativa contains many cannabinoids that 
exert their psychoactive properties by binding to can-
nabinoid receptors known as CB1 and CB2, found 
throughout the central nervous system and 
peripheral tissues, such as glandular tissues [36, 37]. 
Tetrahydrocannabinol (THC) acts as the principal 
 psychoactive constituent. THC exerts its effects 
by  binding to receptors on cannabinoid receptors 
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throughout both organ systems: CNS, for instance, 
and peripheral tissues, including glandular 
ones [59, 60].

The Endocannabinoid System (ECS) plays an 
 integral part in maintaining homeostasis and regu-
lating numerous physiological processes, such as 
those overseen by the Endocrine System. As THC 
interacts with ECS receptors, it could significantly 
impact  hormonal regulation and related physiological 
functions [61].

8.4.1.1 Effects of THC on the Hypothalamic–
Pituitary–Gonadal (HPG) Axis

THC has been shown to alter the hypothalamic–
pituitary–gonadal (HPG) axis by interfering with 
gonadotropin- releasing hormone (GnRH) production; 
as a result, this decreases the secretion of LH and 
FSH  from the anterior pituitary, which ultimately 
results in reduced fertility for both genders [62]. These 
hormonal shifts could manifest themselves with men-
strual cycle irregularities for women and decreased 
sperm count for males, compromising fertility in both 
sexes [63].

8.4.1.2 Effects of THC on Energy 
Homeostasis and Metabolic Regulation

THC has been shown to influence appetite regulation 
by acting on CB1 receptors in the hypothalamus and 
other brain regions. Acute administration typically 
increases appetite, while chronic use may alter body 
weight or lead to altered adiposity distribution  [64]. 
Furthermore, THC has been shown to improve fasting 
insulin levels and the insulin resistance score, 
homeostasis model assessment of insulin resistance 
(HOMA- IR) [65].

8.4.2 Opioids

Opioids are a class of potent analgesic drugs that exert 
their effects through interactions with opioid recep-
tors in the central and peripheral nervous systems. 
Opioids, including morphine, heroin, and prescription 
painkillers, are widely used for their potent analgesic 
properties [66]. They exert their effects by binding to 
and activating mu (μ), delta (δ), and kappa (κ) opioid 
receptors, which are widely distributed throughout 
both the central and peripheral nervous systems [67]. 

While the analgesic effects of opioids have been exten-
sively studied, their impact on the endocrine system is 
an area of growing interest.

8.4.2.1 Effects of Opioids on the 
Hypothalamic–Pituitary–Adrenal (HPA) Axis

Studies in healthy volunteers have shown that 
 naloxone, an opioid antagonist which acts on mu 
receptors, promotes increased corticotropin- releasing 
hormone and cortisol release. By inference, it has been 
postulated that opioids exert significant inhibition of 
the HPA axis at the level of the hypothalamus  [68]. 
Chronic exposure to opioid analgesics can result in 
opioid- induced adrenal insufficiency (OIAI), with 
patients presenting with postural instability, fatigue, 
nausea, and weight loss [69].

8.4.2.2 Effects of Opioids on the 
Hypothalamic–Pituitary–Gonadal (HPG) Axis

Opioids have been shown to disrupt the HPG axis 
by  inhibiting the release of GnRH from the hypo-
thalamus. This results in decreased secretion of 
luteinizing hormone (LH) and follicle- stimulating 
hormone (FSH) from the anterior pituitary, ultimately 
reducing testosterone and estradiol production  [71]. 
Furthermore, opioids increase the release of prolactin 
which subsequently promotes hypogonadotropic 
hypogonadism. Opioid- induced hypogonadism can 
manifest as sexual dysfunction and infertility in both 
men and women [72].

Practice Pearl
Opioid- induced adrenal insufficiency occurs in up 
to a third of patients on long- term treatment with 
opiates. As such, all patients on these agents 
who  develop clinical symptoms concerning for 
adrenal  insufficiency should be screened for this 
condition  [68]. It is worth noting that glucocorti-
coid replacement therapy results in prompt 
 resolution of symptoms in up to 70% of patients. 
Furthermore, discontinuation or dose reduction in 
opiates leads to the resolution of OIAI [70].
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8.4.3 Amphetamines

Amphetamines are stimulant drugs known for their 
potent effects on the central nervous system. While 
their impact on neurotransmitter release and neuronal 
function has been extensively studied, their influence 
on the endocrine system has received comparatively 
less attention.

8.4.3.1 Effects on the Hypothalamic–
Pituitary–Adrenal Axis

Methamphetamine abuse (MA) can harm the HPA 
axis – an essential system involved with stress response – 
leading to functional and morphological alterations 
within this axis. Some of the deleterious effects of MA 
abuse include altered stress hormone release as well as 
changes to genes or proteins such as  corticotropin- 
releasing factor (CRF), arginine vasopressin (AVP) 
receptor, and glucocorticoid receptor (GR) [73].

MA activates the HPA axis by stimulating secreta-
gogues of ACTH, such as CRF and AVP, in hypotha-
lamic paraventricular neurons (PVN). This action 
activates cells within the anterior pituitary gland that 
produce ACTH, which in turn triggers the adrenal cortex 
to release cortisol, which then circulates throughout the 
body to exert its physiological effects [74].

Although activation of the HPA axis can serve a 
protective function during times of threat or stress, 
prolonged activation may become harmful, leading to 
excessive levels of corticosteroids being released 
into  the bloodstream and having adverse impacts 
on  the brain tissue by way of increasing cell death, 
altering proliferation patterns or dendritic remodel-
ing. Furthermore, prolonged exposure may influence 
gene and protein expression associated with HPA 
activation within our bodies [73].

These changes cause lasting disruption in HPA axis 
function, including altered levels of stress hormone 
release; this disruption is characteristic of depressive 
and anxiety spectrum disorders and its negative mood 
states, including anxiety and depression [75].

8.4.3.2 Effects on the Thyroid

Amphetamines and other amphetamine- like medica-
tions are known to have significant effects on the 
hypothalamic–pituitary–thyroid axis [76, 77]. Indeed, 
some studies have suggested that amphetamines 
could lead to alterations in TSH, T3, and T4  levels, 
although these results have not been consistent across 
all research [78].

8.4.4 Anabolic Androgenic Steroids

Anabolic androgenic steroids (AAS) are synthetic 
derivatives of testosterone that have gained popularity 
over time in both medical and nonmedical settings. 
Their use may be legal or illegal; regardless, its popu-
larity continues to increase [79]. There are two distinct 
classes of anabolic steroids: 17 alpha alkyl derivatives 
such as oxandrolone, fluoxymesterone, and oxymetho-
lone; and 17 beta ester derivatives like testosterone 
cypionate, testosterone enanthate, and testosterone 
propionate  [80]. Nandrolone phenpropionate, classi-
fied as a C18 androgenic anabolic steroid, was one of 
the earliest anabolic steroids used as performance- 
enhancing medications by professional athletes  during 
the 1960s and was banned from Olympic  competition 
by the International Olympic Committee in 1974. All 
anabolic steroids are classified by U.S. Drug Enforcement 
Administration as Schedule III drugs [81–83].

The HPG axis is responsible for regulating repro-
ductive function. AAS misuse can disrupt the HPG 
axis by accentuating a negative feedback loop that 
suppresses the release of GnRH from the hypothal-
amus  [84]. This results in decreased secretion of LH 
and FSH from the anterior pituitary, ultimately leading 
to reduced endogenous testosterone production. The 
consequences of AAS- induced HPG axis disruption in 
men include testicular atrophy, decreased sperm 
count, and infertility [85]. In comparison, AAS misuse 
in women results in a deepening of the female voice 
and clitoromegaly [86].

Androgenic anabolic steroids acting via the androgen 
receptor primarily its physiologic effects at the level of 
skeletal muscle. Elevated testosterone levels promote an 
increase in muscle fiber size, ultimately promoting their 
strength and resistance to injury [87]. Abusers of andro-
genic steroids utilize these agents in hopes of improving 
their muscle strength and endurance.

8.4.5 SERMs

Selective estrogen receptor modulators (SERMs) is an 
umbrella term encompassing an assortment of com-
pounds with tissue- selective activity when they bind 
with estrogen receptors (ERs). Depending on the tissue 
context, SERMs can act either as estrogen agonists 
or  antagonists, leading to various pharmacological 
 outcomes. Although predominantly used to treat var-
ious medical conditions like breast cancer, osteopo-
rosis, and infertility, SERMs have recently come under 
 scrutiny as potential drugs of abuse among athletes 
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and bodybuilders alike [88]. Indeed, some athletes and 
bodybuilders abuse SERMs illegally as performance 
enhancers or to combat estrogenic side effects from 
anabolic steroids use, or to gain performance advan-
tages over their fellow competitors [89].

Examples of SERMs abused by athletes include 
tamoxifen and clomiphene citrate. Tamoxifen is typi-
cally used along with aromatase inhibitors to limit the 
estrogenic side effects of being on supraphysiologic 
doses of androgens. Clomiphene citrate, on the other 
hand, helps in the recovery of the hypothalamic–
pituitary–testicular axis after a prolonged period of 
androgen abuse.

In normal physiology, testosterone is converted to 
estradiol through the activity of the aromatase enzyme. 
Estradiol has various effects, including negative 
feedback inhibition of the HPG axis through its direct 
effects on endogenous gonadotropin (LH and FSH) 
production. Consequently, estradiol promotes the 
development of glandular breast tissue (gynecomastia), 
which is undesirable in male bodybuilders  [90]. 
Aromatase inhibitors are used by male bodybuilders 
to offset this side effect. Also, negative feedback inhi-
bition of gonadotrophs by elevated levels of estradiol 
promotes both infertility and reduction in the size of 
the testes. SERMs have antiestrogenic effects at the 
level of the anterior pituitary gland, which helps in 
mitigating the side effects of hyperestrogenemia on 
gonadotropin production [91].

Testosterone is also converted into the more active 
dihydrotestosterone (DHT) by the 5α- reductase 
enzyme in mainly the prostate gland, liver, and skin. 
The increased local activity of this enzyme in the scalp 
promotes male pattern hair loss, a potentially undesir-
able side effect of testosterone abuse [92].

PRACTICE- BASED QUESTIONS

1. A 45- year- old woman presents to the clinic with a 
3- month history of fatigue, body aches, and sleep 
disturbances. She has no significant medical his-
tory and takes no medications. She has read about 
adrenal fatigue and believes she may have it. What 
should be the appropriate response?

a. Prescribe adrenal supplements
b. Diagnose her with adrenal fatigue and 

start treatment
c. Order an ACTH stimulation test
d. Explain that adrenal fatigue is not recognized 

by mainstream medicine and investigate other 
potential causes of her symptoms

Correct answer: d. Despite the patient’s belief that 
she may have adrenal fatigue, mainstream 
 medical authorities do not recognize it as an 
official endocrine disorder. Therefore, it is 
important to investigate other potential causes 
of her symptoms.

2. A 55- year- old man is admitted to the ICU with 
severe septic shock. The medical team is consid-
ering the possibility of relative adrenal insuffi-
ciency (RAI). Which of the following best describes 
the suspected mechanism of RAI in this patient?

a. Overactivity of the adrenal glands leading to 
excess cortisol production

b. Underactivity of the adrenal glands leading to 
insufficient cortisol production

c. Impaired conversion of T4–T3
d. Overactivity of the HPA axis leading to exces-

sive cortisol release

Correct answer: b. RAI is described as a state where 
the adrenal glands produce an insufficient 
amount of cortisol relative to the body’s needs 
during periods of extreme stress, such as 
severe sepsis.

3. A 35- year- old woman presents with fatigue, weight 
gain, brain fog, and cold intolerance. Her TSH and 
T4 levels are normal, but T3 levels are low. She is 
concerned she might have Wilson’s syndrome. 
What is the best next step in management?

a. Start her on T3 hormone supplementation
b. Reassure her that Wilson’s syndrome is not rec-

ognized by mainstream endocrinology

Practice Pearl

List important side effects of aromatase 
inhibitorsandSERMs [93]

Aromatase inhibitors

Loss of bone mineral density
Sexual dysfunction (loss of libido)
Fat maldistribution (central adiposity)

SERMs

Headaches
Vasomotor symptoms
Vision changes
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c. Start her on a high dose of corticosteroids
d. Advise her to take over- the- counter adrenal 

supplements

Correct answer: b. While some practitioners argue 
that Wilson’s syndrome is a legitimate cause of 
nonspecific symptoms, mainstream endocri-
nology practitioners do not recognize it as a 
legitimate endocrine disorder.

4. A 48- year- old woman presents to the neurology 
clinic with cognitive impairment, memory loss, 
confusion, and occasional hallucinations. She has 
a history of autoimmune thyroiditis. Thyroid per-
oxidase (TPO) antibodies are elevated. What is the 
most likely diagnosis?

a. Alzheimer’s disease
b. Wilson’s syndrome
c. Hashimoto encephalopathy
d. Adrenal fatigue

Correct answer: c. Hashimoto encephalopathy is a 
rare neurological disorder associated with auto-
immune thyroiditis that presents with cognitive 
dysfunction, psychiatric symptoms, and ele-
vated TPO antibodies.

5. A 60- year- old woman is diagnosed with Hashimoto 
encephalopathy and is started on treatment. Which 
of the following medications would be the corner-
stone of her treatment?

a. Levothyroxine
b. Intravenous methylprednisolone
c. Naloxone
d. Adrenal supplements

Correct answer: b. Hashimoto encephalopathy is 
typically treated with corticosteroids such as 
prednisone or intravenous methylprednisolone 
to reduce inflammation and modulate immune  
response.

6. A 30- year- old male with a history of chronic can-
nabis use presents to the clinic complaining of 
sexual dysfunction and low libido. What mecha-
nism best describes the potential impact of chronic 
cannabis use on his symptoms?

a. THC stimulates the production of gonadotropin- 
releasing hormone (GnRH).

b. THC increases the secretion of LH and FSH 
from the anterior pituitary.

c. THC decreases the secretion of LH and FSH 
from the anterior pituitary.

d. THC has no effect on the hypothalamic–
pituitary–gonadal (HPG) axis.

Correct answer: c) THC decreases the secretion of 
LH and FSH from the anterior pituitary. 
Explanation: Chronic cannabis use is known to 
alter the hypothalamic–pituitary–gonadal (HPG) 
axis by interfering with gonadotropin- releasing 
hormone (GnRH) production, which leads to 
decreased secretion of LH and FSH from the 
anterior pituitary. This can result in reduced 
 fertility in both males and females and sexual 
dysfunction in males, including low libido.

7. A 45- year- old woman with chronic low back pain 
managed with long- term opioid therapy presents 
with fatigue, nausea, and weight loss. She denies 
any changes in diet, exercise, or stress levels. What 
should be suspected in this case?

a. Opioid- induced adrenal insufficiency
b. Opioid- induced liver damage
c. Opioid- induced renal failure
d. Opioid- induced thyroid dysfunction

Correct answer: a) Opioid- induced adrenal insuffi-
ciency. Explanation: Chronic exposure to 
opioid analgesics can result in opioid- induced 
adrenal insufficiency (OIAI). Symptoms sug-
gestive of OIAI include postural instability, 
fatigue, nausea, and weight loss.

8. A 28- year- old male with a history of methamphet-
amine abuse presents with symptoms of depression 
and anxiety. These symptoms are most likely due to 
changes in which system?

a. The hypothalamic–pituitary–thyroid (HPT) axis
b. The hypothalamic–pituitary–adrenal (HPA) axis
c. The hypothalamic–pituitary–gonadal (HPG) axis
d. The hypothalamic–pituitary–somatotropic (HPS)  

axis

Correct answer: b) The hypothalamic–pituitary–
adrenal (HPA) axis. Explanation: 
Methamphetamine abuse can cause lasting 
 disruptions in the hypothalamic–pituitary–
adrenal (HPA) axis, including altered levels 
of  stress hormone release. This disruption is 
characteristic of depressive and anxiety spec-
trum disorders.
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9. A 35- year- old male bodybuilder is found to have 
gynecomastia and reduced testes size. He admits 
to the use of anabolic steroids. What could be a 
potential treatment strategy to mitigate these 
side effects?

a. The use of aromatase inhibitors and SERMs
b. Discontinuing the use of anabolic steroids
c. Increasing the dose of anabolic steroids
d. Supplementing with testosterone

Answer: a) The use of aromatase inhibitors and 
SERMs. Explanation: Anabolic androgenic 
steroid (AAS) misuse can disrupt the HPG axis 
and promote the development of glandular 
breast tissue (gynecomastia) in males, which 
is undesirable for male bodybuilders. The use 
of aromatase inhibitors and selective estrogen 
receptor modulators (SERMs) can mitigate 
these side effects.

10. A 52- year- old woman with a 10- year history of 
type 1 diabetes comes to the clinic for her regular 
check- up. She has been managing her blood glucose 
levels using multiple daily injections and  self- 
monitoring of blood glucose. Despite her best 
efforts, she struggles with frequent hypoglycemic 
episodes and wide fluctuations in her blood glucose 
levels. The  clinician recommends considering an 
insulin pump and continuous glucose monitoring 
(CGM) system. Which of the following is NOT a 
benefit of using an insulin pump and CGM?

a. Enhanced glycemic control
b. Increased risk of hypoglycemia
c. Trend analysis and pattern recognition
d. Improved quality of life

Correct answer: b. The use of an insulin pump 
and  CGM actually reduces the risk of hypo-
glycemia. These systems enable patients 
to   maintain tighter control of their blood 
glucose levels, identify low blood glucose 
levels more quickly, and adjust insulin doses 
accordingly, thereby decreasing the risk of 
hypoglycemic episodes.

11. A 30- year- old man with type 1 diabetes is cur-
rently using a hybrid- closed loop insulin pump 
system. What is the primary function of this type 
of insulin pump?

a. It completely automates insulin delivery, 
requiring no input from the user.

b. It administers bolus insulin doses for meals 
and corrects high blood glucose levels 
automatically.

c. It automatically adjusts basal insulin delivery 
in response to real- time glucose levels.

d. It eliminates the need for continuous glucose 
monitoring.

Correct answer: c. A hybrid- closed loop insulin 
pump system, also known as an artificial pan-
creas, automatically adjusts basal insulin 
delivery based on real- time glucose levels. 
However, users are still required to manually 
administer bolus insulin doses for meals and 
to correct high blood glucose levels.

12. A 45- year- old woman with type 1 diabetes has 
started using a continuous glucose monitoring 
(CGM) system. Her endocrinologist is discussing 
the concept of “Time in Range” (TIR). What does 
this term refer to?

a. The percentage of time the patient spends 
exercising each day

b. The time it takes for insulin to start working
c. The percentage of time the patient’s blood 

glucose levels are within a specific target range
d. The time it takes for the CGM system to adjust 

to changes in blood glucose levels

Correct answer: c. Time in Range refers to the 
percentage of time an individual’s blood 
glucose levels remain within a specified 
target  range, typically between 70 mg/dL 
(3.9 mmol/L) and 180 mg/dL (10 mmol/L). 
It  is an important metric in diabetes 
management and is closely associated with 
overall glycemic control.

13. A 55- year- old man with type 2 diabetes is consid-
ering the use of a CGM system. His doctor is 
explaining the importance of the Mean Absolute 
Relative Difference (MARD) in selecting a CGM 
system. What does a lower MARD value signify?

a. The CGM system provides less reliable and 
less precise glucose measurements.

b. The CGM system provides more reliable and 
precise glucose measurements.

c. The CGM system has a higher risk of device 
malfunction.

d. The CGM system has a lower rate of user 
satisfaction.
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Correct answer: b. The Mean Absolute Relative 
Difference (MARD) is a statistical measurement 
used to assess the accuracy of continuous 
glucose monitoring (CGM) systems. A lower 
MARD value indicates that the CGM system 
provides more reliable and precise glucose 
measurements, which contributes to improved 
diabetes management and decision making.
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C H A P T E R  9
Dynamic Tests in Clinical Endocrinology

9.1 PITUITARY GLAND

9.1.1 ACTH Stimulation Test (Adrenal 
Insufficiency)

9.1.1.1 Physiology

The ACTH stimulation test (adrenocorticotropic hor-
mone, ACTH) is a diagnostic test used to evaluate 
adrenal gland function and diagnose conditions such 
as adrenal insufficiency and congenital adrenal hyper-
plasia [1, 2].

The hypothalamic–pituitary–adrenal axis (HPA) 
is a complex network of hormonal interactions 
that  regulate the body’s response to stress, immune 
function, and energy metabolism  [3]. The HPA axis 
involves three key components: the hypothalamus, the 
pituitary gland, and the adrenal glands.

In response to stress or other stimuli, the hypo-
thalamus releases CRH, which travels to the anterior 
pituitary gland  [4]. In the anterior pituitary gland, 
CRH stimulates the release of ACTH. ACTH then 
enters the bloodstream and travels to the adrenal 
gland, located on the top of the kidneys [1].

The adrenal cortex is the outer layer of the adrenal 
gland, responsible for producing cortisol and other 
steroid hormones. ACTH stimulates the adrenal 
cortex to produce and release cortisol, which is a 

glucocorticoid hormone involved in the regulation 
of  metabolism, immune function, and the stress 
response [2].

A negative feedback loop regulates cortisol levels 
in the bloodstream. For example, high levels of cor-
tisol suppress the release of CRH and ACTH, leading 
to decreased cortisol production. On the contrary, low 
cortisol levels stimulate the release of CRH and ACTH, 
increasing cortisol production [3].

9.1.1.2  Mechanism of Action

The ACTH (cortrosyn or cosyntropin) stimulation test 
is performed to determine whether adrenal glands can 
produce cortisol appropriately in response to stimula-
tion by exogenous ACTH [1].

A typical response to the cosyntropin stimulation 
test is characterized by a maximum cortisol level 
exceeding 18 mcg/dL at the 30-  or 60- minute mark 
([1]. In primary adrenal failure cases, cortisol 
concentration remains unchanged from the baseline 
level (usually <5 μg/dL), with an increase of less than 
9 μg/dL after cosyntropin administration. More impor-
tantly, the maximum value of cortisol is typically 
below 18 μg/dL  [1]. Similarly, in secondary adrenal 
insufficiency, the increase in cortisol levels after cosyn-
tropin administration is also less than 9 μg/dL, and the 
maximum value does not exceed 18 μg/dL [5, 6].
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Historically, the established threshold for post- 
stimulation cortisol has been 18 mcg/dL, a value 
 determined using older polyclonal antibody- based 
immunoassays. Recently, newer immunoassays have 
been developed, such as the Roche Elecsys II assay, 
which employs monoclonal antibodies and offers a 
lower detection limit for cortisol. As a result, when 
using these advanced assays, the acceptable post- 
stimulation cortisol level at 60 minutes is typically 
above 15 mcg/dL, rather than the traditional cut- off of 
18 mcg/dL [5].

9.1.1.3  Practice Guide

The test involves administering a synthetic form of 
ACTH (such as cosyntropin) intravenously or intra-
muscularly to the patient. Venous blood samples are 
then collected at specified intervals (typically 30 and 
60 minutes after administration) to measure cortisol 
levels [1].

Before undergoing the cortrosyn stimulation test, 
patients should abstain from glucocorticoids for at 
least 24 hours, as common exogenous steroids such as 
hydrocortisone and prednisone can be detected in cor-
tisol assays  [7]. Although dexamethasone does not 
cross- react with the cortisol immunoassay, as such, it 
will not be spuriously detected as cortisol; it still tran-
siently suppresses the HPA axis and will lead to low 
cortisol levels at baseline. However, the post- ACTH 
stimulation levels of cortisol will not be affected in 
patients exposed to dexamethasone before testing [8]. 
There are a few essential considerations to keep in 
mind when performing this test.

The influence of binding proteins on the 
measurement of total cortisol is crucial. Total cor-
tisol, measured in most immunoassays, is calculated 
as the sum of free and bound cortisol. Examples of 
cortisol- binding proteins include corticosteroid- 
binding globulin (CBG) and albumin. Thus, medical 
conditions that alter these binding proteins can 
affect plasma cortisol levels measured in plasma [9]. 
Estrogen found in combined oral contraceptives 
increases CBG, which can lead to spuriously elevated 
total cortisol levels in patients undergoing this test. 
Furthermore, patients with low serum albumin levels 
(usually below 2.5 g per dL) will exhibit low total 
 cortisol levels since albumin is a primary binding 
protein for cortisol [10].

The cortrosyn stimulation test cannot differen-
tiate between primary and secondary adrenal insuffi-
ciency. Its primary purpose is to evaluate the adrenal 

glands’ response to exogenous ACTH stimulation. 
Although the test exhibits high specificity for both pri-
mary and secondary adrenal insufficiency, it has low 
sensitivity for secondary adrenal insufficiency  [11]. 
This is because the adrenal cortex remains responsive 
to exogenous ACTH stimulation within the first 
3  months of the onset of secondary adrenal insuffi-
ciency. Consequently, the cortrosyn stimulation test 
may produce false negative results during the first few 
months of adrenal insufficiency in patients with 
secondary adrenal insufficiency [12, 13]. This occurs 
because, despite the lack of ACTH stimulation of cor-
tisol production, the adrenal cortex can take up to 
3 months to develop significant atrophy as such, will 
continue to maintain an adequate response to exoge-
nous ACTH [14].

Clinical Trial Evidence

This research aimed to assess the diagnostic preci-
sion of high- dose (250 mcg) and low- dose (1 mcg) 
ACTH stimulation tests for the diagnosis of adrenal 
insufficiency. The authors searched six databases 
and included 30 studies with 1209 adults and 228 
children (with a diagnosis of secondary adrenal 
insufficiency) and five studies with 100 patients 
with a diagnosis of primary adrenal insufficiency. 
The results showed that the high-  and low- dose 
ACTH stimulation tests had similar diagnostic 
accuracy in adults and children, with low sensi-
tivity and high specificity. The tests were sufficient 
to confirm, but not exclude, secondary adrenal 
insufficiency. For primary adrenal insufficiency, 
data were only available for the sensitivity of the 
high- dose ACTH stimulation test (92%; 95% 
confidence interval, 81–97%). The researchers con-
cluded that both tests had comparable diagnostic 
accuracy, but their confidence in these estimates 
was low to moderate due to potential bias, hetero-
geneity, and imprecision [15].

Clinical Pearl
If you believe a hormone is being overproduced, 
“suppress it.” If you believe it is being underpro-
duced, “stimulate it.”
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9.1.2 ACTH Stimulation Test (Non- Classic 
Adrenal Hyperplasia)

9.1.2.1 Physiology

Adrenal steroidogenesis and non- classic congenital 
adrenal hyperplasia (NCAH) were previously  
reviewed.

9.1.2.2  Mechanism of Action

NCAH is mainly caused by a partial deficiency of the 
enzyme 21- hydroxylase, which plays a crucial role in 
the synthesis of cortisol and aldosterone in the adrenal 
cortex  [16]. This partial enzymatic block results in 
the shunting of cortisol precursors into the synthesis 
of androgens. 17- hydroxyprogesterone is a relevant 
marker of endogenous hyperandrogenemia and is 
 useful in screening patients with NCAH [16–18].

During the ACTH stimulation test, cosyntropin is 
administered to the patient, usually by intramuscular 
injection. Cosyntropin stimulates the adrenal glands 
to produce cortisol and its precursors, including 
17- hydroxyprogesterone [19].

In NCAH, the adrenal glands exhibit an exagger-
ated response to ACTH stimulation, resulting in ele-
vated levels of 17- hydroxyprogesterone. This occurs 
due to the partial deficiency of 21- hydroxylase, leading 
to the accumulation of precursor molecules and the 
overproduction of androgens [20].

9.1.2.3  Practice Guide

When investigating hyperandrogenemia in women, 
the test should ideally be performed during the early 
follicular phase of their menstrual cycle. Addition-
ally, oral contraceptive pills should be discontinued at 
least 8 weeks before the test because the levels of 
androgens are expected to reach their baseline after 
approximately 8 weeks of discontinuing combined 
oral contraceptives [21].

In this test, baseline 17- hydroxyprogesterone 
and cortisol samples are drawn. 250 mcg of cortrosyn 
is administered intramuscularly, followed by the 
 collection of 17- hydroxyprogesterone and cortisol 
samples at the 60- minute mark. If the basal 
17- hydroxyprogesterone level is below 200 ng/dL, 
the  diagnosis of NCAH is improbable, and an 
ACTH  stimulation test is unnecessary. However, 
if  the basal  17- hydroxyprogesterone level exceeds 
10,000 ng/ml (or 1000 ng/dL), it indicates classic 

21- hydroxylase deficiency rather than late- onset 
 congenital adrenal hyperplasia. For patients with 
basal 17- hydroxyprogesterone levels between 200 ng/
ml and 10,000 ng/ml, an ACTH stimulation test is 
required [22].

9.1.3 Dexamethasone Suppression Test

9.1.3.1 Physiology

The dexamethasone suppression test (DST) is a diag-
nostic tool used primarily to evaluate cases of suspected 
endogenous hypercortisolemia. The pathophysiolog-
ical basis of the DST lies in the ability of dexametha-
sone, a synthetic glucocorticoid, to exert negative 
feedback effects on the HPA axis and thus suppress the 
production of ACTH and cortisol (see Figure 9.1).

In the DST, dexamethasone is administered orally 
as a low- dose or high- dose test [24]. Low- dose DST is 
used to screen for Cushing’s syndrome, while high- 
dose DST helps differentiate the etiology of Cushing’s 
syndrome (pituitary vs. ectopic ACTH produc-
tion) [25]. In a normal HPA axis response, cortisol pro-
duction should be suppressed after dexamethasone 
administration. The lack of suppression of cortisol 

Interpretation of the Test
• For patients with non- classic CAH, a value 

of  17- hydroxyprogesterone at 60 minutes 
between 1000 and –10,000 ng/dL is 
diagnostic.

• If the stimulated 17- hydroxyprogesterone at 
60 minutes is less than 1000 ng/dL, then the 
patient is either a heterozygote or is 
unaffected.

• If the stimulated 17- hydroxyprogesterone at 
60 minutes is greater than 10,000 ng/dL, then 
the patient has classic 21 hydroxylase 
deficiency [22].

Clinical Trial Evidence

There is a lack of consensus on the optimal cut- off 
limits for 17- hydroxyprogesterone when distinguish-
ing non- classic CAH from a normal response [23].
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production may indicate an abnormal HPA axis 
response, suggesting Cushing’s syndrome or another 
disorder that affects cortisol regulation [26, 27].

9.1.3.2  Mechanism of Action

Dexamethasone, a synthetic glucocorticoid, closely 
resembles cortisol in structure and function and 
acts  on the same receptors as cortisol. Hence, the 
administration of dexamethasone suppresses ACTH 
and cortisol secretion, allowing the evaluation of 
feedback control of the HPA axis. This helps in poten-
tially identifying cases of Cushing’s syndrome or other 
disorders that affect cortisol regulation [28].

Normal circadian regulation of cortisol curve 
showing the times of dexamethasone administration 
and plasma cortisol sampling.

9.1.3.3  Practice Guide

Dexamethasone, an exogenous glucocorticoid, is 
highly potent (up to 15 times more potent than hydro-
cortisone) and significantly inhibits the HPA axis [29]. 
In particular, it does not bind to cortisol- binding glob-
ulin, allowing it to cross the blood–brain barrier easily. 

A 1 mg dose of dexamethasone is administered bet-
ween 11 and 12 pm, with serum  cortisol sampling 
occurring between 8 and 9 am (see  Figure  9.2). The 
timing of dexamethasone administration is crucial for 
suppressing ACTH secretion, which begins at 3 am. 
and peaks around 7 am. A diagnosis of endogenous 
hypercortisolemia is suggested when the levels of 
post- suppression cortisol exceed 1.8 μg/dL (95% sensi-
tivity and 80% specificity) [30]. The HPA axis generally 
recovers in 24 hours after a single dose of 1 mg of dexa-
methasone dose [31].

FIGURE 9.1  Circadian rhythm and cortisol regulation.

Clinical Trial Evidence

A meta- analysis that included 50 studies with 1531 
patients with Cushing’s syndrome and 3267 control 
subjects demonstrated that the 1 mg overnight 
dexamethasone suppression test (DST), using a cor-
tisol cut- off of 1.8 mcg/dL (50 nmol/L), had the 
highest sensitivity (98.6%) and specificity (90.6%) 
compared to other initial diagnostic tests for Cush-
ing’s syndrome [32].
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FIGURE 9.2  Dexamethasone suppression test. Administration of oral dexamethasone around 11 pm and assessment of venous 
cortisol around 8 am.

Clinical Pearl
Understanding the clinical application of the Dexa-
methasone Suppression Test.

The indications and interpretation of various 
forms of the DST are shown in Table 9.1.

TABLE 9.1  Types of the dexamethasone suppression test.

Type of DST Indication Procedure Interpretation

Two- day low- dose 
DST

Equivocal results of 24 h 
UFC, LNSC, or 1 mg 
ONDST.

Dexamethasone 0.5 mg tablet 
every 6 h × 48 h.a Early 
morning cortisol exactly 6 h 
after the last dose of 
dexamethasone.

Serum cortisol >1.8 mcg/dL is 
suggestive of Cushing’s 
syndrome [33].

1 mg overnight 
dexamethasone 
suppression test 
(low- dose DST)

Evaluation of adrenal 
incidentaloma and 
screening for Cushing’s 
syndrome.

Administration of 1 mg of 
dexamethasone at 11 pm 
followed by an evaluation of 
fasting serum cortisol at 8 am

Serum cortisol >1.8 mcg/dL is 
suggestive of Cushing’s 
syndrome (screening test) [34], 
or > 3–5 mcg/dL is suggestive of 
subclinical Cushing’s syndrome 
(adrenal incidentaloma) [30].

8 mg overnight 
dexamethasone 
suppression test 
(high- dose DST)

Differentiating between 
Cushing’s disease and 
ectopic ACTH production 
for patients with ACTH- 
dependent Cushing’s 
syndrome.

Baseline serum cortisol is 
drawn at 8–9 am, and 8 mg of 
dexamethasone is 
administered at 11 pm. 
Post- suppression cortisol is 
then drawn around 8–9 am 
the next morning.

Undetectable cortisol (normal 
response) [35].
Detectable cortisol but <5 mcg/
dL (Cushing’s syndrome).
Suppression of cortisol >50% is 
diagnostic of Cushing’s 
disease [36].

(continued)
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9.1.4 Glucagon Stimulation Test

9.1.4.1 Physiology

Glucagon, a peptide hormone secreted by alpha cells 
of the pancreas, plays a significant role in the regula-
tion of growth hormone (GH) levels. Glucagon stimu-
lates GH release by acting on the hypothalamus and 
increasing the secretion of growth hormone- releasing 
hormone (GHRH)  [38]. GHRH, in turn, acts on the 
anterior pituitary gland to stimulate GH synthesis and 
release. Furthermore, GH is also influenced by other 
factors such as somatostatin (also known as growth 
hormone inhibitory hormone, GHIH) and ghrelin, 
which have inhibitory and stimulatory effects on GH 
secretion, respectively [39, 40].

The role of glucagon in the regulation of GH levels 
has been shown in several clinical studies. For 
example, intravenous glucagon administration leads 
to a significant increase in plasma GH levels [38]. This 
effect is believed to be mediated by the stimulation of 
GHRH secretion, as well as the suppression of somato-
statin release, which has an inhibitory effect on GH 
secretion [39].

In addition to its direct effects on GH release, glu-
cagon indirectly influences GH levels through its role 
in regulating blood glucose concentrations. For 
example, an increase in blood glucose levels leads to a 
decrease in GH secretion [41].

9.1.4.2  Mechanism of Action

Also, see Section 1.2.1 for the effects of glucagon and 
other GH secretagogues.

9.1.4.3  Practice Guide

The glucagon stimulation test is a diagnostic tool that 
is used to evaluate GH deficiency in patients sus-
pected of having this condition. The test involves the 
administration of glucagon, which stimulates the 
release of GH from the anterior pituitary gland.

• The patient should fast for 8–12 hours before 
the test to ensure accurate results.

• A baseline blood sample is taken before glu-
cagon administration to measure the patient’s 
initial GH, glucose, and insulin levels.

• Glucagon is administered intramuscularly or 
subcutaneously, usually at a dose of 1 mg or 
1.5 mg (if body weight is greater than 90 kg).

• Blood samples are collected at regular intervals 
after glucagon administration, typically 30, 60, 
90, 120, 150, and 180 minutes. These samples 
are analyzed to measure GH, glucose, and 
insulin levels.

The maximum GH level is determined from the 
collected samples, and the results are interpreted 
based on the specific laboratory reference range. A 
maximum GH response less than a certain threshold 
(e.g. less than 3 ng/mL, though this may vary between 
laboratories) may indicate GH deficiency [42].

It is important to note that the glucagon stimula-
tion test is not without potential side effects, and some 
patients may experience nausea, vomiting, or dizzi-
ness during the test. Additionally, the test may not be 
suitable for patients with certain medical conditions, 

Type of DST Indication Procedure Interpretation

Dexamethasone- 
CRH test

Differentiating between 
Cushing’s syndrome and 
pseudo- Cushing’s 
syndrome.

Dexamethasone 0.5 mg tablet 
every 6 h × 48 h.b Early morning 
cortisol, exactly 2 h after the 
last dose of dexamethasone, 
100 mcg of ovine CRH (oCRH) 
is administered as an IV bolus 
(8 am). Cortisol is then drawn 
15 min after oCRH.

Post Dex- CRH cortisol of 
>1.4 mcg/dL suggests Cushing’s 
syndrome and rules out pseudo- 
Cushing’s syndrome [37].

24 h, UFC 24 hour urinary free cortisol; LNSC, late- night salivary cortisol; 1 mg ONDST, 1 mg overnight dexamethasone suppres-
sion test; CRH, corticotropin- releasing hormone.
a 8 am, 2 pm, 8 pm, and 2 am
b 12 pm, 6 pm, 12 am and 6 am.

TABLE 9.1  (Continued)
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such as pheochromocytoma, due to the risk of fluctu-
ation in blood pressure [43].

9.1.5 Growth Hormone Suppression Test

9.1.5.1 Physiology

The oral glucose tolerance test (OGTT) evaluates the 
suppression of GH secretion in patients suspected of 
having acromegaly, a disorder characterized by exces-
sive GH production and its subsequent effects on the 
body. The pathophysiologic basis of OGTT in evalu-
ating acromegaly is based on the negative feedback 
regulation of GH secretion by glucose.

In normal individuals, GH secretion is inhibited by 
increased blood glucose levels, leading to a decrease in 

GH levels after glucose ingestion  [45]. However, this 
negative feedback mechanism is impaired in patients 
with acromegaly, thus GH levels remain elevated or 
inadequately suppressed after glucose intake [46].

9.1.5.2  Mechanism of Action

The exact mechanism of glucose- induced suppression 
of GH is not fully understood. However, several the-
ories have been proposed to explain the physiological 
process. Glucose- induced suppression of GH is 
believed to involve the hypothalamus and anterior 
pituitary gland, which are essential components of the 
hypothalamic–pituitary axis responsible for the regu-
lation of GH secretion.

One theory suggests that increased blood glucose 
levels stimulate the release of somatostatin, also 
known as GHIH, from the hypothalamus  [47]. 
Somatostatin acts on the anterior pituitary gland to 
inhibit GH secretion. Increased somatostatin release 
in response to glucose can result in the suppression of 
GH levels [48, 49].

Another theory proposes that elevated blood 
glucose levels may inhibit the secretion of GHRH from 
the hypothalamus [50]. GHRH is responsible for stim-
ulating the release of GH from the anterior pituitary 
gland. By inhibiting GHRH release, glucose can sup-
press GH secretion [51].

Glucose may also have a direct inhibitory effect on 
the anterior pituitary gland, reducing GH secre-
tion [52]. This mechanism may involve the detection 
of glucose by pituitary somatotroph cells, which could 
alter intracellular signaling pathways and decrease 
GH release.

9.1.5.3  Practice Guide

The GH suppression test is indicated in patients with 
mild to modest elevations in serum insulin- like growth 
factor 1 (IGF- 1), defined as less than twofold of the 
upper limit of normal and accompanying equivocal 
clinical findings of GH excess [53].

To perform the GH suppression test, a modified 
OGTT is used. The patient must fast overnight before 
the test. A baseline blood sample is drawn to measure 
the initial level of GH. The patient ingests a 75 g oral 
glucose load, and subsequent blood samples are col-
lected at regular intervals, usually every 30 minutes for 
up to 2 hours (30, 60, 90, and 120 minutes). These sam-
ples are analyzed to assess GH levels in response to an 
oral glucose challenge [54].

Interpretation of the Test
A peak GH level below 3 ng/mL (failure to respond 
to glucagon) suggests growth hormone deficiency. 
This diagnostic threshold has sensitivity and speci-
ficity of 97% and 88%, respectively, for diagnosing 
growth hormone deficiency [44].

Clinical Trial Evidence

The study aimed to evaluate the glucagon stimula-
tion test as an alternative to the insulin tolerance 
test (ITT) in the diagnosis of growth hormone defi-
ciency (GHD). The researchers studied 33 patients 
with known pituitary disease (age 21–60 years) and 
a control group of 25  individuals matched in age 
and sex, selected by ITT if their peak GH response 
was >5.0 ng/mL. The results showed that the 
maximum GH after glucagon was significantly 
lower in the patient group compared to the control 
group (0.49 ± 0.85 vs. 8.69 ± 5.85 ng/mL, p = 0.0001).

Using receiver operating characteristic (ROC) 
plot analysis, the area under the curve was 0.982 for 
the response of the GH peak to glucagon. A 3.0 ng/
mL cut- off threshold provided the best sensitivity 
(97%) and specificity (88%) to define GHD. The 
study concluded that the glucagon stimulation test 
demonstrates good performance and high diag-
nostic accuracy for the diagnosis of GHD, making it 
a suitable alternative to ITT [44].
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In healthy individuals, GH levels must be suppressed 
to a nadir value below 1 ng/mL after glucose inges-
tion [54]. In patients with acromegaly, GH levels remain 
elevated or are inadequately suppressed, suggesting 
impaired feedback regulation and abnormal GH secre-
tion [55]. This traditionally accepted threshold of <1 ng/
mL for the lowest GH level during the OGTT has long 
been accepted for distinguishing between normal and 
acromegalic patients. However, with the development of 
more sensitive GH assays, current guidelines recom-
mend a much lower diagnostic threshold of 0.4 ng/mL. 
As such, failure to suppress at least one of the timed GH 
measurements during the OGTT to less than 0.4 ng/dL 
is suggestive of acromegaly [56].

9.1.6 Water Deprivation Test

9.1.6.1 Physiology

The role of AVP in water conservation was reviewed in 
Chapter 1.

9.1.6.2  Mechanism of Action

The water deprivation test serves as a diagnostic 
method to differentiate between central diabetes insip-
idus (CDI) and nephrogenic diabetes insipidus (NDI), 
both of which cause excessive urination (polyuria) and 
extreme thirst (polydipsia) [58]. The fundamental prin-
ciple is to evaluate the ability of a patient to concentrate 
urine in response to water deprivation and subsequent 
administration of desmopressin (DDAVP), a synthetic 
antidiuretic hormone (ADH) [59].

CDI and NDI are characterized by impaired ADH 
secretion or action, respectively [60]. CDI results from 
inadequate ADH production or release from the 
 posterior pituitary gland, often due to hypothalamic or 
pituitary gland dysfunction [61]. On the other hand, 
NDI arises from the kidney’s inability to respond 
appropriately to ADH action, which can be caused by 
genetic mutations or specific medications [62].

9.1.6.3  Practice Guide

The Water Deprivation Test (WDT) is a widely used 
diagnostic tool consisting of two steps: an initial 8- hour 
period of water deprivation followed by the 
administration of desmopressin, a synthetic ADH. This 
test is based on the measurement of urine osmolality to 
assess renal antidiuretic hormone (AVP) action. Dehy-
dration leads to an increase in plasma sodium 
concentration, which in turn stimulates AVP release. 
AVP then acts on the kidneys, causing an increase in 
urine osmolality. If the stimulus for AVP secretion is 
sufficient, urine osmolality should increase to more 
than 700 mOsm/kg, differentiating patients with 
normal vasopressin secretion and function from those 
with CDI or NDI, who cannot maximally concentrate 
urine during dehydration. However, patients with pro-
longed significant polyuria of any cause may not 
concentrate their urine maximally due to the effects of 
chronic polyuria on renal concentrating capacity [58].

The second part of the test, the administration of 
desmopressin, is designed to differentiate CDI from 
NDI. In CDI, a physiological increase in urine osmo-
lality should occur after desmopressin administration. 

Clinical Trial Evidence

In this study, the authors aimed to systematically 
compare sensitive growth hormone (GH), insulin- 
like growth factor I (IGF- I), and IGF- binding pro-
tein- 3 (IGFBP- 3) assays to define disease status in a 
large cohort of patients with persistent postopera-
tive acromegaly. The traditional cut- off point for 
GH suppression, measured by polyclonal radioim-
munoassay (RIA), was less than 2.0 μg/L after oral 
glucose. However, recent advances have suggested 
a cut- off of less than 1.0 μg/L. The study examined 
60 postoperative acromegaly patients and 25 age- 
matched healthy subjects, assessing nadir GH levels 
after 100 g oral glucose and baseline IGF- I and 
IGFBP- 3  levels. GH was assayed using polyclonal 
RIA, a sensitive immunoradiometric assay (IRMA), 
and a highly sensitive enzyme- linked immunosor-
bent assay (ELISA).

• GH levels after oral glucose, measured with 
highly sensitive GH assays, can be much 
lower in subjects with active disease than 
previously believed; values less than 1.0 μg/L 
can be found in up to 50% of patients.

• In 39% of patients in apparent remission 
with normal levels of IGF- I, GH determined 
by highly sensitive assays does not usually 
suppress, raising questions about the risk of 
recurrence of active disease in these patients.

The study highlights the importance of using 
modern assays for a more accurate assessment of 
disease activity in patients with acromegaly [57].
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However, different authors have varying opinions on the 
accepted normal level, ranging from 700 to 800 mOsm/
kg (see Figure  9.3). In NDI, urinary concentration 
remains dilute after desmopressin administration. In 
the cases of diagnostic uncertainty, a hypertonic saline 
test with AVP, in addition to measurement of plasma 
copeptin may be performed [58].

9.1.7 Inferior Petrosal Sinus Sampling

9.1.7.1 Physiology

Inferior Petrosal Sinus Sampling (IPSS) is a specialized 
diagnostic procedure employed to distinguish the 
origin of excessive cortisol production in patients with 
Cushing’s syndrome [63]. Cushing’s disease, a subtype 
of Cushing’s syndrome, involves increased cortisol 
production resulting from a pituitary adenoma, which 
is a nonmalignant tumor in the pituitary gland. The 
fundamental principles of IPSS are based on the 
anatomy of the pituitary gland and its associated 
venous drainage system [64].

The pituitary gland, a small, pea- sized organ, is 
located at the base of the brain within the sella turcica, 
a bony structure in the sphenoid bone [65]. This gland 
is crucial to controlling various hormones in the body, 
including the ACTH, which stimulates the production 
of cortisol by the adrenal glands [66].

The inferior petrosal sinuses are paired bilateral 
venous channels that drain blood from the cavernous 
sinuses, which receive blood directly from the pituitary 
gland, and eventually empty into the internal jugular 
veins [67].

In Cushing’s disease, the pituitary gland produces 
excessive ACTH, leading to increased cortisol produc-
tion by the adrenal glands. IPSS is performed to verify 
that the pituitary gland is, in fact, the source of exces-
sive ACTH and not an ectopic source within the 
body [68].

During the procedure, catheters are inserted into 
the inferior petrosal sinuses, typically accessed via  
the femoral veins. Blood samples are collected simul-
taneously from the inferior petrosal sinuses and a 
peripheral vein before and after the administration of 
corticotropin- releasing hormone (CRH) or desmo-
pressin. CRH triggers the pituitary gland to release 
ACTH, and subsequently, blood samples are analyzed 
for ACTH levels [69].

In Cushing’s disease, ACTH levels in the inferior 
petrosal sinus blood samples will be markedly higher 
than those of peripheral blood samples, indicating a 
pituitary origin of ACTH [70]. Furthermore, the side 
that exhibits higher ACTH levels may suggest the loca-
tion of the pituitary adenoma. On the contrary, sup-
pose that the ACTH levels in the inferior petrosal sinus 
blood samples are not significantly higher than those 

FIGURE 9.3  Results of the water deprivation test. Comparison of urine osmolality and hours of water deprivation. 
Distinguishing between various cases of polyuria based on the response of urine osmolality to DDVAP administration.
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in peripheral blood. In that case, it implies that exces-
sive cortisol production is not due to an adenoma in 
the pituitary gland, suggesting ectopic ACTH produc-
tion or adrenal tumors [69, 71].

9.1.7.2  Mechanism of Action

CRH, a hypothalamic peptide hormone, plays a central 
role in the regulation of the release of ACTH from the 
pituitary gland. When CRH binds to its receptors in 
pituitary corticotroph cells, it stimulates the synthesis 
and release of ACTH into the bloodstream  [72]. The 
increase in circulating ACTH, in turn, causes the 
adrenal glands to produce cortisol. In the context of 
IPSS, the administration of CRH helps confirm whether 
the excess ACTH is produced by the pituitary gland [73].

Desmopressin, a synthetic analog of vasopressin, 
can also stimulate the release of ACTH from the pituitary 
gland. Although vasopressin’s primary function is 
water homeostasis, it also has a secondary function of 
stimulating ACTH release in certain situations, such 
as stress  [74]. Desmopressin binds to vasopressin V3 
receptors on corticotroph cells in the pituitary gland, 
leading to an increase in intracellular calcium and 
subsequent release of ACTH [75]. In IPSS, desmopressin 
can be used instead of CRH when CRH is not available 
or is contraindicated [69].

9.1.7.3  Practice Guide

IPSS with CRH stimulation is performed after diag-
nosing ACTH- dependent Cushing’s syndrome when 
an MRI of the pituitary gland is inconclusive (pituitary 
adenoma measuring less than 6 mm in size) [76]. This 
test helps to confirm whether the pituitary is the 
source of ACTH and rules out the production of ACTH 
by an ectopic tumor [77].

Catheters are placed in the femoral veins and 
threaded up to the inferior petrosal sinus, with intra-
venous contrast that ensures the correct placement. 
Four baseline ACTH measurements are taken before 
CRH administration, followed by blood sampling from 
both central and peripheral lines at 2, 5, 10, and 
15 minutes [64].

9.1.8 TRH Stimulation Test

9.1.8.1 Physiology

The pathophysiological basis for the use of the 
thyrotropin- releasing hormone (TRH) stimulation test 
in central hypothyroidism lies in the role TRH plays 
in regulating the hypothalamic–pituitary–thyroid 
axis. In central hypothyroidism, hypothalamic or 
pituitary gland dysfunction leads to decreased 
thyroid- stimulating hormone (TSH) and, subse-
quently, low levels of thyroid hormone levels [79]. In 
normal physiology, TRH, produced by the hypothal-
amus, stimulates the pituitary gland to release TSH, 
which, in turn, stimulates the thyroid gland to pro-
duce thyroid hormones [80].

The TRH stimulation test is helpful in assessing 
the pituitary gland’s response to TRH, providing 

Interpretation of the Test
Plasma ACTH values are normalized to the pro-
lactin value to account for any catheter location or 

movement. A central to peripheral ACTH gradient 
equal to or greater than 2 before CRH administration 
or equal to or greater than 3 after CRH infusion 
indicates a pituitary source of ACTH production 
(Cushing’s disease) [64, 78].

Clinical Trial Evidence

The study evaluated the diagnostic accuracy of 
inferior petrosal sinus sampling (IPSS) compared 
to  pituitary imaging techniques to differentiate 
between various causes of ACTH- dependent Cush-
ing’s syndrome. It involved 97 patients, including 
74 with Cushing’s disease (CD) and 10 with ectopic 
ACTH secretion (EAS). The results showed that the 
diagnostic precision of IPSS, using the basal and 
post- CRH ACTH inferior petrosal sinus: peripheral 
(IPS: P) ratios, was significantly higher than 
magnetic resonance imaging (MRI) and computed 
tomography (CT). Specifically, diagnostic accuracy 
was 86% for the basal ratio and 90% for the post- 
CRH ratio, compared to 50% for MRI and 40% for 
CT. However, IPSS was less reliable in identifying 
the site of adenoma found in surgery than MRI or 
CT. In conclusion, IPSS improves diagnostic 
performance compared to imaging techniques and 
can help prevent unnecessary transsphenoidal sur-
gery in patients with EAS patients [78].
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information on possible defects in the hypothalamic–
pituitary–thyroid axis  [79]. By measuring TSH levels 
before and after TRH administration, we can deter-
mine whether the pituitary gland’s response is ade-
quate or impaired  [80]. An abnormal response may 
indicate central hypothyroidism and help guide further 
diagnostic evaluations and treatment strategies.

9.1.8.2  Mechanism of Action

The role of TRH in the HPT axis was reviewed in 
Chapter 2.

9.1.8.3  Practice Guide

Dynamic testing with TRH does not hold diagnostic 
significance for secondary hypothyroidism or for fore-
casting the likelihood of developing TSH deficiency. 
For these reasons, the TRH stimulation test is rarely 
used to assess pituitary reserve [81, 82]. Furthermore, 
intravenous administration of TRH could potentially 
induce apoplexy in patients with pre- existing pituitary 
adenomas [83].

9.1.9 GnRH Stimulation Test

9.1.9.1 Physiology

The gonadotrophin- releasing hormone (GnRH) test, 
also known as the GnRH stimulation test, is a diag-
nostic tool used in the evaluation of reproductive dis-
orders. Although it has limited diagnostic value in 
most clinical settings, the test remains relevant for 
confirming gonadotroph reserve in patients under-
going pulsatile GnRH therapy for infertility [85] and 
for evaluating precocious puberty [86].

GnRH is a critical component of the hypotha-
lamic–pituitary- gonadal axis (HPG), which controls 
the reproductive system in males and females  [87]. 
Pulsatile secretion of GnRH stimulates the release of 
luteinizing hormone (LH) and follicle- stimulating 
hormone (FSH) from the anterior pituitary, which, in 
turn, regulate the development and function of the 
gonads (ovaries and testes) [88].

9.1.9.2  Mechanism of Action

The mechanism of action of GnRH was reviewed in 
Section 6.1.4.

9.1.9.3  Practice Guide

There is limited use of this dynamic test in 
clinical practice.

9.2  DISORDERS OF THE 
THYROID GLAND

9.2.1 Levothyroxine Absorption Test

9.2.1.1 Physiology

Levothyroxine absorption occurs mainly in the small 
intestine, and the majority of the process occurs 
within the first 3 hours after ingestion. On average, 
only 60–80% of the dose administered of the drug is 
absorbed by the body [89]. The physiological process 
of levothyroxine absorption is influenced by factors 

Clinical Trial Evidence

The study aimed to evaluate the diagnostic value of 
the thyrotropin- releasing hormone (TRH) stimula-
tion test for the diagnosis of central hypothyroidism 
in patients with Sheehan syndrome. The test was 
performed in 72 patients, and the diagnosis of 
central hypothyroidism was made based on specific 
criteria. The results showed that 56 (77.7%) patients 
had low serum levels of free T4 and free T3  with 
inappropriately low serum levels of TSH (CH0 
group). Ten (13.8%) patients with normal or low 
normal free thyroid hormone levels did not respond 
or had a delayed response to the TRH stimulation 
test (CH1 group). Six (8.3%) patients had normal 
free T3, free T4, and TSH levels and maximum TSH 
responses consistent with euthyroidism. In total, 66 
(91.6%) of the 72 patients with Sheehan syndrome 
had central hypothyroidism. The TRH stimulation 
test proved useful in diagnosing central hypothy-
roidism, particularly in patients with low normal 
free T4 or TSH and known hypothalamo- pituitary 
pathology [84].

Clinical Trial Evidence

Limited clinical trial data investigating the utility of 
this test in practice.
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such as gastric pH  [90], food intake  [91], and the 
presence of certain medications, which can alter the 
rate and extent of absorption  [92]. Furthermore, the 
bioavailability of levothyroxine can be affected by 
individual factors such as age, gastrointestinal disor-
ders, and genetic polymorphisms  [93]. An in- depth 
understanding of the various factors that affect levo-
thyroxine absorption is essential to optimize its 
therapeutic efficacy in patients with thyroid disorders. 
Indeed, these factors in addition to nonadherence to 
therapy by patients should be considered as a possible 
reason for suboptimal response to thyroid hormone 
replacement therapy.

9.2.1.2  Mechanism of Action

The mechanism of action of thyroid hormone was 
reviewed in Chapter 2.

9.2.1.3  Practice Guide

The levothyroxine absorption test is recommended for 
hypothyroid patients who struggle to reach therapeutic 
thyroid hormone levels despite adhering to the appro-
priate dose of levothyroxine. This situation is identified 
by TSH levels that exceed the upper limit of the refer-
ence range while taking a daily dose of LT4 dosage of 

1.9 mcg/kg [94]. The test assesses a patient’s ability to 
absorb levothyroxine by examining serum T4  levels 
before and after administering a test dose of the drug. 
The process typically involves the following steps:

• A blood sample is taken to determine the 
patient’s initial serum T4 level.

• The patient receives a test dose of levothyrox-
ine, typically 1000 mcg, which is consumed 
orally on an empty stomach.

• Another blood sample is drawn 2–4 hours after 
the test dose to measure the serum T4 level.

• The percentage of levothyroxine absorption is 
calculated by comparing the pre-  and post- dose 
T4 levels.

Estimation of Levothyroxine Absorption

%absorption peak T4 volume distribution dL

Dose administered of LT4 mcg 100

Volume distribution dL
body mass index kg/m4.42 2

The normal percentage of levothyroxine 
absorption is 60–80% [89, 95].

9.2.2 Radioactive Iodine Scans 
in Thyroid Cancer (Withdrawal)

9.2.2.1 Physiology

The pathophysiological basis of the radioactive iodine 
(RAI) scan using the withdrawal protocol is based on 
the preferential uptake of RAI by thyroid cells due to 
their unique ability to concentrate iodine. This prop-
erty is used to image the thyroid gland and diagnose 
various thyroid conditions, such as hyperthyroidism, 
thyroid cancer, and thyroid nodules [97].

Clinical Trial Evidence

The study aimed to evaluate the levothyroxine 
absorption test to determine pseudo malabsorption 
in patients with primary hypothyroidism. The stan-
dardization of the test and the criteria for conduct-
ing a malabsorption test were unclear. The study 
involved various groups: euthyroid, newly diag-
nosed hypothyroid, hypothyroid treated with nor-
malized TSH, hypothyroid with elevated TSH 
despite an adequate dose of levothyroxine, and sub-
jects with euthyroid with true malabsorption. Par-
ticipants received levothyroxine (10 μg/kg or a 
maximum of 600 μg), and their free T4 levels were 
measured at hourly intervals for 5 hours.

The results showed that free T4 peaked at 
3 hours in all groups, with a marginally insignifi-
cant decrease at 4 hours. The increases in free T4 in 
the groups, except for malabsorption, were not sta-
tistically different. The mean increment of free 
T4  in true malabsorption was 0.39 ng/dL, while it 
was 0.78 ng/dL for other groups combined. A free 
T4 increase at 3 hours above 0.40 ng/dL had a sensi-
tivity of 97% and a specificity of 80% to exclude true 
malabsorption (AUC 0.904, p < 0.001).

In conclusion, the levothyroxine absorption 
test can reliably diagnose nonadherence to 
treatment in subjects with elevated TSH on ade-
quate doses of LT4. An incremental value greater 
than 0.40 ng/dL (5.14 pmol/L) at 3 hours can help 
identify individuals whose malabsorption workup 
is unnecessary [96].
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The withdrawal protocol in the context of the 
management of differentiated thyroid cancer requires 
discontinuation of thyroid hormone replacement 
therapy, specifically levothyroxine, for a period of time 
prior to the scan, typically 4–6 weeks  [98]. This pro-
tocol aims to increase the levels of TSH in the blood. 
Elevated TSH levels (typically >30 mIU/mL) stimulate 
the thyroid gland to absorb more iodine, enhancing 
the effectiveness of the RAI scan [98].

When the patient undergoes the RAI scan, a small 
dose of RAI (I- 123 or I- 131) is administered orally. 
Thyroid cells absorb RAI, and a gamma camera captures 
images of the distribution of the radioactive substance 
in the thyroid gland [99].

9.2.2.2  Mechanism of Action

The role of iodine in thyroid hormone synthesis is 
reviewed in Chapter 2.

Iodine- 131 (I- 131) and Iodine- 123 (I- 123) are RAI 
isotopes used in nuclear medicine for diagnostic and 
therapeutic purposes, particularly to assess thyroid 
function [100].

I- 131 is a beta and gamma- emitting isotope with 
an 8- day half- life, used primarily to diagnose and treat 
hyperthyroidism and thyroid cancer  [101]. It is 
absorbed by the thyroid gland similarly to non- RAI, 
allowing evaluation of thyroid function and visualiza-
tion of the structure of the gland. Due to the longer 
half- life and increased radiation exposure, I- 131  has 
limitations for some diagnostic applications [102].

I- 123, a gamma- emitting isotope with a 13- hour 
half- life, is more suitable for certain diagnostic purposes 
than I- 131 due to its lower radiation exposure  [103]. 
I- 123 is not used for therapeutic purposes, as it lacks 
beta particle emissions necessary to destroy thyroid 
cells [104].

9.2.2.3  Practice Guide

A practical guide to interpreting radioactive iodine 
scans during the evaluation of differentiated thyroid 
cancers is shown in Table 9.2.

9.2.3 Radioactive Iodine Scans in Thyroid 
Cancer (Thyrogen)

9.2.3.1 Physiology

RAI scans are used to assess patients with thyroid 
 cancer, particularly differentiated thyroid cancer, to 
detect residual or recurrent disease after thyroidec-
tomy. Thyrogen, also known as rhTSH, is a synthetic 
form of TSH [107].

The hypothalamic–pituitary–thyroid axis was 
reviewed in Chapter 2.

TABLE 9.2  Interpretation of radioactive 
iodine scans.

Imaging findings Management plan

Absent 
radioiodine 
uptake in the 
thyroid bed

Suboptimal TSH stimulation
Poor adherence to a low- iodine 
diet

Increased focus 
of uptake in the 
thyroid bed

Possible excess remnant tissue 
or persistent thyroid cancer. The 
patient may require repeat 
surgery or fine needle biopsy

Focus of uptake 
outside the 
thyroid bed

Additional testing is required. 
Evaluate metastatic disease and 
consider dosimetrically guided 
instead of empiric I- 131 
activities for treatment

Source: Adapted from Ref. [105].

Clinical Trial Evidence

This study investigated the use of recombinant 
human thyrotropin (rhTSH) as an alternative 
to  the withdrawal of thyroid hormone for 

radioiodine detection in patients with differenti-
ated thyroid cancer. The research included 127 
patients who underwent whole- body radioiodine 
scanning using both methods. The results showed 
that the rhTSH- stimulated scans were equivalent 
to thyroid hormone withdrawal scans in 66% of 
the patients with positive scans, superior in 5%, 
and inferior in 29%. When considering all patients, 
both methods were equivalent in 83% of cases. 
Patients experienced fewer symptoms of hypothy-
roidism and mood disturbances with rhTSH 
administration. Although rhTSH scanning has 
lower sensitivity, it offers a viable alternative to 
the withdrawal of thyroid hormone with reduced 
side effects [106].
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9.2.3.2  Mechanism of Action

In patients who have undergone thyroidectomy, 
the  administration of recombinant human TSH 
( thyrogen) stimulates any remaining thyroid tissue 
or  metastatic thyroid cancer cells to increase iodine 
uptake. This is because TSH acts on thyroid cells to 
increase sodium- iodide symporter (NIS) activity, 
which is responsible for the transport of iodine into 
the cells [108].

9.2.3.3  Practice Guide

Recombinant human TSH (rhTSH) was created to 
stimulate TSH without the withdrawal of thyroid hor-
mone and the associated risks of clinical hypothy-
roidism. Administered by two consecutive daily 
injections, rhTSH leads to short- term elevation of 
TSH, which could potentially reduce the risks of 
tumor stimulation risks [109].

9.3  DISORDERS OF THE 
ADRENAL GLANDS

9.3.1 Oral Sodium Loading Test

9.3.1.1 Physiology

The pathophysiologic basis of this test is based on the 
fact that aldosterone is responsible for sodium reab-
sorption in the kidneys. In primary hyperaldosteron-
ism, there is an excess of aldosterone, leading to 
increased sodium reabsorption, which in turn leads to 
volume expansion and hypertension. By challenging 
the system with high sodium intake, the test aims to 
differentiate between normal physiology (in which 
aldosterone secretion should be suppressed) and pri-
mary hyperaldosteronism (in which aldosterone secre-
tion remains inappropriately high) [111].

9.3.1.2  Mechanism of Action

See Chapter  3 for the role of aldosterone in the 
conservation of sodium and water.

9.3.1.3  Practice Guide

The patient is asked to consume a high- sodium diet for 
several days (typically 3 days). This high sodium intake 
suppresses the renin–angiotensin–aldosterone system 
(RAAS) in healthy individuals, leading to a decrease in 
aldosterone levels. Urinary sodium and aldosterone 
levels are measured after a high- sodium diet. In healthy 
individuals, increased sodium intake results in the sup-
pression of aldosterone, while in patients with primary 
hyperaldosteronism, aldosterone secretion remains 
inappropriately high despite sodium loading [112].

If the urinary aldosterone level remains elevated 
(> 12 μg/24 hours) and the urinary sodium level is 
high (>200 mEq/24 hours) after sodium loading, it 
suggests that the patient has primary hyperaldosteron-
ism  [113]. This is because aldosterone levels should 
have been suppressed by high sodium intake if the 
RAAS were functioning normally [114].

Clinical Trial Evidence

This study investigated the use of human thyroid 
stimulating hormone (rhTSH) recombinant as an 
alternative to thyroid hormone withdrawal (THW) 
to enhance iodine- 131 uptake in patients with dif-
ferentiated thyroid cancer (DTC) after thyroidec-
tomy. Although rhTSH has potential benefits, its 
efficacy for residual or metastatic DTC has not been 
prospectively assessed.

This study analyzed four trials with 223 
patients with DTC, finding no significant differ-
ences between rhTSH and THW in ablation rate. 
However, rhTSH treatment showed benefits in 
reduced radiation exposure to the blood and bone 
marrow and some improvement in health- related 
quality of life scores. No serious adverse effects or 
deaths were reported in either group. However, the 
study lacks sufficient data on metastatic DTC and 
long- term outcomes.

The authors concluded that rhTSH is as effec-
tive as THW for ablation of thyroid remnants with 
iodine- 131. More randomized controlled trials are 
needed to evaluate the effectiveness of lower doses 
of iodine- 131 and guide treatment selection for 
metastatic DTC [110].

Clinical Trial Evidence

This prospective study aimed to compare the capto-
pril suppression test with the salt loading approach 
in confirming primary aldosteronism. A total of 49 
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9.3.2 Intravenous Saline Suppression Test

9.3.2.1 Physiology

The pathophysiological basis of the saline suppression 
test is similar to what was described for the oral salt 
loading test in Section 9.3.1.

9.3.2.2  Mechanism of Action

See Chapter  3 for the role of aldosterone in the 
conservation of sodium and water.

9.3.2.3  Practice Guide

The Saline Infusion Test (SIT) involves administering 
2 l of 0.9% saline intravenously over 4 hours to patients 
in the sitting position. Blood samples for aldosterone, 
renin, and cortisol are then collected before and after 
the infusion. Medications that could interfere with 
aldosterone and renin measurements are generally 
replaced by alpha- adrenoceptor blockers (e.g. doxa-
zosin, prazosin), vasodilators (e.g. hydralazine), or 
non- dihydropyridine calcium channel blockers (e.g. 
verapamil) [116, 117].

9.3.3 Clonidine Suppression Test

9.3.3.1 Physiology

The clonidine suppression test (CST) is used to diag-
nose pheochromocytoma, a rare tumor of the adrenal 
gland that produces excessive amounts of catechol-
amines, such as epinephrine and norepinephrine. The 
pathophysiological basis of the CST lies in the effect of 
clonidine on the central nervous system and its ability 
to suppress catecholamine release [119].

Clonidine is an alpha- 2 adrenergic agonist that 
acts on the central nervous system. It stimulates alpha-
 2 adrenergic receptors in the brain, which in turn 
inhibits the release of norepinephrine from nerve end-
ings  [120]. In a healthy individual, this leads to a 
decrease in circulating catecholamines (epinephrine 
and norepinephrine) and, therefore, to a reduction in 
blood pressure.

In the case of pheochromocytoma, tumor cells 
produce and secrete catecholamines independently of 
the control of the central nervous system. Conse-
quently, when clonidine is administered during the 
suppression test, it will not significantly suppress the 
release of catecholamines from the tumor, as does in a 
healthy individual [121].

9.3.3.2  Mechanism of Action

Clonidine can reduce norepinephrine levels in the 
blood of healthy individuals by activating central 
alpha- adrenergic receptors. As the natural increase 
in  catecholamines relies on the activation of the 

patients with a suspected diagnosis of primary 
aldosteronism were included. Of the 49 patients, 
44  had non- suppressible aldosterone concentra-
tions, 22  had a unique adenoma, and 22  had 
 presumed bilateral hyperplasia. A significant cor-
relation was found between plasma aldosterone 
values in salt- loaded patients and values 2 hours 
after captopril administration (r  = 0.8, P  < 0.01). 
The study concluded that the captopril suppres-
sion test is as effective as sodium loading in con-
firming the diagnosis of primary aldosteronism 
diagnosis [115].

Clinical Trial Evidence

This study aimed to prospectively investigate the 
precision of the saline infusion test (SIT) in diag-
nosing primary aldosteronism (PA). Of the 1115 
patients screened in the PAPY study, 317 under-
went plasma aldosterone, cortisol, and renin 
activity measurements after an intravenous 

infusion of 2 L of isotonic saline for 4 hours. The 
study found that 120 patients (37.9%) had PA, 46 
(38.3%) had aldosterone- producing adenoma 
(APA), and 74 (61.7%) had idiopathic hyperaldoste-
ronism (IHA). The SIT was safe and had no adverse 
effects. The area under the receiver–operator 
characteristic curves (AUC) was significantly 
higher than under the diagonal, indicating that the 
test was accurate in diagnosing PA, APA, and IHA. 
However, the study found that the test had 
moderate sensitivity and specificity due to overlap-
ping values between patients with and without the 
disease and could not discriminate between APA 
and IHA. In conclusion, SIT was safe and specific 
in excluding PA, but was not effective in differenti-
ating between APA and IHA [118].
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sympathetic nervous system, while the tumor- related 
release is thought to occur independently, clonidine 
can help differentiate between a healthy state and a 
true pheochromocytoma. This is because it inhibits 
catecholamine release that is triggered by the nervous 
system but not autonomous secretion caused by 
pheochromocytomas [122].

9.3.3.3  Practice Guide

The CST is performed in patients between 8 : 00 am 
and 9 : 00 am. Patients are instructed to avoid certain 
medications, smoking, and food for 12 hours prior to 
the test. During the test, the patients remained supine, 
with their blood pressure and heart rate monitored 
every 30 minutes. Blood samples are then collected 
after 30 minutes of supine rest and 3 hours after inges-
tion of clonidine, with the dose adjusted according to 
body weight. A CST result is considered normal if cat-
echolamine levels are below age- adjusted upper refer-
ence limits (URL) or decrease by at least 40% compared 
to baseline after clonidine administration [123].

9.3.4 Insulin Tolerance Test

9.3.4.1 Physiology

The pathophysiological basis for using insulin tolerance 
testing (ITT) in the evaluation of adrenal insufficiency 

lies in the body’s response to induced hypoglycemia. 
ITT involves the administration of insulin, leading to a 
rapid decrease in blood glucose levels. This drop in blood 
glucose serves as a powerful physiological stressor, 
causing the hypothalamus to release CRH [124].

CRH stimulates the anterior pituitary gland to 
secrete ACTH, which, in turn, triggers the adrenal 
cortex to produce cortisol. Cortisol is a crucial hor-
mone that promotes gluconeogenesis and restores 
plasma glucose levels.

In individuals with normal adrenal function, cor-
tisol levels will increase in response to ITT- induced 
hypoglycemia. However, in patients with adrenal 
insufficiency, the cortisol response will be inadequate 
or absent due to impaired adrenal gland function, 
ACTH deficiency, or issues with the hypothalamic–
pituitary–adrenal (HPA) axis.

Therefore, the insulin tolerance test serves as a 
valuable tool for assessing the integrity of the HPA axis 
and identifying adrenal insufficiency by evaluating the 
cortisol response to hypoglycemic stress.

9.3.4.2  Mechanism of Action

Insulin- mediated hypoglycemia triggers a stress 
response that involves the release of CRH, ACTH, and 
eventually cortisol.

9.3.4.3  Practice Guide

ITT is associated with an increased risk of complica-
tions and requires close medical supervision. There-
fore, it is no longer routinely used in the evaluation of 
adrenal insufficiency or GH deficiency anymore [125].

9.3.5 Adrenal Venous Sampling

9.3.5.1 Physiology

Adrenal vein sampling (AVS) is a diagnostic procedure 
used to evaluate the cause of hyperaldosteronism, a 
condition characterized by excessive production of 
aldosterone, a hormone that regulates blood pressure 
and electrolyte balance  [126]. Hyperaldosteronism 
can be due to primary aldosteronism (PA) or secondary 
aldosteronism [127].

Clinical Trial Evidence

In a single- center prospective study involving 60 
patients with suspected pheochromocytoma/para-
ganglioma (PPGL), the clonidine suppression test 
(CST) was evaluated for its role in the diagnosis of  
PPGL in patients with adrenal tumors and/or 
arterial hypertension. Of the 46 patients who 
entered the final analysis, CST demonstrated 100% 
specificity in excluding false positive normetaneph-
rine (NMN) results. The sensitivity of CST increased 
from 85% to 94% when tumors with an increase in 
isolated metanephrine (MN) were not considered. 
CST accurately identified all patients without PPGL 
who had elevated baseline NMN. The study con-
cluded that CST is a useful diagnostic tool for eval-
uating elevated plasma- free NMN in patients with 
suspected PPGL, correctly identifying all false 
positive NMN screening results [123].

Clinical Trial Evidence

See the practice guide.
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AVS is used in the evaluation of hyperaldosteron-
ism due to its diagnostic utility in differentiating bet-
ween unilateral and bilateral adrenal diseases  [128]. 
Unilateral adrenal disease, typically caused by an 
aldosterone- producing adenoma (APA) or unilateral 
adrenal hyperplasia (UAH), can be treated surgically, 
while bilateral adrenal hyperplasia (BAH) is treated 
medically [129].

9.3.5.2  Mechanism of Action

ACTH plays a crucial role in AVS, as it helps minimize 
the variability caused by the pulsatile secretion of 
aldosterone and the stress reaction during the 
procedure  [130]. Pulsatile aldosterone secretion can 
create artifactual gradients between the right and 
left  adrenal glands when blood sampling is per-
formed sequentially, particularly if the interventionist 
is not proficient and fast enough  [131]. The stress 
reaction that occurs when starting AVS can also 
 exacerbate these problems and affect the assessment 
of lateralization [132].

To overcome these issues, some centers use 
ACTH infusion during the AVS procedure, known as 
ACTH- stimulated AVS  [133]. ACTH is a hormone 
that stimulates the adrenal cortex to produce and 
release cortisol and aldosterone. When a continuous 
infusion of synthetic ACTH is administered, the 
adrenal glands are stimulated, reducing variability in 
aldosterone secretion and helping to obtain more 
consistent and accurate aldosterone- to- cortisol ratios 
(ACR) [134]. This, in turn, improves the interpreta-
tion of the lateralization index, a crucial determinant 
for differentiating unilateral and bilateral adrenal 
hyperaldosteronism [135].

9.3.5.3  Practice Guide

During AVS, both adrenal veins are sequentially 
accessed through a percutaneous bilateral femoral 
approach using fluoroscopic guidance. A 5 or 6 
French vascular catheter is inserted into the femoral 
vein, allowing placement of 4 and 5 French catheters 
in each adrenal vein [136]. The accurate positioning 
of the catheter tip is verified by contrast enhance-
ment. To minimize the time gap between the sam-
ples, the right adrenal vein (the most challenging) is 
sampled first, followed by the left adrenal vein, and 
finally, the external iliac vein. Blood samples are 
 collected from each site to measure aldosterone and 
cortisol levels.

A continuous infusion of cosyntropin (at a rate of 
50 mcg per hour) is initiated at least 30 minutes before 
adrenal gland sampling and continues throughout the 
procedure [137]. This helps counteract stress- induced 
increases in aldosterone production. Furthermore, 
cosyntropin enhances the cortisol gradient (com-
paring the adrenal gland to the inferior vena cava) and 
maximizes aldosterone secretion from the source of 
hyperaldosteronism, whether it is an APA or adrenal 
hyperplasia [138].

The interpretation of AVS is discussed in 
Chapter 4.

9.4  DISORDERS OF THE PANCREAS

9.4.1 Oral Glucose Tolerance Test

9.4.1.1 Physiology

See Chapter  4 for the role of insulin in glucose 
homeostasis.

9.4.1.2  Mechanism of Action

Under normal physiological conditions, carbohydrate 
ingestion leads to the breakdown of complex sugars 
into glucose, which subsequently enters the blood-
stream. The resulting elevation in blood glucose levels 
stimulates pancreatic insulin secretion, a hormone 

Clinical Trial Evidence

This study aimed to assess the impact of lateraliza-
tion cut- off points from adrenal venous sampling 
(AVS) on surgical outcomes in 377 primary aldoste-
ronism (PA). Clinical benefit and complete 
biochemical success were measured using the aldo-
sterone lateralization index (LI). Clinical benefit 
was observed in 29 of 47 patients (LI 2–4), 66 of 101 
patients (LI 4–10), and 158 of 203 patients (LI > 10). 
Complete biochemical success was achieved in 27 
of 42 patients (LI 2–4), 60 of 76 patients (LI 4–10), 
and 127 of 155 patients (LI > 10). The study con-
cluded that the use of a strict diagnostic threshold 
led to a relatively small difference in clinical out-
comes, while an LI > 4 was sufficient to achieve a 
biochemical cure and appropriate to identify uni-
lateral disease in PA patients [135].
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that facilitates cellular glucose uptake and maintains 
glucose homeostasis [139, 140].

Individuals with insulin resistance, as observed in 
prediabetes (impaired glucose tolerance) or type 2 
diabetes mellitus, experience persistent hypergly-
cemia after oral glucose challenge due to the dimin-
ished capacity of insulin to promote glucose uptake by 
cells [141].

9.4.1.3  Practice Guide

The OGTT is a diagnostic procedure used to assess an 
individual’s ability to metabolize glucose and is partic-
ularly helpful in diagnosing diabetes.

The patient must fast for at least 8 hours prior to 
the test to ensure accurate results. Patients should be 
instructed to not consume any food or caloric bever-
ages during this period. A blood sample is taken from 
the patient before the glucose load is administered. 
This fasting blood glucose measurement serves as a 
baseline for comparison with subsequent samples. 
The patient receives a glucose- containing solution to 
drink, which typically contains 75 g of glucose for 
adults or a weight- adjusted dose for children  [142]. 
Blood samples are collected at specific intervals after 
the patient has consumed the glucose solution. These 
intervals usually include 1 and 2 hours after ingestion, 
although additional time points can be included 
depending on the specific protocol followed [143].

Blood samples are analyzed to determine glucose 
levels at each time point. These measurements are 
then compared to the baseline fasting blood glucose 
level and established diagnostic criteria. Based on 
blood glucose levels obtained during the OGTT, a diag-
nosis of normal glucose tolerance, impaired glucose 
tolerance (prediabetes), or diabetes can be made. In 
general, higher blood glucose levels and slower return 
to baseline levels indicate a reduced ability to metabo-
lize glucose, suggesting the presence of diabetes or 
prediabetes.

For adults, the standard diagnostic criteria for an 
OGTT are as follows.

9.4.2 The 72- Hour Fast

9.4.2.1 Physiology

When hypoglycemia occurs, there is a marked 
decrease in insulin production by pancreatic beta 
cells. Subsequently, this is followed by an increase in 
glucagon secretion from alpha cells of the pancreas. 
If hypoglycemia continues, additional counterregula-
tory hormones are released. The release of epinephrine 
leads to the characteristic hyperadrenergic symptoms 
associated with hypoglycemia. Finally, GH and cor-
tisol are secreted as the final stress responses to 
hypoglycemia [146].

Symptoms that trigger behavioral defense of food 
consumption typically develop at an average plasma 
glucose concentration of approximately 55 mg/dL 

Blood glucose 2 hours after consuming the 
glucose solution.
Normal: less than 140 mg/dL (7.8 mmol/L)
Impaired glucose tolerance (prediabetes): 140–
199 mg/dL (7.8–11.0 mmol/L)
Diabetes: 200 mg/dL (11.1 mmol/L) or higher [144].

Clinical Trial Evidence

This study aimed to determine to what extent 
insulin sensitivity and release could be predicted 
from an oral glucose tolerance test (OGTT). The 
researchers evaluated insulin sensitivity using the 
euglycemic- hyperinsulinemic clamp and insulin 
release using the hyperglycemic clamp in 104 non-
diabetic volunteers who also underwent an OGTT. 
Demographic parameters, plasma glucose, and 
insulin values were used in multiple linear regres-
sion models to predict glucose metabolic clearance 
rate (MCR), insulin sensitivity index (ISI), and 
insulin release in the first phase (first PH) and sec-
ond phase (second PH) insulin release.

The resulting equations for MCR and ISI, 
which included BMI, insulin (120 min) and glucose 
(90 minutes), demonstrated strong correlations 
with measured MCR (r = 0.80, P < 0.00005) and ISI 
(r  = 0.79, P  < 0.00005). Similarly, the equations 
for the first and second PH, which included insulin 
(0 and 30 minutes) and glucose (30 minutes), 
showed strong correlations with the first PH 
(r = 0.78, P < 0.00005) and the second PH (r = 0.79, 
P  < 0.00005). The study concluded that insulin 
sensitivity and release could be predicted with rea-
sonable precision using demographic parameters 
and values obtained during an OGTT. The derived 
equations could be useful in clinical settings where 
clamping is used, or the minimal model would be 
impractical [145].
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(3.0 mmol/L). At this concentration and lower, insulin 
secretion is almost completely suppressed; plasma 
insulin levels fall below 3 U/mL (18 pmol/L), C- peptide 
levels drop below 0.6 ng/mL (0.2 nmol/L), and proin-
sulin levels are below 5.0 pmol/L [147].

9.4.2.2  Mechanism of Action

See Section 4.3.5.

9.4.2.3  Practice Guide

See Section 4.3.5.

9.4.3 The Secretin Stimulation Test

9.4.3.1 Physiology

Secretin, a peptide hormone consisting of 27 amino 
acids, was initially discovered by Starling and is syn-
thesized in various human tissues such as the small 

intestine, hypothalamus, and neocortex  [149]. By 
binding to its specific receptors found in pancreatic 
ductal and acinar cells, secretin plays a crucial role 
in  stimulating the secretion of a bicarbonate- rich 
fluid  [150]. This fluid is essential for neutralizing 
gastric acid present in the small intestine, thus main-
taining an optimal environment for the digestion and 
absorption of nutrients [151].

9.4.3.2  Mechanism of Action

Secretin stimulates the release of pancreatic juices 
while inhibiting gastric acid secretion and intestinal 
motility at the same time [152]. In normal physiology, 
secretin stimulates the release of pancreatic fluid (con-
taining bicarbonate), which, upon reaching the duo-
denum plays a pivotal role in neutralizing gastric acid 
and raising the duodenal pH. In so doing, this exerts a 
negative feedback inhibition that regulates secretin  
release.

In patients with gastrin- secreting tumors, secretin 
causes a paradoxical increase in gastrin release rather 
than its inhibition, as occurs in normal physiology. 
This forms the basis for the secretin stimulation test 
performed to diagnose hypergastrinemia [153].

9.4.3.3  Practice Guide

Secretin Stimulation Test Procedure

• Ensure that the patient has not consumed any 
food for a minimum of 12 hours prior to the test.

• Insert an intravenous cannula (heplock) to 
maintain easy access to the patient’s veins dur-
ing the test.

• Collect a venous blood sample at the beginning 
of the test to establish the patient’s basal fasting 
serum gastrin levels. Obtain at least two base-
line samples.

• Administer an intravenous bolus of secretin in 
30 seconds, using a dose of 0.4 mcg per kg of 
body weight of synthetic human secretin.

• Measure gastrin levels after secretin injection in 
the following time intervals: 2, 5, 10, 15, and 
20 minutes (using a gold top tube).

• Remove intravenous access and label the col-
lected samples.

• Keep in mind that different authors suggest 
 various diagnostic thresholds, leading to a range 
of sensitivities and specificities. Consider an 

Clinical Trial Evidence

The aim of this study is to evaluate the need for a 
full 72- hour fast for the diagnosis of insulinoma.

Patients with suspected hypoglycemia and doc-
umented glucose levels below 45 mg/dL were 
admitted to the NIH. Data from a supervised fast of 
patients with pathologically confirmed insulinoma 
over a 30- year period were reviewed. A total of 127 
patients with insulinoma were identified, with an 
average age of 42.7 ± 15.9 years and a predomi-
nance of women (62%). Among them, 107  had 
benign tumors, 20 had malignant insulinomas, and 
15 had multiple endocrine neoplasia type 1.

The fast was stopped due to hypoglycemia in 44 
patients (42.5%) in 12 hours, 85 patients (66.9%) by 
24 hours, and 120 (94.5%) by 48 hours. Seven patients 
fasted for 48 hours despite subtle neuroglycopenic 
symptoms and glucose and insulin levels indicative 
of insulinoma. Immunoreactive proinsulin was 
elevated at the beginning of the fast in 90% of 42 
patients. Proinsulin levels in noninsulinoma patients, 
in contrast to insulinoma patients, are usually sup-
pressible, so samples taken in the suppressed state 
provide the greatest diagnostic value.

The study concludes that with current insulin and 
proinsulin assays, the diagnosis of insulinoma can 
be made within 48 hours of a supervised fast [148].
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increase in gastrin levels after secretin adminis-
tration (relative to baseline) of 200 pg/mL, 
120 pg/mL, or 110 pg/mL [154].

9.5  DISORDERS OF THE 
REPRODUCTIVE ORGANS

9.5.1 Progestin Challenge Test

9.5.1.1 Physiology

Normal menstrual cycles are regulated by a complex 
interplay of hormones involving the hypothalamic–
pituitary- ovarian (HPO) axis. The pulsatile release of 

GnRH from the hypothalamus stimulates the anterior 
pituitary gland to secrete FSH and LH. FSH and LH act 
on the ovaries, promoting follicular growth and the 
production of estrogen. During the midcycle, a spike in 
LH levels triggers ovulation and the formation of the 
corpus luteum, which secretes progesterone [155].

Estrogen plays a vital role in the proliferation of 
the endometrial lining during the follicular phase, 
while progesterone, secreted during the luteal phase, 
stabilizes and prepares the endometrium for potential 
implantation. If fertilization does not occur, the cor-
pus luteum regresses, leading to a decrease in proges-
terone levels and shedding of the endometrial lining, 
presenting as a normal menstruation. See Figure 6.5.

9.5.1.2  Mechanism of Action

The mechanism of action is reviewed in Chapter 7.

9.5.1.3  Practice Guide

The Progestin Challenge Test assesses the presence of 
adequate estrogen levels and the endometrial response 
to progesterone. Synthetic progestin (e.g. medroxypro-
gesterone acetate) is administered for a short period, 
typically 5–10 days, to mimic progesterone’s effect on 
the endometrium during the luteal phase  [156]. If 
there is adequate estrogen, the endometrium will pro-
liferate and respond to progestin.

Withdrawal bleeding after stopping progestin 
administration indicates a normal estrogen level and 
an intact HPO axis, suggesting that amenorrhea is 
probably due to anovulation or hypothalamic–
pituitary dysfunction. In such cases, further evalua-
tion is required to identify the cause of anovulation or 
hormonal imbalance.

In contrast, the absence of withdrawal bleeding 
after the progestin challenge implies insufficient 
estrogen levels, an unresponsive endometrium, or an 
obstruction of the outflow tract. Low estrogen levels 
could be due to ovarian failure, hypothalamic amenor-
rhea, or pituitary dysfunction. Additional diagnostic 
tests, such as measuring serum estrogen levels, FSH, 
and LH, or performing a hysteroscopy, may be war-
ranted to elucidate the cause of amenorrhea.

Clinical Trial Evidence

Evaluating fasting serum gastrin (FSG) is crucial to 
diagnosing and managing Zollinger–Ellison syn-
drome (ZES). However, existing studies on FSG 
levels in patients with gastrinoma have limitations 
due to small sample sizes, varied methodologies, 
and the absence of correlations with clinical, labo-
ratory, or tumor characteristics in patients with 
ZES. To address this, a prospective National Insti-
tutes of Health (NIH) study was conducted of 309 
patients with ZES, and its results were compared to 
those of 2229 patients with ZES patients in 513 
smaller studies and case reports in the literature.

The findings revealed that normal FSG values 
were rare (0.3–3%) among patients with ZES, as 
well as very high FSG levels >100- fold normal (4.9–
9%). Two- thirds of gastrinoma patients had FSG 
values <10- fold normal, which overlapped with 
levels seen in more prevalent conditions such as 
Helicobacter pylori infection or antral G- cell hyper-
plasia/hyperfunction. In these cases, FSG levels 
alone were not diagnostic for ZES, necessitating 
provocative gastrin tests for a definitive diagnosis.

Most clinical variables did not correlate with 
FSG levels, but a strong correlation was found bet-
ween FSG values and certain clinical characteris-
tics, such as prior gastric surgery, diarrhea, and the 
time from onset to diagnosis. Furthermore, 
increasing basal acid production (but not maximal 
acid production) was closely correlated with 
increasing FSG. Several tumor characteristics, 
including location, primary size, and extent, were 
also found to correlate with FSG levels [154].

Clinical Trial Evidence

In this clinical study, 41 amenorrheic patients were 
divided into two groups according to whether they 
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PRACTICE-BASED QUESTIONS

1. A 46- year- old woman presents with generalized 
fatigue, weight loss, and hyper- pigmentation, espe-
cially in skin folds and mucous membranes. She 
has a history of hypothyroidism, which is well con-
trolled on medication. The laboratory workup 
shows low serum cortisol and ACTH levels. An 
ACTH stimulation test is ordered for further 
evaluation.

Which of the following results of the ACTH stim-
ulation test would be consistent with the diagnosis 
of secondary adrenal insufficiency?

a. A peak cortisol level of 20 mcg/dL
b. A peak cortisol level of 17 mcg/dL
c. A peak cortisol level of 16 mcg/dL
d. A peak cortisol level of 14 mcg/dL

2. A 28- year- old woman presents with irregular 
periods, hirsutism, and obesity. Her fasting blood 
glucose and insulin levels are within normal limits. 
The physician suspects non- classic adrenal hyper-
plasia (NCAH) and decides to perform an ACTH 
stimulation test.

Which result of the ACTH stimulation test is 
consistent with a diagnosis of NCAH?

a. Baseline 17- hydroxyprogesterone level of 
500 ng/dL and a stimulated level of 800 ng/dL

b. Baseline 17- hydroxyprogesterone level of 
1500 ng/dL and a stimulated level of 2500 ng/dL

c. Baseline 17- hydroxyprogesterone level of 
180 ng/dL and a stimulated level of 600 ng/dL

d. Baseline 17- hydroxyprogesterone level of 
3000 ng/dL and a stimulated level of 5000 ng/dL

Answer: B) Baseline 17- hydroxyprogesterone level 
of 1500 ng/dL and a stimulated level of 2500 ng/
dL. Explanation: Non- classic adrenal hyper-
plasia (NCAH) is often characterized by an 
exaggerated response to ACTH stimulation 
with increased 17- hydroxyprogesterone levels. 
In NCAH, a value of 17- hydroxyprogesterone 
at the 60- minute sample between 1000 and 
10,000 ng/dL is diagnostic. Therefore, a base-
line 17- hydroxyprogesterone level of 1500 ng/
dL and a stimulated level of 2500 ng/dL is con-
sistent with NCAH.

3. A 35- year- old male patient with a history of being 
significantly taller than his peers presents with 
coarse facial features, enlarged hands and feet, and 
joint pain. A glucagon stimulation test was per-
formed with the maximum GH level determined as 
2.7 ng/mL. What does this result suggest?

a. The patient has acromegaly.
b. The patient has a growth hormone deficiency.
c. The patient has pheochromocytoma.
d. The patient has no endocrine abnormalities.

Answer: b. Explanation: This patient presents with 
features suggestive of acromegaly, a condition 
characterized by excessive GH secretion. 
However, the glucagon stimulation test shows 
a maximum GH level of 2.7 ng/mL, which falls 
below the typical threshold of 3 ng/mL, sug-
gesting a growth hormone deficiency. This 
indicates a possibility of diagnostic discor-
dance, necessitating further diagnostic workup.

experienced withdrawal uterine bleeding after 
intramuscular administration of progesterone. The 
study aimed to investigate the correlation between 
withdrawal bleeding and ovarian volume, mor-
phology (specifically, the presence or absence of 
follicles and their stage of development), and ste-
roidogenic function in these patients.

Most of the patients who experienced 
progesterone- induced uterine bleeding had rela-
tively large ovaries with highly developed follicles 
(tertiary- Graafian follicle) and demonstrated an 
increase in urinary excretion of total estrogens at 
24 hours in response to exogenously administered 
human menopausal gonadotropin (HMG) and 
human chorionic gonadotropin (HCG). On the con-
trary, most patients without progesterone- induced 
uterine bleeding had smaller ovaries with no follicles 
or those in a lower developmental stage (primordial- 
secondary follicle) and did not respond to exoge-
nous HMG and HCG.

The study findings suggest that the presence or 
absence of progesterone- induced uterine bleeding 
in amenorrheic patients is strongly associated 
with  ovarian volume, morphology, and steroido-
genic function. This correlation allows the 
classification of pathological amenorrhea into two 
distinct groups using the progesterone challenge 
test. This clinical categorization could prove 
valuable in the diagnosis and treatment of patients 
with amenorrhea [157].
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4. A 50- year- old female with a history of hypertension 
presents with mild hypoglycemic episodes, unex-
plained weight loss, and an adrenal incidentaloma 
identified on imaging. Given the clinical presenta-
tion and her medical history, which of the follow-
ing would be the most appropriate reason for 
not  performing a glucagon stimulation test in 
this patient?

a. The patient’s age
b. The presence of an adrenal incidentaloma
c. The patient’s weight loss
d. The patient’s hypoglycemic episodes

Answer: b. Explanation: The glucagon stimulation 
test may not be suitable for patients with pheo-
chromocytoma, a tumor that originates from 
the adrenal medulla and is associated with 
fluctuating blood pressure. In this case, the 
patient’s adrenal incidentaloma could poten-
tially be a pheochromocytoma, increasing 
the  risk of blood pressure fluctuations dur-
ing the test.

5. A 40- year- old male patient with a suspected diag-
nosis of acromegaly underwent an oral glucose tol-
erance test. Which of the following GH levels after 
glucose ingestion would most likely confirm the 
diagnosis?

a. GH level decreases to 0.2 ng/mL
b. GH level remains constant at 2 ng/mL
c. GH level increases to 4 ng/mL
d. GH level decreases to 1 ng/mL

Answer: b. Explanation: In healthy individuals, 
GH levels are suppressed to below 0.4 ng/mL 
after glucose ingestion. In patients with acro-
megaly, GH levels remain elevated or are 
inadequately suppressed, suggesting impaired 
feedback regulation and abnormal GH 
 secretion. Therefore, a GH level remaining 
constant at 2 ng/mL after glucose ingestion 
would most likely confirm the diagnosis of 
acromegaly.

6. Which of the following is the correct sequence of 
events in the normal regulation of growth hormone 
(GH) release?

a. Increased glucose -  > increased somatostatin 
-  > decreased GH release

b. Increased glucose -  > decreased GHRH 
-  > decreased GH release

c. Increased glucagon -  > increased GHRH 
-  > increased GH release

d. All of the above

Answer: d. Explanation: All of the provided 
sequences are correct. Increased blood glucose 
levels stimulate the release of somatostatin, 
which inhibits GH secretion (a), and may also 
inhibit the secretion of GHRH, which stimu-
lates GH release (b). Glucagon stimulates the 
release of GHRH, leading to an increase in GH 
release (c).

7. A 43- year- old female presents with a history of 
polyuria and polydipsia. A water deprivation test is 
conducted, and her urine osmolality is found to 
be  significantly less than 700 mOsm/kg after the 
8- hour period of water deprivation. Subsequent 
administration of desmopressin does not increase 
her urine osmolality. What is the most likely 
diagnosis?

a. Normal vasopressin secretion and function
b. Central diabetes insipidus (CDI)
c. Nephrogenic diabetes insipidus (NDI)
d. Psychogenic polydipsia

Answer: c. Nephrogenic diabetes insipidus (NDI). 
Explanation: In the water deprivation test, the 
failure to concentrate urine (urine osmolality 
<700 mOsm/kg) after an 8- hour period of 
water deprivation indicates either CDI or NDI. 
However, in NDI, despite the administration 
of  desmopressin, urine osmolality does not 
increase, differentiating NDI from CDI.

8. A 58- year- old male has been diagnosed with 
Cushing’s syndrome. During Inferior Petrosal 
Sinus Sampling (IPSS), ACTH levels in the inferior 
petrosal sinus blood samples are not significantly 
higher than those in peripheral blood. What does 
this finding suggest?

a. Cushing’s disease
b. An ectopic ACTH source
c. Addison’s disease
d. Hyperaldosteronism

Answer: b. An ectopic ACTH source. 
Explanation: In Cushing’s disease, the 
pituitary gland produces excessive ACTH, 
leading to increased cortisol production. If 
ACTH levels in the inferior petrosal sinus 
blood samples are not significantly higher 



than those in peripheral blood, it suggests 
that the excessive ACTH is not coming from 
the pituitary gland, suggesting an ectopic 
ACTH source or adrenal tumors.

9. A 36- year- old woman with Sheehan syndrome 
presents with symptoms suggestive of hypothy-
roidism. A TRH stimulation test shows a delayed 
response. What is the most likely diagnosis?

a. Primary hypothyroidism
b. Central hypothyroidism
c. Graves’ disease
d. Hashimoto’s thyroiditis

Answer: b. Central hypothyroidism. Explanation: 
The TRH stimulation test assesses the 
pituitary gland’s response to TRH. A delayed 
or nonresponse may indicate central hypothy-
roidism, where the dysfunction lies at the 
level of the hypothalamus or pituitary gland.

10. A 55- year- old female who has been recently diag-
nosed with differentiated thyroid cancer has just 
undergone thyroidectomy. She is now on levothy-
roxine replacement therapy. A radioactive iodine 
scan using a withdrawal protocol is planned.

Why is it necessary to discontinue her levothy-
roxine replacement therapy before the scan?

a. To suppress TSH levels
b. To increase TSH levels
c. To decrease iodine uptake by thyroid cells
d. To enhance iodine excretion from the body

Answer: b) To increase TSH levels. Explanation: 
The withdrawal protocol for a radioactive 
iodine scan requires discontinuation of thy-
roid hormone replacement therapy (levothy-
roxine), typically 4–6 weeks before the scan. 
This is done to increase the levels of thyroid- 
stimulating hormone (TSH) in the blood. 
Elevated TSH levels stimulate thyroid cells to 
absorb more iodine, which enhances the 
effectiveness of the radioactive iodine scan.

11. A 45- year- old man with differentiated thyroid 
cancer undergoes a radioactive iodine scan after 
the administration of thyrogen

Why is thyrogen administered before the radio-
active iodine scan?

a. To decrease iodine uptake by thyroid cells
b. To increase iodine uptake by thyroid cells

c. To suppress TSH levels
d. To enhance iodine excretion from the body

Answer: b) To increase iodine uptake by thyroid 
cells. Explanation: Thyrogen, or recombinant 
human thyrotropin (rhTSH), is a synthetic 
form of thyroid- stimulating hormone (TSH). 
In patients who have undergone thyroidec-
tomy, the administration of rhTSH stimulates 
any remaining thyroid tissue or metastatic 
thyroid cancer cells to increase iodine uptake, 
thereby enhancing the effectiveness of the 
radioactive iodine scan.

12. A 62- year- old woman, known to have hyperten-
sion, shows evidence of high aldosterone levels. A 
physician decides to proceed with an oral sodium 
loading test.

Why is an oral sodium loading test performed?

a. To stimulate the renin–angiotensin–aldoste-
rone system

b. To suppress the renin–angiotensin–aldoste-
rone system

c. To increase aldosterone secretion
d. To enhance sodium excretion

Answer: b) To suppress the renin–angiotensin–
aldosterone system. Explanation: An oral 
sodium loading test is done by consuming 
a  high- sodium diet for several days. This 
high sodium intake suppresses the renin–
angiotensin–aldosterone system (RAAS) in 
healthy individuals, decreasing aldosterone 
levels. If aldosterone secretion remains inap-
propriately high despite sodium loading, it 
suggests that the patient has primary 
hyperaldosteronism.
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A.1 CARDIOVASCULAR OUTCOME 
TRIALS IN DIABETES CARE

Appendix A

TABLE A.1 Selected trials of GLP- 1 agonists.

Clinical trial Drug

LEADER Liraglutide

SUSTAIN- 6 Semaglutide

ELIXA Lixisenatide

PIONEER Oral semaglutide

HARMONY Albiglutide

REWIND Dulaglutide

FREEDOM- CVO Canagliflozin

TABLE A.2 Selected trials of SGLT- 2 inhibitors.

Clinical trial Drug

EMPA- REG OUTCOME Empagliflozin

CANVAS Canagliflozin

DAPA- HF Dapagliflozin

VERTIS CV Ertugliflozin

DECLARE- TIMI 58 Dapagliflozin

CREDENCE Canagliflozin

EMPEROR- Preserved Empagliflozin

EMPEROR Reduced Empagliflozin

TABLE A.3 Selected trials of DPP- 4 inhibitors.

Clinical trial Drug

EXAMINE Alogliptin

SAVOR- TIMI 53 Saxagliptin

TECOS Sitagliptin

CARMELINA Linagliptin

CAROLINA Linagliptin vs glimepiride

TABLE A.4 Other selected clinical trials.

Clinical trial Drug

DEVOTE Insulin degludec vs. insulin glargine

IRIS Pioglitazone

ACE Acarbose

TABLE A.5 Landmark diabetes trials.

Clinical trial Drug

DCCT Intensive vs. conventional insulin therapy

EDIC Early intensive insulin therapy

UKPDS Intensive blood- glucose control

ACCORD Intensive vs. standard glycemic control

ADVANCE Intensive blood glucose control

VADT Intensive vs. standard glycemic control
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Sample infographic of an important clinical trial in 
endocrinology. Review other infographics of land-
mark trials at https://myendoconsult.com/
learn/clinical- trials/.

A.2 COMMON SIDE EFFECTS 
OF ENDOCRINE TREATMENTS 
(BOARD REVIEW)

A.2.1 Pituitary Therapies

Pasireotide: Hyperglycemia.
Retinoic Acid: Dry skin and increased sensitivity to 
sunlight.

Dopaminergic agonists: Nausea, dizziness, and 
orthostatic hypotension.
Steroidogenesis inhibitors: Adrenal insufficiency, 
gastrointestinal upset, and rash.
Mifepristone: Abdominal pain, nausea, and fatigue.
Somatostatin analogs: Gastrointestinal upset, gall-
stones, and injection site reactions.
Growth hormone receptor antagonists: Injection 
site reactions, elevated liver enzymes.
Growth hormone: Joint pain and slipped capital 
femoral epiphysis.
Desmopressin: Hyponatreamia.

https://myendoconsult.com/learn/clinical-trials/
https://myendoconsult.com/learn/clinical-trials/
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Natriuretic agents: Dizziness, headache, and elec-
trolyte imbalance.
Clofibrate, Chlorpropamide, and Carbamazepine: 
Gastrointestinal upset, dizziness, and skin rash.
Vaptans: Hyponatremia.

A.2.2 Thyroid Therapies

Thionamides: Skin rash, joint pain, and liver 
problems.
Lugol’s iodine: Metallic taste.
Glucocorticoids: Weight gain, insomnia, and mood 
changes.
Beta- blockers: Fatigue.
Lithium: Increased thirst, hand tremors, and weight 
gain.
Teprotumumab: Muscle cramps, nausea, and hair 
loss.
Rituximab: Infusion reactions, infections, and 
fatigue.
Tyrosine kinase inhibitors: Diarrhea, rash, and 
fatigue.
Radioactive iodine ablation: Dry mouth, taste 
changes, and neck tenderness.
mTOR inhibitors: Mouth sores, diarrhea, and ele-
vated blood sugar levels.

A.2.3 Adrenal Therapies

Glucocorticoids: Increased appetite and weight gain.
Mineralocorticoids: Fluid retention.
Androgens: Acne and oily skin and male pattern 
baldness in women.
Mineralocorticoid antagonists: Hypotensive 
symptoms.
Alpha- blockers: Hypotensive symptoms, dizziness, 
and fainting, nasal congestion.
Calcium channel blockers: Leg edema and dizziness.

A.2.4 Pancreas- Related Therapies

Insulin: Hypoglycemia and weight gain.
Biguanides: Diarrhea, metformin- associated lactic 
acidosis.
Meglitinides: Hypoglycemia, weight gain, and joint 
pain.

Sulfonylureas: Hypoglycemia and weight gain,
PPAR- gamma agonists: Fluid retention, bone 
fractures, and bladder cancer (rare).
GLP- 1 agonists: Nausea, vomiting, diarrhea, and 
pancreatitis (rare but serious).
SGLT- 2 inhibitors: Increased urination, yeast infec-
tions, and low blood pressure.
DPP- 4 inhibitors: Nasopharyngitis (common cold), 
headache, and joint pain.
Alpha- glucosidase inhibitors: Bloating and 
diarrhea.
Amylin agonists: Nausea, vomiting, and 
hypoglycemia.
Somatostatin analogs: Diarrhea, nausea, abdominal 
pain, and gallstones.
Diazoxide and diuretics: Fluid retention, low blood 
pressure, and hyperglycemia.
Phenytoin: Gum overgrowth.

A.2.5 Parathyroid- Related Therapies

Calcimimetics: Nausea, decreased appetite, and 
muscle aches.
Bisphosphonates: Bone pain (acute phase 
reaction).
Thiazide diuretics: Hypokalemia.
Calcium: Constipation, polyuria, and urolithiasis.
Calcitonin: Flushing.
RANK- L inhibitors: Hypocalcemia and increased 
risk of infections.
Anti- sclerostin inhibitors: Cardiovascular risk.
Hormone Replacement Therapy (Estrogen): Breast 
tenderness, bloating, nausea, and increased risk of 
blood clots (rare).

A.2.6  Obesity and Lipid- Related  
Therapies

Ezetimibe: Diarrhea and abdominal pain.
Statins: Muscle pain and weakness, liver damage 
(rare), increased risk of diabetes (in some people).
PCSK9- inhibitors: Injection site reactions and flu- 
like symptoms.
Omega- 3 Fatty Acids: Fishy aftertaste.
Fibrates: Upset stomach.
Phentermine- Topiramate: Dry mouth and 
tachycardia.
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Bupropion- Naltrexone: Suicidal ideation.
Intestinal lipase inhibitor: Gas, oily spotting, and 
increased risk of liver damage (rare).

A.3 BRAND NAMES OF COMMON 
MEDICATIONS IN ENDOCRINOLOGY

A.3.1 Diabetes Therapies

Metformin: Glucophage, Glucophage XR, Glu-
metza, Riomet, Fortamet
Glimepiride: Amaryl
Glipizide: Glucotrol, Glucotrol XL
Glyburide: Diabeta, Glynase, Micronase
Pioglitazone: Actos
Rosiglitazone: Avandia
Sitagliptin: Januvia
Saxagliptin: Onglyza
Linagliptin: Tradjenta
Alogliptin: Nesina
Canagliflozin: Invokana
Dapagliflozin: Farxiga
Empagliflozin: Jardiance
Ertugliflozin: Steglatro
Liraglutide: Victoza, Saxenda
Exenatide: Byetta, Bydureon
Dulaglutide: Trulicity
Semaglutide: Ozempic, Rybelsus
Albiglutide: Tanzeum
Lixisenatide: Adlyxin
Acarbose: Precose
Miglitol: Glyset
Repaglinide: Prandin
Nateglinide: Starlix
Insulin Glargine: Lantus, Basaglar, Toujeo
Insulin Detemir: Levemir
Insulin Aspart: NovoLog, Fiasp
Insulin Lispro: Humalog, Admelog
Insulin Glulisine: Apidra
Insulin Degludec: Tresiba
Regular insulin: Humulin R, Novolin R
NPH insulin: Humulin N, Novolin N
70/30 insulin: Humulin 70/30, Novolin 70/30

A.3.2 Pituitary- Related Therapies

Pasireotide: Signifor, Signifor LAR
Mifepristone: Korlym
Ketoconazole: Nizoral (off- label use for Cushing’s 
disease)
Osilodrostat: Isturisa
Octreotide: Sandostatin, Sandostatin LAR Depot
Lanreotide: Somatuline Depot
Pegvisomant: Somavert
Pasireotide: Signifor, Signifor LAR
Cabergoline: Dostinex
Bromocriptine: Parlodel
Desmopressin: DDAVP, Minirin, Stimate, Noqdirna, 
Nocdurna
Somatropin: Genotropin, Humatrope, Norditropin, 
Nutropin, Omnitrope, Saizen, Zomacton
Aminoglutethimide: Cytadren (off- label use for 
Cushing’s disease)
Bromocriptine: Parlodel (less common for treating 
acromegaly)
Quinagolide: Norprolac (not available in the United 
States)
Vasopressin: Vasostrict, Pitressin (less common 
than desmopressin for treating central diabetes 
insipidus)
Sermorelin: Geref (less common for treating growth 
hormone deficiency)
Corticosteroids: Hydrocortisone (Cortef), predni-
sone (Deltasone), dexamethasone (Decadron)
Testosterone: AndroGel, Testim, Androderm, Axiron
Estradiol: Estrace, Climara, Vivelle- Dot
Medroxyprogesterone: Provera, Depo- Provera

A.3.3 Thyroid Hormone Therapies

Levothyroxine: Synthroid, Levoxyl, Tirosint, Uni-
throid, Euthyrox
Liothyronine: Cytomel, Triostat
Natural desiccated thyroid (NDT): Armour Thyroid, 
Nature- Throid, WP Thyroid, NP Thyroid
Methimazole: Tapazole, Thiamazole
Sorafenib: Nexavar
Lenvatinib: Lenvima
Vandetanib: Caprelsa
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Cabozantinib: Cometriq
Teprotumumab: Tepezza

A.3.4 Reproductive Endocrinology  
Therapies

Clomiphene: Clomid, Serophene
Letrozole: Femara
Spironolactone: Aldactone, CaroSpir
Letrozole: Femara
Gonadotropins: Follistim AQ, Gonal- F, Menopur, 
Bravelle, Pergoveris
Human Chorionic Gonadotropin (hCG): Pregnyl, 
Novarel, Ovidrel
Progesterone: Prometrium, Endometrin, Crinone
Leuprolide: Lupron, Lupron Depot, Eligard
Goserelin: Zoladex
Nafarelin: Synarel
Ganirelix: Antagon
Cetrorelix: Cetrotide
Estradiol: Estrace, Climara, Vivelle- Dot, Alora, Divi-
gel, Estring, Estradot, EstroGel
Conjugated Estrogens: Premarin
Estropipate: Ogen
Ethinyl Estradiol + Norethindrone: Loestrin, Micro-
gestin, Junel, Femhrt
Ethinyl Estradiol + Levonorgestrel: Alesse, Aviane, 
Lessina, Levora, Lutera, Sronyx
Ethinyl Estradiol + Drospirenone: Yasmin, Yaz, 
Nikki, Loryna
Norethindrone: Camila, Errin, Heather, Jencycla, 
Ortho Micronor, Nor- QD
Medroxyprogesterone: Depo- Provera, Depo- subQ 
Provera 104
Etonogestrel: Nexplanon
Levonorgestrel- releasing IUD: Mirena, Skyla, 
Liletta, Kyleena
Copper IUD: Paragard
Testosterone Gel: AndroGel, Testim, Fortesta, Vogelxo
Testosterone Patch: Androderm
Testosterone Cream: Axiron (applied to underarms)
Testosterone Injections: Depo- Testosterone,  Xyosted, 
Aveed, Testopel (pellets)
Testosterone Buccal System: Striant
Testosterone Nasal Gel: Natesto

Clomiphene: Clomid, Serophene
Anastrozole: Arimidex
Letrozole: Femara
Choriogonadotropin alfa: Ovidrel
Chorionic Gonadotropin: Novarel, Pregnyl
Gonadorelin: Factrel, Lutrepulse
Leuprolide: Lupron, Lupron Depot, Eligard

A.3.5  Obesity and Lipid- Lowering  
Therapies

Phentermine: Adipex- P, Lomaira
Phendimetrazine: Bontril PDM, Bontril Slow Release
Diethylpropion: Tenuate, Tenuate Dospan
Lorcaserin: Belviq (withdrawn from the market due 
to safety concerns)
Orlistat: Xenical (prescription strength), Alli (over- 
the- counter strength)
Phentermine and Topiramate: Qsymia
Bupropion and Naltrexone: Contrave
Liraglutide: Saxenda
Semglutide: Wegovy
Tirzepatide: Mounjaro
Atorvastatin: Lipitor
Simvastatin: Zocor
Lovastatin: Mevacor, Altoprev
Pravastatin: Pravachol
Rosuvastatin: Crestor
Fluvastatin: Lescol, Lescol XL
Pitavastatin: Livalo, Zypitamag
Fenofibrate: Tricor, Antara, Fenoglide, Lipofen, 
Lofibra, Triglide
Gemfibrozil: Lopid
Cholestyramine: Questran, Questran Light, Prevalite
Colestipol: Colestid
Colesevelam: Welchol
Ezetimibe: Zetia
Icosapent ethyl: Vascepa
Omega- 3- acid ethyl esters: Lovaza, Omtryg
Omega- 3- carboxylic acids: Epanova
Evolocumab: Repatha
Alirocumab: Praluent
Inclisiran: Leqvio
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