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Preface

Hypertension and diabetes mellitus often coexist and are among the most common 
diseases and cardiorenal risk factors, and their frequency is increasing due to obe-
sity epidemic and aging of the population. Elevated BP values are a common finding 
in patients with type 2 diabetes mellitus. Development of hypertension in diabetic 
subjects heightens markedly the risk of macro- and micro-vascular complications. 
Over the past several years, a wealth of new information has accumulated about the 
association of this metabolic and hemodynamic disorder.

This book is intended to be an in-depth and up-to-date review of the various 
aspects of the association between blood pressure disorders and diabetes mellitus. 
In addition, a unique feature of this work includes discussion of topics infrequently 
considered and/or acknowledged by clinicians, namely the role of hemodynamic 
alterations on the vasculature of target organs (retina, kidney, brain, and gravid 
uterus).

Beirut, Lebanon Adel E. Berbari  
Milano, Italy  Giuseppe Mancia  
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1Coexistence of Diabetes Mellitus 
and Hypertension

Adel E. Berbari, Najla A. Daouk, and Edgar M. Nasr

1.1  Introduction

Hypertension and diabetes mellitus (DM) are common serious comorbidities which 
involve 31% and 10%, respectively, of the adult world population [1, 2].

According to the World Health Organization, obesity, arterial hypertension, and 
diabetes mellitus represent major risk factors for cardiovascular disorders [3]. Due 
to the obesity epidemic, the prevalence of hypertension and diabetes mellitus has 
increased significantly worldwide, reaching pandemic proportions [4]. It is esti-
mated that by 2025–2030, the total number of diabetics will rise to 552 million and 
that of hypertensives will reach 1.56 billion [4].

Hypertension and diabetes mellitus often co-occur in the same individual, a pat-
tern associated with markedly enhanced risk of cardiorenovascular disorders [1–4]. 
The presence of one of the two conditions increases the risk of developing the other 
by 1.5–2.0 times [5].
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1.2  Hypertension–Diabetes Mellitus: 
A Bidirectional Relationship

1.2.1  Definition

Impaired blood pressure (BP) regulation and blunted glucose/insulin metabolism 
are closely associated [1, 6, 7].

The coexistence of a dual diagnosis of hypertension and diabetes mellitus repre-
sents a serious comorbid cardiorenometabolic disorder characterized by a persistent 
nonphysiologic BP elevation and a dysglycemic state and a two- to threefold 
increased risk of macro-/microangiopathic complications and premature cardiore-
nal mortality [7, 8]. In the context of the hypertension–diabetes mellitus coexistent 
syndrome, it has been reported that 25% of the cardiorenal events is attributed to 
hypertension, while diabetes mellitus confers 30% of death [9].

1.2.2  Epidemiology

The association of a dual diagnosis of hypertension and diabetes mellitus is highly 
prevalent and is increasing worldwide because of the global obesity epidemic and 
ageing of the population [4, 10].

Several studies indicate that glycemia, BP, renal function, body weight, and 
genetic susceptibility appear to be the most relevant risk factors for the development 
of the hypertension/diabetes mellitus coexistent syndrome [10]. The relationship 
between hypertension and diabetes mellitus is substantial and bidirectional [5]. 
Both disorders overlap in the population and predict each other [3, 11–13]. About 
50% of patients with noninsulin-dependent diabetes mellitus (NIDDM) (type 2 dia-
betes mellitus) are hypertensive, while about 20% of subjects with hypertension 
have NIDDM [3, 5].

Hypertension is very frequent in the diabetic population globally, with an esti-
mated prevalence of over 50% [4, 14]. However, at a national level, occurrence rates 
of the association of hypertension and diabetes mellitus vary widely in different 
populations. In the Hong Kong Cardiovascular Risk Factor Prevention study, 46% 
of diabetic Chinese subjects were hypertensive [15]. Higher association rates were 
reported in other populations [5]. Prevalence close to 50% was noted in four 
Japanese studies and in the Honolulu Heart Study and Strong Heart Study [5]. Of 
note, the population of the Honolulu Heart Study was of Japanese ancestry [5]. 
Further, 70% of a cohort of Korean elderly diabetic subjects exhibited high BP lev-
els [16, 17]. In addition, in a national cross-sectional survey, 80% of Jordanian 
diabetic patients were hypertensive [18].

Epidemiologic surveys indicate that the relationship between diabetes mellitus 
and hypertension is influenced by physiologic parameters. Gender and duration of 
diabetes mellitus appear to be determinant factors [5, 19].

The prevalence of hypertension in diabetes mellitus and its relationship to the 
duration of diabetes was assessed in 702 subjects aged 18–74 years who have been 
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selected as a representative sample of patients with diabetes mellitus diagnosed 
between 1939 and 1965 [20]. Analysis of data of the study conducted in 1964–1965 
revealed that (i) the prevalence rates of hypertension were higher in diabetic women 
than in diabetic men, that is, 36% versus 26%, respectively [20]. These rates were 
higher than those in the US general population in 1962 [20]. Diabetic men and 
women had prevalence rates of 1.7, 1.9, and 2.1 times higher than those of the US 
general population 1962 census [20]. (ii) Further, diabetic women tend to develop 
hypertension at an earlier decade, that is, 45–54 years old versus 55–64 years old 
than their nondiabetic counterparts [21]. These observations suggest that diabetic 
women are more prone to disturbed BP control. (iii) There is a direct relation 
between the duration of diabetes mellitus and the prevalence of hypertension [20]. 
The increasing prevalence of hypertension associated with the increasing duration 
of diabetes was independent of ageing. The mechanisms by which the duration of 
diabetes mellitus relates to BP elevation could not be elucidated from the data of the 
study [20]. However, it has been postulated that obesity and microvascular compli-
cations may have contributed to the short-term and long-term relation between 
hypertension and the duration of diabetes mellitus [20].

Age also impacts the hypertension–diabetes mellitus relationship [21, 22]. In a 
study which assessed various features of hypertension in 662 diabetics and an equal 
number of matched nondiabetic subjects of the Dupont Company, the prevalence 
rates of hypertension, defined as a BP ≥150/95 mmHg, were greater in diabetic men 
younger than 45 years of age, with an excess of 54% [21]. On the other hand, in a 
community survey performed in Rancho Bernardo, California, in 1972–1974, which 
includes a population of 3456 of primarily white middle-aged class subjects, aged 
50–79 years, excess hypertension in diabetic patients tends (i) to decrease with age 
and (ii) to disappear in men older than 70 years [22]. Two factors have been postu-
lated to explain the age-related effects in the hypertension–diabetes mellitus asso-
ciation: (i) prior mortality leading to selective removal of older diabetic men and (ii) 
weakening predisposition to diabetes mellitus with ageing [22].

Although it is well established that diabetes mellitus is a strong predictor of inci-
dent hypertension, the rate of progression from normotension to hypertension 
remains unclear. The rate of BP changes during the development of hypertension in 
subjects with and without diabetes mellitus have been evaluated, using data from 
the MCDS (Mexico City Diabetes Study, a population-based study of diabetes mel-
litus in Hispanic whites) and in the FOS (Framingham Offspring Study, a 
community- based study in non-Hispanic whites) during a 7-year follow-up [23]. 
Analysis of data of these studies revealed that (i) diabetes mellitus at baseline was a 
significant predictor of hypertension. Conversely hypertension at baseline was an 
independent predictor of incident diabetes. (ii) In MCDS, in over 60% of convert-
ers, progression from normotension to hypertension was characterized by a steep 
rather than a progressive increase in BP values, with an average of about 20 mmHg 
for systolic BP within 3.5 years; (iii) conversion to diabetes or hypertension was 
associated with a metabolic syndrome phenotype [23].

A similar pattern has been reported in the progression to overt diabetes mellitus 
[23, 24]. In about 70% of subjects with normoglycemia or impaired glucose 
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intolerance in the MCDS study, the development to overt diabetes mellitus was 
characterized by an abrupt increase in plasma glucose values by about 50 mg/dL 
within 3.5 years [23, 24]. The diabetic converters exhibited features of the meta-
bolic syndrome [23].

1.3  Classification of Hypertension–
Diabetes-Associated Phenotypes

1.3.1  Hypertension in Diabetes Mellitus

1.3.1.1  Type 2 Diabetes Mellitus
Hypertension is very common in both type 1 and type 2 diabetes mellitus, being 
twice as frequent in subjects with the metabolic disorder as in those without [25, 26].

Although diabetes mellitus is etiologically classified into two main types, type 2 
diabetes mellitus (type 2 DM) accounts for over 85% of the diabetic population 
globally [27].

Several studies have established that type 2 DM increases the risk of hyperten-
sion development. In the treatment options for Type 2 Diabetes Mellitus in 
Adolescents and Youth study (TODAY) which recruited 699 adolescents, aged 
10–17 years with diabetes of less than 2 years’ duration, the prevalence of hyperten-
sion increased from 11.6% to 33.8% after a follow-up of 3.9 years [28]. Further, in 
a retrospective study of 5016 adults without a history of diabetes mellitus or hyper-
tension, an approximate twofold higher risk of incident hypertension was reported 
in patients with prediabetes compared to normoglycemic subjects [29].

Estimates of hypertension in diabetes mellitus depend upon the definition of 
hypertension and population studied.

Earlier studies have applied a higher BP threshold as an indicator of hyperten-
sion. In the Dupont Study, considering hypertension as BP ≥150/95 mmHg, Pell 
and DiAllonzo reported that employees with diabetes mellitus exhibited a 54% 
greater prevalence of hypertension compared to the nondiabetic controls [21]. In a 
nationwide survey of diabetic subjects performed in England in 1991–1994 for car-
diovascular risk assessment, a prevalence of hypertension of 51% was demonstrated 
with BP criterion >160/90 mmHg [30].

By shifting to lower BP targets, recent investigations suggest that hypertension 
appears to be much more prevalent among subjects with diabetes mellitus than doc-
umented by previous evaluations [31, 32].

A recent analysis of data of US adults with diabetes mellitus in the US National 
Health and Nutrition Survey (NHANES), 2011–2016, demonstrated high hyperten-
sion prevalent rates of 77% and 66% according to whether BP targets of 
>130/80  mmHg or >140/90  mmHg based on guidelines of the American Heart 
Association (AHA) and American Diabetes Association (ADA) were applied [31]. 
Further, a retrospective chart analysis of 2227 patients with type 2 DM confirmed 
that a downward shift of BP targets to 130/80 mmHg was associated with increasing 
rates of hypertension, with values of 60.2%, 76.5%, and 85.8% at BP thresholds of 
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140/90 mmHg, 130/85 mmHg, and 130/80 mmHg, respectively [32]. Moreover, the 
data suggested that hypertension also affects elderly diabetic subjects reaching 
prevalence rates of over 94% at age of 80 years [32].

1.3.1.2  Type 1 Diabetes Mellitus
Type 1 diabetes mellitus (T1DM) affects about 10%–15% of the diabetic popula-
tion, involving more commonly children and young adults [33]. The incidence of 
T1DM is increasing at an alarming rate, as it is estimated that about 90000 children 
are diagnosed yearly [33, 34].

In T1DM, hypertension is quite prevalent and more common than in the general 
population [35]. In a series of 900 patients with T1DM admitted to the Joslin clinic, 
Christlieb et al. reported that the prevalence of hypertension, defined as SBP/DBP 
>160/90 mmHg was significantly higher in diabetic subjects than in nondiabetic 
controls, with the relative risk of high BP greater among diabetic women than dia-
betic men counterparts [36]. Further, in a study which included 10202 Danish sub-
jects representing a sample of Danish population, Norgaard et  al. reported that 
hypertension was more prevalent in T1DM patients than in the general population, 
with rates of 14.7% and 4.4%, respectively [37]. The excess of hypertension in 
T1DM was attributed to diabetic nephropathy as evidenced by increased urinary 
albumin excretion [37]. However, some patients with T1DM develop hypertension 
with no evidence of clinical and laboratory diabetic nephropathy, but exhibit a 
strong family history of hypertension [37]. These patients are categorized as having 
essential hypertension [37].

In T1DM, hypertension is generally not present at the time of diagnosis of the 
metabolic disorder [25]. BP remains normal for the first 5–10 years but expresses 
subtle altered patterns which are apparent only by ambulatory BP monitoring 
(ABPM) [38, 39]. Lurbe et al. examined the circadian pattern of BP by ABPM and 
urinary albumin excretion in 45 patients with T1DM who were completely normo-
tensive by standard criteria and the same number of age-/sex-matched controls [39]. 
They demonstrated that many patients with T1DM displayed a blunted nocturnal 
fall in BP, elevation in nocturnal systolic and diastolic BP, and often nocturnal 
hypertension [39]. These BP changes antedated albuminuria and might lead to pro-
gression to diabetic nephropathy [39]. Similarly, Mateo-Gavita et al. evaluated, in a 
prospective observational study, the circadian BP pattern by ABPM of 85 clinically 
normotensive and normoalbuminuric patients with T1DM [40]. They reported a 
high prevalence of altered BP patterns, defined as masked hypertension and non- 
dipping nocturnal pattern and after a long-term follow-up development of microvas-
cular complications [40]. In most patients with T1DM, BP elevation often coincides 
with the development of incipient or overt nephropathy [37, 41]. In T1DM of over 
30 years, hypertension develops in 50% of subjects with incipient or overt nephrop-
athy, while BP remains normal in subjects who escape the renal disease-caused 
damage [41].

There is limited information about the overall prevalence of elevated BP in youth 
with diabetes mellitus [33, 35]. Although quite frequent, hypertension and BP dis-
orders are poorly recognized and often in T1DM undertreated, especially in the 
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pediatric age group [33, 42]. In a retrospective cohort study, about 70% of hyperten-
sive disorders in children with T1DM remained untreated for over one year after 
diagnosis [33].

Epidemiologic surveys and clinical studies reported variable estimates of ele-
vated BP in children and young adults with T1DM [33]. The prevalence of hyper-
tension varies between 4% and 16% [35]. In the SEARCH for Diabetes in Youth 
Study, a large multicenter study in North America which included 3691 youths aged 
3–17 years with T1DM, the prevalence of elevated BP was 5.9% [43]. However, 
other clinical studies reported that, in T1DM, the occurrence rates of hypertension 
were higher in older patients [33, 44]. The EURODIAB IDDM Complications 
study, a cross-sectional study which enrolled 3250 randomly selected type 1 dia-
betic patients with a mean age of 32.7 years and a mean duration of diabetes melli-
tus of 14.7 years, revealed a 24% hypertension prevalence, with only 11.3% of those 
with high BP treated and controlled [42]. Further, in the Coronary Artery 
Calcification in Type I Diabetes Mellitus (CACTI) study, a population of an over-
whelming non-Hispanic white type 1 adult diabetes, the mean hypertension preva-
lence was 43%, which was much higher than that in age-/sex-matched nondiabetic 
controls [44].

1.3.2  Diabetes Mellitus in Hypertension

Glucose intolerance and diabetes mellitus are highly prevalent in hypertensive 
subjects [13, 45]. Different occurrence rates of diabetes mellitus in hypertensive 
patients have been reported in various studies conducted in Japan and Western 
countries [5, 46]. Among the Japanese studies, the prevalence rates of diabetes 
mellitus in hypertension varied between 10% and 20% [5, 46, 47]. In contrast, 
studies performed in Western countries revealed higher prevalence rates. In the 
San Antonio Heart Study and in the Framingham Study, over 50% of hypertensive 
subjects experienced impaired glucose tolerance or diabetes mellitus [5, 9, 48]. 
Further, the Strong Heart Study, whose participants were American Indians living 
in Arizona, reported a still higher prevalence of 53.5% [5, 49]. In addition, the 
Jackson Heart Study, which involved blacks, also reported a relatively high asso-
ciation rates [50].

The differences in the prevalence rates between Japanese and Western studies 
have been attributed to older age of participants in the Framingham Study and to 
ethnic background (Puma Indians) in the Strong Heart Study and race in the Jackson 
Heart Study [5, 47, 50].

Several prospective studies have documented a relationship between elevated BP 
levels/hypertension and the development of impaired glucose tolerance/diabetes 
mellitus [3, 5, 8, 51]. In a meta-analysis of 30 cohort studies, each 20 mmHg of 
higher systolic BP was associated with a 77% higher risk of type 2 diabetes melli-
tus [52].

Several factors have been shown to predict incident diabetes mellitus in hyper-
tension. Race, altered BP phenotype patterns, baseline BP levels, and body mass 
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index (BMI) appear to be associated with increased risk of new-onset diabetes mel-
litus and/or disturbed glucose homeostasis [19].

Analysis of combined data from several studies (Atherosclerosis Risk in 
Communities [ARIC] study, Coronary Artery Risk Development in Young Adults 
(CARDIA) study, and the Framingham Heart Study Offspring Cohort), which 
include a large cohort of 10843 middle-aged African-Americans and white 
Americans, with a follow-up of 8.9 years, revealed that compared to normotensive 
subjects, the risk of developing new-onset diabetes mellitus was higher in hyperten-
sive African-Americans than in white hypertensive Americans with occurrence 
rates of 14.6% versus 7.9%, respectively [19]. Further, in addition to hypertension, 
prehypertension was associated with incident diabetes mellitus only in white sub-
jects and not in African Americans [19].

In a cohort of 1412 subjects of the Pressione Arteriosa Monitorate e Loro 
Associazon (PAMELA) study, the incidence of impaired glucose tolerance and 
new-onset diabetes mellitus was examined in white coat hypertension and masked 
hypertension with BP phenotypes identified by out-of-office BP and ambulatory BP 
monitoring [53]. Over a period of 10 years, the incidence of glucose intolerance and 
diabetes mellitus was significantly greater in both white coat hypertension and 
masked hypertension, compared to truly normotensive subjects, with age-/sex- 
adjusted risk of 2.9 and 2.7, respectively, similar to sustained hypertension [53]. 
Further, the most important independent predictors of new-onset diabetes mellitus 
or impaired fasting blood glucose state were baseline blood glucose, BMI, and 
24-hour mean or home diastolic BP [53].

The onset of new-onset diabetes mellitus associated with increasing baseline BP 
categories classified as optimal (≤120/75 mmHg), normal (120–129/75–84 mmHg), 
high normal (130–139/85–89  mmHg), and established hypertension 
(≥140/90  mmHg), progression to higher BP levels, and increasing BMI were 
assessed in the Women’s Health Study [54]. This study which represents a prospec-
tive cohort study of 38172 middle-aged women free of diabetes mellitus and cardio-
vascular disease at baseline revealed that, after a follow-up of 10 years, 1.4%, 2.9%, 
5.7%, and 9.4% of women across the baseline BP categories developed type 2 dia-
betes mellitus [54]. The risk of incident diabetes mellitus was sevenfold greater in 
women with established hypertension at baseline compared to those with optimal 
BP at baseline [54].

Further, this study demonstrated that changes across BP categories was associ-
ated with a significant trend of increasing incidence of new-onset diabetes mellitus 
[54]. Compared to women with stable normal or lower BP levels, in women pro-
gression to higher BP levels but within the normotensive range induced a 26% 
increase, while progression to hypertension was associated with a 64% increased 
risk of incident diabetes mellitus [54].

Obese women tend to have the highest event rate across all BP categories [54]. 
The risk of incident diabetes mellitus is 25-fold higher in women with increased 
BMI (≥30 kg/m2) compared to those with normal BMI (<25 kg/m2) [54]. However, 
BP remains a strong predictor of incident diabetes mellitus within each category of 
BMI [54].
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Several recent reports and clinical studies suggest that inadequately controlled 
BP in nondiabetic hypertensive patients on antihypertensive medication is a predic-
tor of incident diabetes mellitus [55]. In a large cohort of 1754 nondiabetic hyper-
tensive patients, free of cardiovascular disease, suboptimal BP control was 
associated with a twofold increased risk of incident diabetes mellitus, independent 
of age, BMI, baseline BP, or fasting blood glucose [56]. However, the results of the 
recent SPRINT randomized trial appear to challenge this notion [57]. In this study, 
the incidence of altered glucose homeostasis (impaired fasting glucose/new-onset 
diabetes mellitus) was higher in the intensive BP strategy (SBP <120 mmHg) com-
pared with the standard BP strategy (SBP <140 mmHg) [57].

1.4  New-Onset Diabetes Mellitus 
and Antihypertensive Medications

New-onset diabetes mellitus represents a form of diabetes, usually of the type 2 
phenotype, which develops during therapy of different disorders such as hyperten-
sion [58]. The natural incidence of new-onset diabetes mellitus in untreated hyper-
tensive patients varies widely across various trials extending from 0.8% to 3.9% [59].

Common major currently clinically used antihypertensive medications fall into 
four classes: (a) diuretics with all their different target sites, (b) beta-adrenergic 
receptor blockers (beta blockers), (c) calcium channel antagonists, and (d) renin–
angiotensin aldosterone system (RAAS) inhibitors [58].

Numerous studies indicate that the major classes of antihypertensive medica-
tions appear to exert differing effects in glycemic control and incidence of diabetes 
mellitus [58, 60, 61]. Thiazide diuretics and beta blockers are potentially diabeto-
genic, and calcium channel antagonists appear neutral, while RAAS inhibitors are 
associated with improvement on glycemic control and may even lower diabetes 
incidence [61]. The risk of new-onset diabetes mellitus has been reported to be 
lower with calcium channel antagonists than with beta blockers and thiazide diuret-
ics but higher than with RAS inhibitors [61, 62]. The ALLHAT study evaluated the 
incidence of new-onset diabetes mellitus in patients randomized to chlorthalidone, 
amlodipine, and lisinopril. At 4 years, the cumulative incidence of new-onset diabe-
tes mellitus was 11.6% for the chlorthalidone group, as compared with 9.8% for the 
amlodipine group and 8.1% for patients randomized to lisinopril [63].

Several large-scale clinical trials have demonstrated that thiazide diuretics and 
beta blockers adversely impair glucose homeostasis predisposing to the develop-
ment of new-onset diabetes mellitus [62, 63].

In a long-term observational study which involves three large cohorts, Nurses 
Health Studies I/II and Health Professionals Follow-Up study, the relative risk for 
incident diabetes mellitus in subjects taking a thiazide diuretic compared to those 
taking none was 20% higher in older women, 45% higher in younger women, and 
36% higher in men [64, 65]. Further, the relative risk of new-onset diabetes mellitus 
in subjects taking a beta blocker compared to those taking none was 32% greater in 
older women and 20% greater in men [64, 65].
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The risk of incident diabetes mellitus with beta blockers and nondiuretic antihy-
pertensive medications (calcium channel antagonists and RAAS inhibitors) was 
evaluated in a meta-analysis of 94292 hypertensive subjects [66]. Compared to pla-
cebo, beta blockers induced a 33% increase in incidence of new-onset diabetes mel-
litus [66]. In contrast, compared to beta blockers, calcium channel antagonists and 
RAAS inhibitors reduced by 21% and 23%, respectively, new-onset diabetes mel-
litus [66].

Calcium channel antagonists and RAAS inhibitors are considered to have mini-
mal or even no impact on glucose homeostasis [65, 67]. Several clinical studies and 
trials have demonstrated that administration of these classes of antihypertensive 
medications are associated with decreased new-onset diabetes mellitus and with 
RAAS inhibitors, even with improvement in glucose metabolism [68]. In the 
Intervention as a Goal in Hypertension Treatment (INSIGHT) trial, new-onset dia-
betes mellitus was slightly but significantly lower in hypertensive patients receiving 
long-acting nifedipine than in those receiving a low dose of the diuretic co- amilozide 
(4.3% versus 5.6%) [69].

Increasing evidence suggests that RAAS inhibitors provide a potentially benefi-
cial effect at the incidence of diabetes mellitus [65]. In a meta-analysis, of 72128 
nondiabetic subjects at baseline, angiotensin-converting enzyme inhibitor therapy 
was associated with reduced incidence of new-onset diabetes mellitus compared to 
controls (OR 0.80 [0.71, 0.91]) irrespective of achieved BP levels at follow-up and 
compared with beta blockers/diuretics (OR 0.78 [0.65, 0.93]), calcium channel 
antagonists (OR 0.85 [0.73, 0.99]), and patients with hypertension (OR 0.8 [0.68, 
0.93]) [58, 70].

Similarly, in the Heart Outcomes Prevention Evaluation (HOPE) study, in which 
about 50% of participants had high BP, ramipril, an angiotensin-converting enzyme 
inhibitor, reduced the incidence of new-onset diabetes mellitus from 5.4% to 3.6%, 
a 34% decrease, compared to placebo [71].

Angiotensin receptor blockers (ARBs) have also been reported to reduce the 
occurrence of new-onset diabetes mellitus in hypertensive subjects. In the 
Candesartan in Heart Failure Assessment of Reduction in Mortality and Morbidity 
(CHARM) study, candesartan, an ARB, was associated with a reduction in new- 
onset diabetes mellitus from 7% to 6% (RR 0.78 [0.64–0.95]) [72].

A large cohort of 134967 nondiabetic subjects conducted at the Kaiser 
Permanente Northwest examined the atherogenic potential of combination antihy-
pertensive medications [73]. This study revealed that exposure to a combination of 
thiazide diuretic/beta blockers (TD/BB) and thiazide diuretic/calcium channel 
blockers (TD/CCBs) was associated with a diabetogenic risk of diabetes mellitus 
with adjusted risks of 1.99 (1.80–2.20) and 1.52 (1.28–1.82), respectively. In con-
trast, treatment with a combination of a thiazide diuretic/renin–angiotensin system 
inhibitor (TD/RASI) or beta blockers/renin–angiotensin system inhibitor (BB/
RASI) resulted in a negative diabetogenic influence with adjusted risks of diabetes 
mellitus of 1.08 (0.97–1.20) and 0.98 (0.89–1.09), respectively, suggesting that 
RASI might inhibit or reduce the diabetogenic risk of thiazide diuretics or beta 
blockers [73].

1 Coexistence of Diabetes Mellitus and Hypertension



12

Not all antihypertensive medications within the same class possess a similar 
influence on glycemic control [74, 75].

All loop diuretics have similar efficacy in the treatment of hypertension, but in 
equipotent doses, they are less effective than thiazides and thiazide-like diuretics. 
Further, spironolactone, a potassium-sparing diuretic and an aldosterone antagonist, 
is an effective antihypertensive agent [74]. Both loop diuretics and spironolactone 
have minimal adverse reactions on glucose metabolism [74].

Some beta-adrenergic agents appear to have minimal deleterious effects on glu-
cose homeostasis [75]. B1-selective beta blockers with B2 agonist properties, beta 
blockers with intrinsic sympathomimetic effects (e.g., acebutolol), and beta block-
ers with alpha-blocking activity (e.g., carvedilol) are reported not to be associated 
with incident diabetes mellitus [75].

1.5  Gestational Diabetes Mellitus and Pregnancy-Induced 
Hypertension Association

Gestational diabetes mellitus and gestational hypertension are the most frequent 
obstetric disorders during pregnancy [76]. Coexistence of both disorders is associ-
ated with significant maternal and fetal complications and poor outcome [76, 77].

Several studies have evaluated the relationship between gestational diabetes mel-
litus and gestational hypertension. In a study which comprised 215 successive preg-
nancies in Danish women demonstrated that the frequency of gestational 
hypertension (defined as SBP ≥140/90 mmHg) was higher in women with gesta-
tional diabetes mellitus than in nondiabetic pregnant women (28% versus 10%) 
[78]. Increased body mass index enhanced the risk of gestational diabetes mellitus 
and hypertension [76].

A large population-based case control study, using data drawn from electronic 
records of women who delivered in 1992–1998 and conducted in Washington State, 
explored the relation between gestational diabetes mellitus and subtypes of gesta-
tional hypertension [77]. Gestational diabetes mellitus was associated with a signifi-
cant 1.5-fold increased risk of severe and mild preeclampsia and 1.4-fold increase 
in gestational hypertension with a prevalence of 3.9% in women with eclampsia, 
4.5% in women with severe preeclampsia, and 4.4% in both women with mild pre-
eclampsia and women with gestational hypertension compared with 2.7% in con-
trols [77]. Afro-American ethnicity and increased body mass index enhanced the 
risk of gestational diabetes mellitus/hypertension association [77, 79].

1.6  Hypertension—Diabetes Mellitus Coexistence 
and COVID-19 Relationship

Coronavirus disease 2019 (COVID-19) caused by the novel coronavirus (SARS- 
CoV- 2) is a major global health threat [80, 81]. Mortality and severe outcomes from 
SARS-CoV-2 have been associated with cardio-cerebrovascular disease, 
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hypertension, and diabetes mellitus [81]. The incidences of hypertension, cardio- 
cerebrovascular disease, and diabetes mellitus are twofold, threefold, and twofold 
higher, respectively, in intensive care unit (ICU)/severe cases of COVID-19 than in 
their non-ICU/severe counterparts [82]. Similarly, in a cohort of COVID-19 cases 
hospitalized in New  York, the most common comorbidities were hypertension 
(56%), obesity (41.7%), and diabetes mellitus (33.8%) [83].

Data from the onset of the COVID-19 pandemic in China demonstrated that 
while mortality without comorbidities was 0.9%, it increased to 10.5% with 
cardio- cerebrovascular disease, to 7.5% with diabetes mellitus, and to 6% with 
systemic hypertension [83]. In the Lombardy cohort of severe cases of COVID-19 
admitted to the ICU, systemic hypertension, diabetes mellitus, and cardiovascu-
lar disease were reported with frequencies of 49%, 17%, and 21%, respec-
tively [83].

Several investigations have demonstrated that age, hypertension, diabetes melli-
tus, and cardiorenal disease aggravate the course and increase the risk of mortality 
of COVID-19 infection [83, 84]. However, there is no evidence that any class of 
antihypertensive drugs portends an increase risk or worsening of COVID-19 infec-
tion [80]. Conversely, inhibitors of the renin–angiotensin system may be protective 
[85, 86].

1.7  Conclusion

Coexistent hypertension/diabetes mellitus represents a common serious vasculo-
metabolic disorder with a wide occurrence rate. This disorder is multifactorial and 
is associated with significant risk of macro-/microangiopathic complications and 
premature mortality. Maintenance of appropriate body weight, achievement of ade-
quate BP, and glycemic control reduce the incidence and may even prevent the 
development of this disorder in hypertension, diabetes, pregnancy, and COVID-19 
infection. Further, inhibitors of RAS may improve the prognosis of COVID-19- 
infected patients.
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2Blood Pressure Disorders in Diabetic 
Children and Adolescents

Empar Lurbe

2.1  Characteristics of Blood Pressure Measurement 
in the Pediatric Age

Although evolving technology can offer the means to measure complex functions of 
cardiovascular (CV) physiology, it is worth emphasizing that the basic phenotype 
remains blood pressure (BP). According to the Guidelines on Hypertension in 
Children and Adolescents [1, 2], office BP is the basis for hypertension (HTN) 
screening and diagnosis in type 1 diabetes mellitus (T1DM) and type 2 diabetes 
mellitus (T2DM), and despite the increasing use of out-of-office BP, the former 
remains indispensable for defining BP phenotypes. Office BP is widely available, 
permitting universal and regular screening for HTN in the pediatric age, which is 
recommended from the age of 3  years [1–3]. Hypertension has been defined in 
childhood as systolic and/or diastolic BP >95th percentile of age-, sex-, and height- 
adjusted normative BP data [4], due to the absence of data on future adverse out-
comes such as heart failure, stroke, or kidney failure in the pediatric age. The 
definition of HTN in children and adolescents by current guidelines [1, 2, 5] are 
shown in Table 2.1.

Office BP, despite its persistence as the main reference for BP classification 
and HTN management, may offer limited insights into the variability and patterns 
of BP under normal living conditions, and then ambulatory blood pressure moni-
toring (ABPM) needs to be considered. The role of ABPM over 24 h in T1DM and 
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Table 2.1 Definition of arterial hypertension in children and adolescents by current guidelines

Guidelines Year Method
Hypertension 
threshold

European Society of 
Hypertension [1]

2016 Age–sex–height nomograms
(based on the Fourth Report)a

≥95th percentile
(≥16 years) 
≥140/90 mmHg

American Academy 
of Pediatrics [2]

2017 New age–sex–height nomograms 
(includes only normal-weight children 
from the Fourth Report)

≥95th percentile
(≥13 years) 
≥130/80 mmHg

Hypertension Canada 
Guidelines [5]

2020 New age–sex–height nomograms 
(includes only normal-weight children 
from the Fourth Report)

≥95th percentile
≥120/80 mmHg 
(6–11 years)
≥130/85 mmHg 
(12–17 years)

aNational High Blood Pressure Education Working Group on High Blood Pressure in Children and 
Adolescents. The fourth report on the diagnosis, evaluation, and treatment of high blood pressure 
in children and adolescents. Pediatrics. 2004;114:555–76. [19]

T2DM subjects has been increasingly recognized and further reinforced by the 
latest pediatric guidelines [1, 2]. It offers a more representative observation of BP 
levels, not only allowing for a large number of measurements in a regular life 
environment, both day and night, during activity and while at rest, and further-
more assesses the circadian profile [6]. There is a consensus that the diagnosis of 
HTN by office BP should be confirmed by ABPM to avoid treatment for white 
coat HTN [1, 2, 5].

According to the reference values of ABPM for children [7], the 95th percentile 
is the threshold to define ambulatory HTN.  However, using the 95th percentile, 
values will be higher than ABPM thresholds for adults. Considering this, it is not 
reasonable for ABPM to establish higher thresholds for children than for adults, and 
therefore, it makes sense to use the lower of either the 95th percentile from norma-
tive ABPM data or the accepted criteria for adults (24-h mean 130/80 mmHg; day-
time mean 135/85 mmHg; nocturnal mean 125/75 mmHg) [1, 8].

The prognostic value of ABPM in T1DM was first demonstrated in a cohort of 
normotensive type 1 diabetics in whom an increase in systolic BP during nighttime 
antedated the development of persistent microalbuminuria, indicating an early stage 
of diabetic nephropathy [9]. Ambulatory BP monitoring is now considered a predic-
tive tool in the risk assessment of nephropathy in T1DM [1, 2]. Abnormal circadian 
variability has been associated with diabetes, both T1DM and T2DM [1, 2, 6].

The role of home BP monitoring in T1DM and T2DM during the process of 
HTN diagnosis is not currently supported. However, it is recommended for follow-
 up when strict BP control is mandatory [1, 2]. This finding supports the recommen-
dations for its use in T1DM and T2DM hypertensive patients as a complementary 
tool for pharmacological treatment dose titration, assessment of BP control, and 
timing of repeated ABPM.
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2.2  Type 1 Diabetes Mellitus

2.2.1  Introduction

Type 1 diabetes mellitus in children and adolescents is a chronic disease which has 
been on the rise, with an increase in the number of diagnosed children. In 2002–2003, 
the incidence of youth-onset T1DM in the USA was 19.5 cases/100,000 youths per 
year, increasing to 21.7 cases/100,000 youths per year in 2011–2012 [10]. This 
trend has also been observed in other parts of the world [11], and recent estimates 
from the International Diabetes Federation indicate that worldwide there are over 
1 million individuals younger than 19 years living with T1DM, with around 100,000 
new cases every year in this age group [12]. Therefore, T1DM has consistently 
remained one of the most common chronic diseases affecting children and adoles-
cents and represents a substantial clinical and public health burden.

Concern has been raised about the increasing incidence of T1DM in very young 
children [11] as this can lead to higher rates of long-term complications such as reti-
nal and kidney disease, neuropathy, and cardiovascular disease (CVD). People with 
early-onset T1DM have up to a 30 times higher probability of severe cardiovascular 
outcomes as compared to healthy individuals, being the leading cause of morbidity 
and mortality [13–15]. Overall, those diagnosed with T1DM before 10 years of age 
die an average of 16 years earlier, and the lives of those diagnosed at age 26–30 years 
are shortened by an average of 10 years [16].

Despite guidelines recommendation on the importance of screening for abnor-
malities in BP, this is still suboptimal, remaining both underdiagnosed and perhaps 
also undertreated [17]. The relevance is based on the importance of early detection 
and treatment of BP abnormalities that together with adequate glycemic control is 
paramount to prevent further micro- and macrovascular complications [18].

2.2.2  Prevalence of Hypertension and Risk Factors

Hypertension in childhood is not an uncommon condition, with a prevalence of 
approximately 4% [4]. Alarmingly, the prevalence of HTN in patients with T1DM 
is higher than in the general population. Several studies have assessed the preva-
lence of HTN in T1DM; however, important discrepancies exist due to different 
methodologies, normative data, and thresholds applied to define HTN. Recently, the 
prevalence of HTN in pediatric patients with T1DM in Germany, Austria, and 
Luxemburg according to different criteria has been assessed. The prevalence largely 
differs, applying the references of the Fourth Report [19], those corresponding to 
the German Health Interview and Examination Survey for Children and Adolescents 
(KIGGS) [20] or the American Academy of Pediatrics [2]. The AAP criteria result 
in a significant increase in HTN prevalence in older adolescents with T1DM, more 
evident in boys [21].
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Data coming from the SEARCH study including T1DM subjects aged 3–17 years 
reflects the prevalence of office HTN at 5.9% [22]. Similarly, 4% of patients were 
hypertensive in a Norwegian study where the mean age was 13 years [23]. This 
prevalence increased up to 10% in a large cohort of youth [24] and it was even 
higher in a study performed in Australian children and adolescents where it was 
documented at 16% [25].

It is relevant to identify the presence of HTN not only because it is a risk factor 
for CVD [26] but also due to the impact on diabetes-related micro- and macrovas-
cular complications [27]. Starting at an early age, these complications can have an 
even greater detrimental impact. Hypertension was linked to arterial stiffness [28] 
and elevated carotid intima media thickness (CIMT) [29] in the SEARCH study. 
Applying 24-h ABPM, an increment in CIMT was associated with loss of nighttime 
systolic BP dipping [30]. The most recent studies assessing the prevalence of office 
HTN [21, 31–36] are shown in Table 2.2.

Risk factors for HTN in youths with T1DM have been identified including poor 
glycemic control, overweight and obesity, and genetic predisposition to HTN. In the 
Diabetes Prospective Follow-up DPV study [21], the increase in nocturnal BP was 
related to insulin dosage, female sex, body mass index (BMI), glycated hemoglobin 
(HbA1c), and diabetes duration.

Obesity is a well-known risk factor for the development of HTN. The prevalence 
of pediatric overweight and obesity is increasing globally, from 4% in 1975 to 18% 
in 2016, an estimated 340 million youth [37]. A similar trend has been observed in 
youth with T1DM and is likely related to factors such as decreased physical activity 
and sleep and increased high-calorie food consumption and aggressive insulin man-
agement to target euglycemia [38–40]. Weight gain is a concern in patients with 
T1DM and may be associated with an increased risk of HTN and vascular 
complications.

The Diabetes Control and Complications Trial (DCCT) demonstrated that 
weight gain and obesity were associated with intensive insulin management. 
Excess weight gain in DCCT is associated with sustained increase in central adi-
posity, insulin resistance, progressive rise in BP, and dyslipidemia [41]. Based on 
these results, efforts should be made to limit excess weight gain that accompanies 
intensive glucose treatment in T1DM patients. Not only obesity, but also body fat 
distribution needs to be taken into consideration. In fact, results from the SEARCH 
study indicated that waist-to-height ratio as a marker of central obesity may be an 
important factor for HTN in youths and young adults with T1DM [36]. Despite 
the ever- increasing prevalence of obesity in youth and its potential additive effect 
on early markers of CV and kidney health in T1DM, only a few studies have 
evaluated its impact. Among these studies, a higher prevalence of HTN, dyslipid-
emia, and microalbuminuria in obese as compared to nonobese have been identi-
fied [39, 42].

Additional risk factors for HTN should be considered including family history of 
HTN, high sodium intake, smoking, other drugs used, obstructive sleep apnea, and 
the presence of renal impairment in addition to microalbuminuria [1, 2].
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ALGrawany



25

Table 2.2 Hypertension in children and adolescents with type 1 and type 2 diabetes mellitus

Reference Design Subjects Results Conclusions
Type 1 diabetes
Ahmadizar 
F
[31]

Retrospective
Clinical Practice 
Research 
Datalink 
1988–2014

3728 youth
<19 years 
and
18 513 
healthy 
children age-/
gender- 
matched

HTN was present in 
35% T1DM vs 11% 
controls 20 years 
after the onset of 
diabetes.

Annual prevalence rates 
of HTN in T1DM was 
significantly higher as 
compared to controls.

Urbina EM
[32]

The SEARCH 
for Diabetes in 
Youth Study

1809 youth 
<20 years
At onset and 
after 5 years

Higher BP, 
adiposity, and lipid 
levels (CVRFs) were 
related to T1DM.

In T1DM, persistent 
poor glycemic control 
and higher levels of 
traditional CVRFs are 
independently 
associated with arterial 
aging.

Stankute I
[33]

Joint 
Lithuanian- 
Swiss project 
“Genetic 
Diabetes in 
Lithuania

883 patients 
<25 years of 
age

HTN more prevalent 
in overweight and 
obese T1DM and 
associated with 
microvascular 
complications.

The frequency of 
cardiovascular risk 
factors is high in youth 
with T1DM and 
associated with diabetes 
duration, obesity, and 
metabolic control.

Dost A
[21]

Prospective 74,677 
children and 
adolescents 
5–20 years

HTN was seen in 
44.1%, 29.5%, and 
26.5% by AAP 
2017, KiGGS, and 
fourth report 
guidelines, 
respectively.

Use of AAP 2017 
results in a significant 
increase in the 
prevalence of HTN in 
teenagers.

Krepel 
Volsky S
[34]

Retrospective 
1998–2013

170 T1DM 
<18 years

HTN 25%, 
overweight/obesity 
40%, and 
dyslipidemia 60% at 
the last visit.

Clustering of CM risk 
factors was more 
prominent in young 
adults diagnosed with 
T1DM in early 
childhood.

Type 1 vs type 2 diabetes
Tommerdahl
[35]

Cross-sectional 284 youth
12–21 years
T1DM, 
T2DM, and 
controls

HTN prevalence in 
T1DM and obese.

Youth with T1DM and 
obesity correlates with a 
less favorable 
cardiovascular and 
kidney risk profile, 
nearly approximating 
the phenotype of youth 
with T2DM.

Koebnick C
[36]

The SEARCH 
for Diabetes in 
Youth Study

1518 
(T1DM)
177 (T2DM)

HTN in youths with 
T2DM was 35.6% 
vs 14.8% in T1DM.

Increasing central 
obesity was a major risk 
factor for incident HTN.

HTN Hypertension, T1DM Type 1 diabetes mellitus, BP Blood pressure, CVRF Cardiovascular 
risk factors, AAP American Academy of Pediatrics, CM Cardiometabolic, T2DM Type 2 diabetes 
mellitus
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2.2.3  Pathophysiology of HTN

There are several pathophysiologic mechanisms involved in the development of 
HTN in T1DM patients driven by hyperglycemia, low-grade inflammation, endo-
thelial dysfunction, and activation of both the sympathetic nervous system and the 
renin–angiotensin-aldosterone system (RAAS) [43].

The mechanisms underpinning endothelial dysfunction are still not entirely 
understood and likely multifactorial [44], with hyperglycemia being considered a 
primary mediator. According to the DCCT, after age, hyperglycemia was the major 
factor responsible for the increase in CVD. An increment on the production of reac-
tive oxygen species reduces the bioavailability of nitric oxide, thereby leading to 
endothelial dysfunction, vasoconstriction, and increased peripheral resistance [45] 
contributing to the increase in BP.

Activation of the RAAS is well known to be a cause of HTN [46]. Via activation 
of the AT-I receptor, angiotensin II induces aldosterone synthesis in the adrenal 
cortex and also stimulates antidiuretic hormone release which in turn acts to increase 
renal absorption of sodium. Angiotensin II also directly causes vasoconstriction and 
strengthens the activity of the sympathetic nervous system [47].

The role of inflammatory cytokines merits to be commented on since it plays a 
part in the pathogenesis of endothelial dysfunction and HTN. In a study including 
children with T1DM, hyperglycemia was related to an elevation in the proinflam-
matory cytokines IL-1alfa, IL-4, and IL-6 [48].

In the presence of diabetes, the kidney progressively deteriorates not only at the 
glomerular level but also in the tubule-interstitial structures that finally reduce the 
renal blood flow and the glomerular filtration rate as it progresses to chronic kidney 
disease and finally to end-stage renal disease [49, 50].

2.3  Type 2 Diabetes Mellitus

2.3.1  Introduction

In the past few decades, the incidence of youth-onset T2DM has progressively 
increased, likely due to the rising rates of childhood obesity, representing a sub-
stantial clinical and public health burden. Before the mid-1990s, only few chil-
dren with DM (1%–2%) were classified as having T2DM. However, as obesity 
has increased in recent years, the incidence of T2DM has increased to 25%–45% 
of all youth diagnosed with DM [51, 52]. In order to better recognize the current 
and potential burden of diabetes, it is important to know its incidence and the 
trends over the years. In 2002–2003, the incidence of youth-onset T2DM in the 
USA was 9.0 cases/100,000 youths per year increasing to 12.5 cases/100,000 
youths per year in 2011–2012 [10]. This trend has been observed in other parts 
of the world [51], and conventionally considered a disease of the middle and 
older age, it is increasingly diagnosed at a younger age with an average age onset 
at 13 years [53].

E. Lurbe
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Pediatric T2DM is an aggressive disease with a greater risk of end-organ damage 
and comorbidities than pediatric T1DM or adult-onset T2DM [54–56]. The long- 
term prognosis of youth with T2DM is not currently known, but it is estimated that 
these youths may have a loss of up to 15 years of life expectancy and increased risk 
of serious health complications by the time they reach their fourth decade, depend-
ing on their level of glycemic control and CV risk factors. Within organ damage, the 
kidneys are notable early targets of T2DM representing the main microvascular 
diabetic complication and associated with the highest rates of excess mortality 
observed in youth with T2DM, despite a shorter disease duration than T1DM and 
comparable glycemic control [57, 58]. Taking all of these into consideration, early 
and sustained interventions to delay T2DM onset and improve blood glucose con-
trol and CV risk profiles are essential to reduce morbidity and mortality.

2.3.2  Prevalence of Hypertension and Risk Factors

Research has demonstrated that many youths with T2DM already have early signs 
of microvascular and macrovascular complications, HTN, dyslipidemia, and fatty 
liver [59, 60]. According to the Treatment Options for Type 2 Diabetes in Adolescents 
and Youth, the TODAY trial, with 704 youths with T2DM with less than 2 years of 
follow-up, 26% had systolic HTN, 80% had low HDL cholesterol levels, 10% had 
high triglyceride levels, and most were obese [61].

The prevalence of HTN and albuminuria as a marker of incipient renal damage 
is not well known in patients with T2DM. Recently, a systematic review and meta- 
analysis focused on the prevalence of HTN and albuminuria in these patients has 
been published [62]. Thirty-one studies including 4363 patients with T2DM reported 
the prevalence of HTN. The pooled prevalence was 25% with a high heterogeneity 
across the studies due to the different definitions of HTN. When assessing the preva-
lence of HTN in different racial groups, Indigenous and Pacific Islander youth have 
the highest rates of HTN when compared to other groups. Likewise, there were high 
levels of heterogeneity in terms of the prevalence of albuminuria. The review also 
demonstrated that between one and four pediatric patients with T2DM had albumin-
uria. However, very few studies report the persistence of albuminuria despite being 
a key criterion for albuminuria diagnosis [18, 63, 64]. These data have several 
important implications; early renal damage in T2DM exerts a much higher burden 
than that seen in children with T1DM [58, 65].

Recently interesting data have been published from the TODAY clinical trial 
[66] in which participants were 10–17 years of age and had a duration of T2DM of 
less than 2 years. Participants were followed for an average of 3.9 years and the 
mean time since the diagnosis of T2DM was 13 ± 1.8 years. The prevalence of HTN 
at the time of enrollment was 19.2%, and the cumulative incidence at 15 years was 
67.5%. Dyslipidemia was present in 20.8% of patients at baseline and the cumula-
tive incidence at 15 years was 51.65%. In this cohort, the accumulation of complica-
tions was tightly associated with hyperglycemia, insulin resistance, HTN, and 
dyslipidemia [66].
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2.3.3  Pathophysiology

The pathogenesis of the long-term vascular complications associated with early- onset 
T2DM is not well characterized, although the mechanisms for the development of com-
plications may be similar to T2DM in adults. Recent evidence suggests an accelerated 
course in people with early-onset T2DM [55]. Proposed for more aggressive evolution 
included a longer lifetime exposure to the adverse diabetic milieu and/or early-onset 
T2DM representing an inherently more aggressive metabolic phenotype with rapid 
onset of beta cell failure and insulin resistance compared with late-onset disease [67].

Several are the mechanisms implicated in the progression of micro- and macro-
vascular disease in youth with T2DM. Insulin resistance is independently associated 
with a higher risk of HTN in the general population [68, 69]. The link between 
insulin resistance and HTN can be partially explained by the fact that this condition 
can induce renal sodium retention [70] and overactivity of the RAAS [71, 72] and 
sympathetic nervous system [73]. These elements stimulate peripheral and renal 
vascular resistance as well as an increment in intravascular volume [73, 74].

Adipose tissue plays an important role in the increment of risk. A misbalance of 
substances derived from the visceral adipose tissue contributes to the development 
of both high BP levels and insulin resistance. The imbalance is reflected by an incre-
ment in the secretion of leptin, advanced glycation end products (AGEs), plasmino-
gen activator inhibition (PAI I), and other inflammatory cytokines; on the other 
hand, a reduction in adiponectin is present. In addition, a partial resistance of leptin 
and the decreased secretion of adiponectin produce vasoconstriction and insulin 
resistance. Concurrently, an increase in angiotensin II and PAI-I produces vasocon-
striction and a procoagulant state. Moreover, cytokines produce vascular inflamma-
tion and insulin resistance in the liver and in the muscle [75].

Finally, it is worthy to comment about the implication of the kidney in the devel-
opment of abnormalities associated with T2DM. The pathophysiology of a diabetic 
kidney disease is multifactorial and is characterized by progression to chronic kid-
ney disease and end-stage kidney disease. When renal damage develops, micro- and 
macrovascular diseases progress rapidly. The mechanisms implicated are similar to 
those describe in T1DM [49, 50].

2.4  Management

Considering the impact of T1DM and T2DM on the early development of CVD, pedi-
atricians and staff involved in the diagnosis and management of patients with DM 
need to be more aware of the modifiable risk factors and devastating consequences.

2.4.1  Lifestyle Approach

In patients with T1DM, lifestyle interventions include dietary modification and 
increased exercise, if appropriate, aimed at weight control. Lifestyle modification is 
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recommended in all children and adolescents with T2DM.  Concerning lifestyle 
habits, exercise can improve other risk factors such as HTN, dyslipidemia, and insu-
lin resistance [1]. Moderate to vigorous exercise is recommended, even though 
some youth with T2DM may have impaired exercise capacity and may need a per-
sonalized approach [76]. Unfortunately, these recommendations are often difficult 
to attain, especially in adolescents, when newfound freedoms from parental over-
sight and other social pressures often have negative effects on diet or other health 
behaviors [77]. In order to meet these recommendations, the goals need to be estab-
lished realistically, tailored to individual and family characteristics, involving the 
family as partners in the behavioral change process, providing educational support 
and materials [1, 2]. Motivational interviewing approaches have been shown to be 
effective in reducing weight in the clinical trial setting [78, 79] and should be con-
sidered when treating diabetic children and adolescents with overweight or obesity. 
Those subjects treated with lifestyle measures should be followed up regularly to 
monitor the effect of treatment and to encourage continued adherence.

2.4.2  Optimal Treatment

Targeting euglycemia and minimizing CV risk factors remain the cornerstones in 
the management of T1DM and T2DM. Poor glycemic control is the primary modifi-
able risk factor for CVD in youth with T1DM. Subsequently, the primary focus of 
management is to improve glycemic control by intensifying insulin therapy [80]. 
Despite advances in insulin treatment, over 75% of adolescents do not reach recom-
mended targets for HbA1c [81]. Metformin deserves special attention; although 
there is no strong evidence in terms of glycemic control, its use has been shown to 
lead to small reductions in total daily insulin dose and weight [82]. Prospective 
studies are required to provide additional evidence before metformin could be rec-
ommended as an adjunct therapy in T1DM.

The optimal treatment in youth with T2DM includes both medical and lifestyle 
interventions [83]. For glycemic control, the TODAY trial is the largest randomized 
controlled trial available to examine treatment of T2DM in youth [84]. In this 
national multisite study, 669 participants from 10 to 17 years of age with recently 
diagnosed T2DM (mean 7.8 months) were randomized to either monotherapy with 
metformin, metformin plus rosiglitazone, or metformin plus a family lifestyle inter-
vention program focused on weight loss through modification of eating habits and 
physical activity. Over a mean follow-up of 3.9 years, metformin monotherapy pro-
vided durable glycemic control in only half the participants. Interestingly, the addi-
tion of rosiglitazone was superior to metformin alone in maintaining glycemic 
control. Whether the effect shown in the study is specific for rosiglitazone, a more 
general effect of thiazolidinediones, or a feature of combination therapy, is unclear. 
This issue is of particular interest due to the fact that rosiglitazone has a restricted 
status for use in pediatric patients in both the USA and Europe and is not yet con-
sidered a medication option for youth with T2DM. The addition of an intensive 
lifestyle intervention was not more effective than metformin alone [84]. This study 
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reinforced the idea of premature and rapid deterioration of beta cell function 
in T2DM.

In childhood and adolescence, there is a need for aggressive prevention and even-
tual combination treatment or insulin therapy early after diagnoses, frequently 
within a few years [51]. Insulin therapy is recommended when children and adoles-
cents present with ketosis or ketoacidosis, or when random blood glucose levels are 
≥250 mg/dL or HbA1C levels >9% at diagnosis. In youth, insulin is also added to 
metformin therapy when glycemic goals are not maintained by metformin alone. 
Glucagon-like peptide (GLP-1) is part of the family of incretin hormones, and in 
2019, the FDA approved liraglutide for the management of T2DM in children older 
than 10 years of age. Metformin, insulin, and GLP1 receptor agonists are the only 
medications approved for diabetes treatment in youth [84, 85].

2.4.3  Therapeutic Approach for HTN

Blood pressure treatment includes defining the BP goal, how achievement of this 
goal will be checked, and which class of antihypertensive drug will be more appro-
priate. The BP goal for diabetic patients is a relevant and controversial issue in 
children. Because of some evidence that youths with T1DM or T2DM develop early 
atherosclerotic lesions before the age of 30  years [86], the American Heart 
Association suggests the BP goal to be lower than the 90th percentile for age, sex, 
and height [87]. A post hoc analysis of a trial on T1DM suggests that a lower BP 
target may be beneficial in reducing urinary albumin excretion (UAE) and the risk 
of developing proteinuria [88]. The goals recommended by the European Society of 
HTN Guidelines in Children and Adolescents are shown in Table  2.3. The goal 
below the 90th percentile (or below 130/80 mmHg at age 16 years and above) may 
be achieved in both children and adolescents, if provided treatment is well toler-
ated [1].

At the time of selecting the antihypertensive drugs, two key issues should be 
considered; the most relevant is to achieve the BP goal over 24 h and the necessity 
to reduce salt intake due to the sodium-dependent component of HTN in diabetes 
[89]. Lifestyle interventions are important because they can delay the need for drug 
treatment or complement the BP-lowering effect of antihypertensive treatment. 
Nevertheless, if the lifestyle changes do not achieve an appropriate control within 
3–6 months of initiation, pharmacologic treatment should be considered [90] usu-
ally with an angiotensin-converting enzyme inhibitor (ACE) or angiotensin receptor 
blocker (ARB) due to their associated effects of reduced microalbuminuria and 
reduced cardiovascular and renal outcomes [1, 90]. The introduction of these drugs 
needs to be accompanied with reproductive counseling due to the potential terato-
genicity of both drug classes.

Monotherapy with long-acting drugs that can be dosed once daily is preferred, 
but additional agents may be needed to reach optimal BP levels. Antihypertensive 
drugs in children and adolescents are generally prescribed in a stepped-care manner. 
The child is initially started on the lowest recommended dose, and then the dose is 
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Table 2.3 Antihypertensive medications for use in children and adolescents

Class of drug Drug
Recommended starting 
dose (per day)

Maximal dose
(per day)

Dosing 
interval

ACE inhibitors Benazepril 0.2 mg/kg up to 10 mg 0.6 mg/kg up 
to 40 mg

Daily

Captopril 0.3–0.5 mg/kg 6 mg/kg Twice/three 
times daily

Enalapril 0.08–0.6 mg/kg Daily
Fosinopril 0.1–0.6 mg/kg 40 mg Daily
Lisinopril 0.08–0.6 mg/kg 0.6 mg/kg up 

to 40 mg
Daily

Ramipril 2.5–6 mg Daily
ARBs Candesartan 0.16–0.5 mg/kg Daily

Irbesartan 75–150 mg 300 mg Daily
Losartan 0.7 mg/kg up to 50 mg 1.4 mg/kg up 

to 100 mg
Daily

Valsartan 0.4 mg/kg 40–80 mg Daily
Calcium 
channel 
blockers

Amlodipine 0.06–0.3 mg/kg 5–10 mg Daily

Felodipine 2.5 mg 10 mg Daily
Nifedipine (extended 
release form)

0.25–0.5 mg/kg 3 mg/kg up to 
120 mg

Daily to 
twice daily

Diuretics Furosemide 0.5–2 mg/kg 6 mg/kg Daily to 
twice daily

Adapted from the European Society of Hypertension Guidelines in Children and Adolescents [1]

increased until the highest recommended dose is reached at which point a second 
drug from a different class should be added, and so on, until the desired BP goal is 
reached [1, 2]. Dihydropyridine calcium channel blockers are suitable for the com-
bination [1, 2, 91]. Henle loop diuretics should be used if a reduction in glomerular 
filtration rate exists [1, 2, 91]. The antihypertensive medications for use in children 
and adolescents are shown in Table 2.3.

Finally, treated children require periodic laboratory monitoring to assess for 
electrolyte disturbances and other medication-related toxicities. Once medication 
treatment has been initiated, it is important to ensure that BP goals are accom-
plished and maintained. An ACE inhibitor or an ARB is also recommended for 
those patients with persistently elevated urinary albumin to creatinine ratio 
>30 mg/g [90].

Once started on antihypertensive medications, patients should be seen frequently 
at first, perhaps every 6–8 weeks, so that drugs can be titrated, and then less often 
once a stable regimen is established and the BP goal is attained. Home BP monitor-
ing is a useful tool to help determine response to medication treatment. Repeated 
ABPM may also be used and is mandatory in children and adolescents with HTN 
[1, 2]. The BP goals for office, ABPM, and home BP are shown in Table 2.4.

Only one study has been performed reporting the impact of ACE inhibitors and 
statins in T1DM, the AdDIT study. This is the first large randomized clinical trial 
evaluating the use of ACE inhibitors and statins during adolescence to protect 
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Table 2.4 Blood pressure goal in hypertensive children and adolescents (for office, home, and 
24-h ambulatory blood pressure measurements)

General hypertensive populationa

Blood pressure goal <95th pct is recommended
<90th pct should be considered

Diabetes type 1 and type 2b

Blood pressure goal <90th pct is recommended
<75th pct is recommended in children with 
nonproteinuric CKD
<50th pct is recommended in children with 
proteinuric CKD

Children with CKDc

Blood pressure goal <75th pct is recommended in children with 
nonproteinuric CKD
<50th pct is recommended in children with 
proteinuric CKD

Adapted from the ESH Guidelines on Hypertension in Children and Adolescents [1]
aIn subjects aged 16 years or older, the adult cutoff values are used, 140/90 mmHg
bIn subjects aged 16 years or older, the adult cutoff values are used, 130/80 mmHg or 125/75 mmHg 
with proteinuric CKD
cIn subjects aged 16 years or older, the adult cutoff values are used, 130/80 mmHg or 125/75 mmHg 
with proteinuric CKD

against T1DM vascular complications [92]. The trial showed that statins can reduce 
exposure to high lipid levels and ACE inhibitors can reduce new cases of microal-
buminuria. These changes could potentially lead to protection against future com-
plications [92]. In addition, a post hoc analysis of a subgroup of the trial population 
showed that ACE inhibitors improved endothelial function (assessed by flow- 
mediated vasodilation) in high-risk adolescents transitioning through puberty and 
may therefore offer long-term cardiorenal benefits during this potentially critical 
time period for the development of CVD [93].

2.5  Conclusions

During the last decades, the prevalence of diabetes (T1DM and T2DM) in youth has 
increased, representing a substantial clinical and public health burden considering 
the fact that there are many challenges in disease management as well as risks of 
acute and chronic complications.

Diabetes in children and adolescents is associated with long-term complications 
that result in increased morbidity and mortality. In addition to issues with glycemic 
control, it is important to screen and meet targets for BP, obesity, dyslipidemia, and 
smoking. Even though during the past decades there have been improvements 
regarding the management of diabetes, wide gaps still exist in the ability to stan-
dardize clinical care and decrease disease-associated complications and burdens. To 
improve CVD outcomes and related mortality, a whole life approach starting from 
childhood is mandatory.
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Hypertension, being one of the main risk factors for developing CVD over the 
life span, needs to be taken into careful consideration in terms of early diagnosis and 
management. Hypertension in children with diabetes is probably more prevalent 
than previously realized and can be associated with subtle patterns that would only 
become apparent on a 24-h ABPM.
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3Hypertension and Type 2 Diabetes

Josep Redon and Fernando Martinez

3.1  Introduction

Type 2 diabetes mellitus (T2DM), defined by the criteria of hyperglycemia, increased 
glycosylated hemoglobin (HbA1c) levels, or both, is a common multifactorial dis-
ease with an elevated prevalence. It is characterized by dysregulation of carbohy-
drate, lipid, and protein metabolism, as a consequence of insulin resistance, impaired 
insulin secretion, or a combination of both. Diabetes mellitus (DM) affects over 
350 million people worldwide and it is expected that the prevalence will increase by 
60% by the year 2035 [1], with another one billion people being prediabetic who 
may eventually end up with full-blown diabetes [2]. The disorder is rapidly increas-
ing in both developed and developing countries associated with a modern lifestyle. 
T2DM is seen all over the world; however, large differences in prevalence exist 
among ethnic populations. Specifically, the Western Pacific, Southeast Asia, Middle 
East, and Europe have a higher prevalence. T2DM conveys many adverse conse-
quences, and it is estimated that having T2DM reduces life expectancy by up to 
10 years, the main cause of mortality being cardiovascular disease [3].

The relationship of T2DM with hypertension (HTN) has been recognized as hav-
ing common causal links and relevant bidirectional consequences [4]. The 
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relationship between HTN and diabetes is complex since both of them share causal 
factors, obesity being the most common link between them. Furthermore, in the last 
decades, pharmacological treatments initially used to reduce blood pressure (BP) or 
blood glucose have demonstrated to be beneficial in the treatment of both HTN and 
T2DM [5, 6].

In the present chapter, an overview of the epidemiology, mechanisms, conse-
quences, and therapeutic approaches is presented.

3.2  Epidemiology of Hypertension in T2DM

Prevalence rates of HTN in T2DM are high throughout the world. T2DM increases 
with age and is normally a disease of the adult and elderly population; however, the 
prevalence in people below 40 years of age is already increasing due to the obesity 
epidemic. At the time of diagnosis of T2DM, at least 30–40% of patients are hyper-
tensive, and the prevalence increases progressively to 75% in diabetics with more 
than 15 years of living with the disease [7]. An example of the prevalence of HTN 
in diabetes across age can be seen with data from the Mediterranean Region [8], as 
shown in Fig. 3.1. Relevance of the association is also observed when considering 
that around 30% of diabetics are among patients with HTN attended to at a hyper-
tension clinic (Fig. 3.2).

Hypertension is also becoming relevant in adolescents with T2DM as it is associ-
ated with obesity. In this young population, the TODAY study identified that HTN 
was present in up to 11% of subjects at the beginning of the study and progressively 
increased to 33.8% in early adult life [9].
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Fig. 3.2 Natural history of HTN in T2DM

3.3  Mechanisms of BP Elevation in T2DM

Many mechanisms have been proposed to explain why hypertension and T2DM 
coexist in the same individuals. While many of the mechanisms underlying the 
development of T2DM are the same that produce HTN, others are the result of 
organic alterations produced by the micro- and macrovascular impact of T2DM 
[10]. The main driving mechanisms are maladaptive endothelial dysfunction, RAAS 
and sympathetic overactivity, abnormal sodium handling, renal dysfunction, and 
vascular stiffness [11]. These mechanisms initiate and develop due to the interaction 
of hyperglycemia, insulin resistance, angiotensin II, aldosterone, adipokine, oxida-
tive stress, low-grade inflammation, dietary sodium and potassium intake, excessive 
caloric intake, a sedentary lifestyle, and innate and adaptive immunity among oth-
ers [12].

3.3.1  Endothelial Dysfunction

Hyperglycemia and insulin resistance result in a decrease in sensitivity or respon-
siveness to the metabolic actions of insulin and decreased normal vascular actions 
of insulin, in turn promoting vasoconstriction and reducing vasodilatory capacity. 
Both elevated blood glucose and insulin resistance increment the burden of reactive 
oxygen species (ROS), reducing nitric oxide (NO) and uncoupling endothelial nitric 
oxide synthase (eNOS) which produce superoxide, increasing endothelin (ET-1) 
and NADPH oxidase [13]. Vasoconstriction reduces the lumen of vessels which 
increments peripheral resistance. Likewise, enhanced remodeling and vascular wall 
stiffness further contribute to the increment of peripheral resistance. Recently, the 
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role of glucocorticoid kinase 1 (SGK-1), a major regulator of vascular and renal 
sodium (Na+) channel activity, has been identified as a relevant agent [14]. 
Aldosterone and insulin both increase the activity of SGK-1 that upturns Na+ flux in 
the endothelial cells, promoting remodeling of the cytoskeleton and vascular 
stiffening.

Adipokine imbalance also contributes to endothelial dysfunction. Low plasma 
adiponectin levels have been shown to be associated with impaired endothelium- 
dependent vasodilatation since adiponectin increases NO by a PI-3 kinase- dependent 
mechanism as well as activity of monophosphate-activated protein kinase (AMPK) 
or cyclooxygenase-2 (COX-2) [15]. Consequently, hypoadiponectinemia contrib-
utes to the development of obesity-related hypertension via a direct effect on the 
vasculature. In contrast, leptin elevation stimulates oxidative stress, inflammation, 
thrombosis, and arterial stiffness [16].

Other physiological mechanisms of endothelial function in the resistant arteries 
are also affected such as flow-mediated vasodilatation and myogenic reactivity to 
blood pressure increment [17].

3.3.2  RAAS Overactivity

The RAAS, exerts actions not only through an endocrine and systemic manner, but 
also paracrine and autocrine, at tissular levels [18]. The sequential inappropriate 
increment of RAAS is considered the leading mechanism of HTN in T2DM. An 
increment in renin secretion, which activates the RAAS, is produced by a reduction 
of sodium arriving at the juxtaglomerular apparatus, an increment in reabsorption in 
the proximal tubule, and afferent sympathetic activity. In turn, RAAS overactivity 
increases the sympathetic neuronal traffic with a systemic and renal effect on the 
autonomic nervous system. Angiotensin II-induced vasoconstriction, increment of 
blood volume, and aldosterone secretions elevate BP which contributes to the dete-
rioration of the renal structures [19]. The relevance of these mechanisms is strongly 
supported since drugs that reduce the activity of the RAAS and/or aldosterone 
reduce the impact of HTN on T2DM.

3.3.3  Sympathetic Overactivity

Dysregulation of the autonomic system is present in T2DM due to the coexistence 
of central obesity, insulin resistance, sleep apnea syndrome, and RAAS overactivity. 
Sympathetic overactivity produces not only an increment in the heart rate and vaso-
constriction of the arterioles, but it also increases renin production in the juxtaglo-
merular apparatus of the kidney. In addition, efferent activity of the sympathetic 
traffic in the kidney also increases tubular reabsorption of water and sodium and 
renal vascular resistance and reduces glomerular filtration [20].
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3.3.4  Abnormal Sodium Handling

High salt intake-induced HTN is associated with increased sympathetic traffic 
activity and intrarenal angiotensin II production and enhanced oxidative stress and 
inflammatory cytokines. All of the above result not only in an increment in vasocon-
striction and peripheral resistance but they also increase intravascular volume [21].

3.3.5  Renal Dysfunction

In the presence of diabetes, the kidneys progressively deteriorate not only at the 
glomerular level but also in the tubulointerstitial structures where there is a reduc-
tion in the renal blood flow and the glomerular filtration rate, progressing to chronic 
kidney disease (CKD) and finally to end-stage renal disease (ESRD) [22].

Hemodynamic and metabolic effects induce cellular and tissue remodeling. 
Although initially the alterations are functional, they progress and result in perma-
nent damage. At the tubular level, the presence of glucose results in hyper- 
reabsorption stress with an increment in oxygen consumption, hypertrophy, and 
finally atrophy of the tubular cells. In the endothelial cells, diabetes produces a loss 
of the glycocalyx with loss of fenestration and microvascular rarefaction. In podo-
cytes, hyperfiltration stress initially induces podocyte hypertrophy with an incre-
ment in detachment and glomerulosclerosis. Moreover, low-level inflammation, 
scarring, and tubulointerstitial fibrosis contribute to the progression of renal damage 
[23, 24]. As a consequence, abnormal sodium handling increases the intravascular 
volume and activates the RAAS and the afferent sympathetic traffic, thereby ele-
vating BP.

3.3.6  Vascular Stiffness

Hyperglycemia causes accelerated arterial stiffening, which contributes to the ele-
vated risk for cardiovascular disease in T2DM [25]. Production of advanced glyca-
tion end products (AGEs) and decreased NO bioavailability lead to a faster increment 
in PWV over the years and as a result systolic BP increases, predominantly produc-
ing a wide pulse pressure [26].

3.3.7  Genetic Association

Genetic studies to identify the locus associated with the risk of T2DM [27] or HTN 
[28] have concluded that both diseases are polygenic. One study tried to identify 
whether certain gene expressions in T2DM could predict the incidence of develop-
ing HTN [29]. Six genes, RTP4, FXYD6, GDF11, IFNAR1, NOX3, and HLA-DQ2, 
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seem to be related to the dynamics of future hypertension incidence in T2DM. Of 
these, two have previously been associated with the mechanisms of HTN.

3.4  Characteristics of High BP in T2DM

As a result of the interaction between the mechanisms leading to BP elevation and 
the impact induced by T2DM in the vessels and the kidneys, HTN in T2DM has a 
characteristic phenotype. Among the most frequent characteristics are systolic BP 
elevations with wide pulse pressure, high variability, non-dipping pattern, salt sen-
sitivity, and refractory hypertension together with a trend of hyperkalemia.

3.4.1  Isolated Systolic Hypertension

In T2DM a high prevalence of isolated systolic hypertension (ISH), a systolic BP 
equal or superior to 140 mmHg, and diastolic blood pressure less than 90 mmHg are 
observed due to the stiffness of large arteries. In normal conditions, a progressive 
increment in arterial stiffness is observed with aging, but in the presence of diabetes, 
the process is accelerated which explains the higher prevalence of ISH in diabetics. 
The increment of pulse wave velocity and wide pulse pressure are part of the conse-
quence of arterial stiffness [30]. PWV has been considered a marker of hypertension- 
induced organ damage by the ESC/ESH guidelines with a prognostic value for CV 
morbidity and mortality. However, the prognostic value of changes over time is not 
totally demonstrated [31]. A wide pulse pressure with low diastolic values intro-
duces the question if excessive DBP reduction can increase CV risk and could be a 
limitation at the time of HTN treatment [32].

3.4.2  High Variability

Blood pressure variability, greater fluctuations at given mean pressures, both short- 
term and intrinsic variability [33, 34], and between-visit [35] variability are charac-
teristics of T2DM that have been considered to be risk factors for CV events. While 
intrinsic variability is produced by autonomic neuropathy, the between-visit vari-
ability indicated a lack of stable BP control. In the first case, intrinsic variability, 
reduction of variability is not an easy task [36], while in the second, between-visit 
variability, efforts should be done for better BP control with drugs that cover 24 h.

3.4.3  Non-Dipping Pattern

Blunted physiological nocturnal reduction of BP, the so-called non-dipping pattern, 
is frequently observed in T2DM and produces persistently elevated BP values 
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during the resting period [37]. The principal mechanisms implicated in this phe-
nomenon are cardiovascular autonomic neuropathy and endothelial dysfunction, 
although salt sensitivity, early renal microvascular damage, and diminished barore-
ceptor sensitivity can also contribute to the blunted circadian variability. Persistence 
of elevated BP at night is an indirect marker of organ damage with frequent albu-
minuria and a prognostic factor for CV disease and the development of diabetic 
nephropathy. This BP pattern requires monitoring during follow-up using 24-h 
ambulatory blood pressure monitoring, reduction of nocturnal BP being the target 
rather than reversing the non-dipping pattern.

3.4.4  Salt Sensitivity

The pressure-natriuresis curve is a mechanism where BP elevation increases diure-
sis and natriuresis in order to restore equilibrium in the body [38]. In normal condi-
tions, salt intake in excess is rapidly eliminated by the kidney; however, when the 
capacity is reduced or there is an overload, it increases the intravascular volume. 
The reduced capacity to control salt intake, salt sensitivity, is a situation frequent in 
T2DM [39]. This is the consequence of reduced flow-mediated vasodilatation due 
to a reduced capacity to modulate the autonomic nervous system and the increment 
of asymmetric dimethylarginine (ADMA), an endogenous nitric oxide synthase 
inhibitor that reduces nitric oxide activity [39]. Consequently, salt intake reduction 
needs to be a key therapeutic recommendation in these patients.

3.4.5  Toward Hyperkalemia

Hyperkalemia, defined as plasma potassium level >5.5 mmol/L, is a potentially life- 
threatening condition produced by many causes; however, in T2DM, the most fre-
quent are hyporeninemic hypoaldosteronism [40] or secondary to the pharmacological 
blockade of angiotensin II or the use of potassium-sparing diuretics, nonsteroidal 
anti-inflammatory drugs, or calcineurin inhibitors. Hyporeninemic hypoaldosteron-
ism (HH) occurs more frequently in patients around 60 years of age with diabetic 
nephropathy with mild or moderate CKD [41]. The presence of HH, which usually 
is asymptomatic and consequently not diagnosed, introduces more complexity at 
the time of treating BP elevation in T2DM since renin-angiotensin blockers precipi-
tate severe hyperkalemia.

3.4.6  Resistant Hypertension

Frequently, T2DM requires more than three antihypertensive drugs to achieve a 
recommended BP goal in order to reduce cardiovascular and renal risk; this is 
called a state of resistant HTN. This is a very-high-risk condition which requires 
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actions to be taken without delay [42]. The main causes for this resistant state are 
volume overload, peripheral resistance, vascular stiffness, and sympathetic over-
activity. In T2DM, usually there is not just one factor present and it is necessary 
to exclude secondary hypertension, primary hyperaldosteronism, or renal artery 
stenosis, optimize diuretic treatment, and add a fourth antihypertensive drug [43]. 
If the patient is obese, action should be taken to reduce weight. If the triple com-
bination of RAS blockers, calcium channel blockers, and diuretic is not sufficient 
for BP control, the most used drugs to introduce are spironolactone, eplerenone, 
doxazosin, and beta- blockers. Valsartan-sacubitril [44] and other new drugs such 
as aprocitentan [45] and Firibastat [46] and nonpharmacological treatments with 
renal denervation [47, 48] will soon be introduced on the market and open new 
perspectives for the future.

3.5  Impact of HTN on the Organ Damage in T2DM Patients

Hypertension and diabetes are well-known risk factors for the development of 
cardiovascular disease [49–52]. As hypertension and diabetes interact, risks might 
be different when these conditions coexist. Macrovascular and microvascular 
lesions of T2DM, mainly arteriosclerosis and renal damage, largely increase as a 
consequence of the interaction of both T2DM and HTN.  Although the typical 
lesion associated with diabetes is renal, the main cause of mortality is cardiovas-
cular atherosclerosis-driven such as acute myocardial infarction, stroke, and heart 
failure.

T2DM increases the risk of CKD and progression to end-stage kidney disease 
(ESKD), diabetes being the first cause of ESKD in developed and developing coun-
tries. Decline of renal function is faster in the coexistence of HTN and occurs with 
or without an increment of albuminuria/proteinuria. In fact, 25% of diabetics which 
progressed to CKD did not develop albuminuria [53]. In a large population of 
156363 T2DM patients, 66 years old on average, the prevalence of renal status clas-
sified by the KDIGO risk chart was 66%, 22%, 8%, and 5% in stages 1–4, respec-
tively [54].

The impact of HTN on T2DM is observed in Figs. 3.3 and 3.4, which include 
real-world data from 345083 diabetics from our community. These figures represent 
the increment of risk in developing different CV events in the presence of HTN as 
compared with T2DM without HTN.  The increased risk for heart failure, atrial 
fibrillation, peripheral vascular disease, acute myocardial infarction, and stroke is 
plotted in both sexes by age group. The impact of HTN on risk is higher in the 
youngest patients, with the difference decreasing as the patients become older due 
to the impact of other comorbidities on T2DM and the reduced survival of those 
with much more risk [54].

J. Redon and F. Martinez



47

A
cu

te
 M

yo
ca

rd
ia

l I
n

fa
rc

ti
o

n

5.
70

5.
09

3.
83

2.
15

1.
20

2.
34

2.
21

2.
09

1.
89

1.
49

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

50
 -

 5
9

60
 -

 6
9

70
 -

 7
9

80
 -

 8
9

90
 -

 9
9

x times

F
em

al
e

M
al

e

S
tr

o
ke

2.
32

2.
10

1.
61

1.
39

1.
36

2.
72

2.
32

1.
67

1.
41

1.
27

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

50
 -

 5
9

60
 -

 6
9

70
 -

 7
9

80
 -

 8
9

90
 -

 9
9

x times

F
em

al
e

M
al

e

P
er

ip
h

er
al

 V
as

cu
la

r 
D

is
ea

se

2.
16

1.
83

1.
74

1.
67

1.
61

2
1.

91
1.

81
1.

53
1.

44

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

50
 -

 5
9

60
 -

 6
9

70
 -

 7
9

80
 -

 8
9

90
 -

 9
9

x times

F
em

al
e

M
al

e

A
ll-

ca
u

se
 M

o
rt

al
it

y 

2.
06

1.
65

1.
40

1.
13

1.
02

1.
63

1.
32

1.
21

1.
08

1.
01

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

50
-5

9
60

-6
9

70
-7

9
80

-8
9

90
-9

9

x times

F
em

al
e

M
al

e

Fi
g.

 3
.3

 
In

cr
em

en
t o

f 
ri

sk
 to

 d
ev

el
op

 C
V

 e
ve

nt
s 

an
d 

al
l-

ca
us

e 
m

or
ta

lit
y 

in
 th

e 
pr

es
en

ce
 o

f 
H

T
N

 a
s 

co
m

pa
re

d 
w

ith
 T

2D
M

 w
ith

ou
t H

T
N

 (
34

50
83

 T
2D

M
)

3 Hypertension and Type 2 Diabetes



48

C
h

ro
n

ic
 K

id
n

ey
 D

is
ea

se

3.
36

3.
06

2.
63

2.
41

2.
60

3.
87

3.
23

2.
77

2.
34

2.
28

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

50
 -

 5
9

60
 -

 6
9

70
 -

 7
9

80
 -

 8
9

90
 -

 9
9

x times

F
em

al
e

M
al

e

A
tr

ia
l f

ib
ri

la
ti

o
n

 

3.
01

2.
52

2.
02

1.
79

1.
70

2.
78

2.
32

1.
9

1.
69

1.
45

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

50
 -

 5
9

60
 -

 6
9

70
 -

 7
9

80
 -

 8
9

90
 -

 9
9

x times

F
em

al
e

M
al

e

H
ea

rt
 F

ai
lu

re

3.
61

3.
07

2.
43

1.
99

1.
82

3.
56

2.
87

2.
34

1.
91

1.
87

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

50
 -

 5
9

60
 -

 6
9

70
 -

 7
9

80
 -

 8
9

90
 -

 9
9

x times

F
em

al
e

M
al

e

Fi
g.

 3
.4

 
In

cr
em

en
t o

f 
ri

sk
 to

 d
ev

el
op

 r
en

al
 a

nd
 c

ar
di

ac
 d

ys
fu

nc
tio

n 
in

 th
e 

pr
es

en
ce

 o
f 

H
T

N
 a

s 
co

m
pa

re
d 

w
ith

 T
2D

M
 w

ith
ou

t H
T

N
 (

34
50

83
 T

2D
M

)

J. Redon and F. Martinez



49

3.6  Treatment Strategies to Reduce CV Risk

Type 2 diabetes requires treatment from the moment of diagnosis. In addition, treat-
ment should be started in prediabetes (fasting baseline blood glucose level of 
100–125  mg/dL or HbA1c level 5.7%–6.4%) due to the high risk of T2D and 
CVD. In this situation, especially with baseline blood glucose level between 110 
and 125 mg/dL or HbA1c level 6.1%–6.4%, where the risk of CVD and T2D is 
increased, benefits of treatment with lifestyle changes have been established [55]. 
The ADA recommends treatment with metformin in subjects with prediabetes, 
especially in those with BMI >35, age >60 years, and in women with a history of 
gestational diabetes [56]. At the time of starting glycemic control, HTN and dyslip-
idemia as well as weight control should be targeted to reduce the present CV risk 
and to avoid and/or delay progression.

3.7  BP Treatment in T2DM

Guidelines of the ESC/ESH published in 2018 [57] recommend starting pharmaco-
logical treatment with BP equal or higher than 140/90 mmHg, to achieve a goal of 
130 mmHg or lower if tolerated, but not to reduce the value below 120 mmHg. 
However, in the same guidelines, it is recommended that in patients with CKD, 
which is a condition usually present in T2DM, BP should not be reduced to less than 
130 mmHg. Publications of guidelines have raised debates about what is the best 
strategy to reduce CV and renal risk in the hypertensive T2DM patient.

Discrepancies are not unexpected since the concept of diabetes included differ-
ent clinical conditions. It is not the same case between patients with more than 
15 years of diabetes who are at very high risk and possibly with a previous CV event 
and those with short-term diabetes in the absence of relevant organ damage. 
Likewise, it is important to consider that the necessary holistic treatment should 
consider how glucose metabolism control is faced, intensive or not, and what kind 
of glucose-lowering drugs (GLDs) should be used. There are also five main issues 
relevant to discuss: class of antihypertensive drugs, the role of new glucose- lowering 
drugs (GLDs), if it is better to apply an intensive BP-lowering treatment or a stan-
dard one, what to do when renal damage is present, and the utility of 24-h ambula-
tory BP monitoring (ABPM).

3.7.1  Class of Antihypertensive Drugs

Pharmacological treatment of HTN in T2DM patients requires following ESC/ESH 
guidelines in terms of using drugs that block the RAS in combination with calcium 
channel blockers, dihydropyridines, and/or diuretics, dependent on the initial BP 
level [58]. The use of antialdosterone drugs, spironolactone, eplerenone, or finere-
none, in the case of resistant HTN, needs to be administered under strict control of 
potassium levels [59].
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3.7.2  New GLDs, When and for Whom?

In the last few years in the armamentarium to control diabetes, two new classes of 
GLDs have been introduced: sodium glucose cotransporter 2 inhibitors (SGLT2i) 
[60] and the glucagon-like peptide 1 (GLP-1) [61]. Both classes of drugs, besides 
glucose control, have demonstrated additional protection: SGLT2i cardiovascular 
and renal and GLP-1 cardiovascular and inducing weight loss [62–65]. The intro-
duction of these drugs has been recommended by the ESC/EASD guidelines for the 
first step in patients with a previous CV event, target organ damage, or multiple risk 
factors [66]. Obese subjects may obtain benefits with GLP-1 and those with albu-
minuria or CKD3a with SGLT2i. It is worthy to comment that SGLT2i produces 
additional BP reduction combined with or without renin-angiotensin blockers [67].

3.7.3  Intensive vs Standard Antihypertensive Treatment

The controversy to use an intensive antihypertensive treatment to achieve BP around 
120 mmHg SBP and 70 mmHg DBP or to maintain a treatment that achieves BP 
goals in the range of those recommended in the ESC/ESH guidelines still exists.

Several studies (ONTARGET [68] and ACCORD [69]) and meta-analyses 
(Bangalore 2011 [70], Ettehad 2015 [71], Brüstrom 2015 [72], Tomopoulos 2018 
[73]) support the use of standard treatment. Overall, starting treatment at systolic 
BP levels in the 130–140 mmHg range reduces the risk of stroke. However, antihy-
pertensive treatment should be implemented with caution because of the possibility 
of untoward cardiac effects that could counterbalance the beneficial consequences 
of aggressive BP reduction for stroke. The ONTARGET trial concluded that the 
recommendation of not excessively reducing BP should also be applied to diastolic 
BP values of 67 mmHg or less [31].

The design and results of the ACCORD trial in T2DM permitted the assessment 
of the impact of interaction of two parallel strategies of intensive treatment, for BP 
reduction and for glucose control. The main results of the trial were “patients with 
type 2 diabetes at high risk for cardiovascular events, targeting a systolic blood 
pressure of less than 120 mmHg, intensive treatment, as compared with less than 
140 mmHg, standard treatment, did not reduce the rate of a composite outcome of 
fatal and nonfatal major cardiovascular events with the exception of stroke that was 
reduced.” The post hoc analyses provided information that can be used as a hypoth-
eses generated for future studies. The first of these post hoc analyses splits the 
results in two groups of glucose control: intensive and standard. In the intensive 
glucose control group, intensive antihypertensive treatment resulted in an incre-
ment in CV outcomes and mortality. On the contrary, in the standard glucose treat-
ment group, intensive antihypertensive treatment reduced CV events and mortality 
[74]. A second post hoc analysis was performed splitting the study population into 
those with or without criteria similar to the SPRINT trial. The patients with 
SPRINT eligible criteria obtained more benefits with intensive antihypertensive 
treatment [75].

J. Redon and F. Martinez



51

In these post hoc analyses, the impact of treatment in events was also analyzed in 
the scope of DBP. The impact of intensive BP lowering is independent of the base-
line DBP in patients with glucose-lowering standard treatment. The authors con-
cluded that low baseline DBP is not an impediment to intensive antihypertensive 
treatment [76].

3.7.4  Diabetic Nephropathy: What About Goals for Diabetic CKD

The impact of lowering BP on renal outcomes is a matter of concern. Overall, a 
greater BP reduction significantly decreases the incidence of albuminuria or the 
values (if they are present); however, no beneficial impact is observed in reducing 
the risk of progressing toward ESKD [77]. In the ACCORD trial and ACCORDION 
[78], a long-term follow-up of patients of the trial observed that intensive BP control 
may increase the risk for adverse renal events reflected in doubling serum creatinine 
levels. By measuring markers of tubular damage in the ACCORD patients, it was 
tested whether or not this increment in serum creatinine level was the consequence 
of real renal damage or if it was a functional reduction due to the RAS blockade. 
While creatinine increased, a reduction in albuminuria as well as in KIM-1, IL-18, 
MCP-1, and YKL-40 was observed, favoring the hypothesis of a functional impact 
more than a structural one [79]. Recently, KDIGO released recommendations for 
BP control in patients with CKD without renal replacement therapy. The recom-
mendation is to reduce SBP <120 mmHg; however, there is no evidence available in 
patients with diabetes [80]. Until more ground data will be available, if intensive 
antihypertensive treatment is introduced, strict monitoring of creatinine and potas-
sium levels should be recommended.

3.7.5  Use of 24-h ABPM

Considering the frequent blunted decline of BP during resting periods in T2DM, the 
use of 24-h ABPM is recommended in order to assess if antihypertensive treatment 
is effective in controlling nocturnal BP due to its relevance in CV and renal risk 
[81]. Although today there is a lack of ground data to establish the BP goal to 
achieve during 24 h and at night, 24-h ABPM results are useful in the clinical man-
agement of T2DM.

3.8  Future Trends

The increment of T2DM prevalence worldwide driven by the obesity pandemic is a 
real threat to health care systems due to the impact on CV and renal disease as well 
as other microvascular complications. Treatment and control of HTN is one of the 
key instruments in reducing the impact. Research on new strategies to prevent the 
development of T2DM and on the development of new therapeutic approaches for 
both T2DM and HTN is essential.
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4Diabetes Complicating Pregnancy 
and Hypertension

Nicholas Baranco, Robert K. Silverman, John T. Nosovitch Jr, 
Robert Eden, and D. S. Mastrogiannis

4.1  Introduction

Diabetes complicating pregnancy and hypertensive disorders in pregnancy are com-
mon complications and are significant causes of maternal and fetal morbidity and 
mortality. In this chapter, we will discuss the definitions of gestational diabetes, 
hypertensive disorders in pregnancy, common etiologic and pathophysiologic fac-
tors, and the management of the pregnant diabetic with hypertension.

4.2  Diabetes Mellitus in Pregnancy

Diabetes mellitus is a common medical condition which precedes or develops dur-
ing pregnancy.

Gestational diabetes is defined as diabetes that is first recognized during preg-
nancy (ACOG) [1].

Specifically in the United States, about 1–2% of pregnancies are complicated 
with pregestational diabetes (diabetes that precedes pregnancy) and another 6–18% 
develop diabetes during the gestation according to criteria used for the diagnosis.

It has been observed that the incidence of diabetic pregnancies is increasing. 
Gestational diabetes increased by 56% from 2000 to 2010, while type I or type 2 
diabetes increased by 37% in the same period.

This increase parallels the increase in obesity rates in the United States. Obesity 
is significantly associated with the development of type II or gestational diabetes.
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Diabetes in pregnancy significantly increases the risk of various maternal and 
fetal complications. It is associated with significantly higher risk of pregnancy- 
related hypertension, preterm delivery (iatrogenic or spontaneous), and increased 
rates of cesarean section and its fetal effects include birth defects, macrosomia, and 
birth injury.

4.3  Hypertensive Disorders of Pregnancy

Hypertensive disorders of pregnancy include preexisting chronic hypertension and 
hypertension that develops during pregnancy such as gestational hypertension, pre-
eclampsia, and chronic hypertension with superimposed preeclampsia[2].

Chronic hypertension complicates 1.5% of pregnant women. A significant num-
ber of pregnancies associated with chronic hypertension may develop superimposed 
preeclampsia (20%–50%).

Preeclampsia is a syndrome defined by hypertension and proteinuria; the exact 
pathogenesis of preeclampsia remains unclear but involves vasoconstriction and 
endothelial damage. It can cause damage to almost any maternal organ along with 
fetal growth restriction, placental abruption, intrauterine fetal demise (IUFD), and 
iatrogenic preterm birth[3]. GDM has been consistently linked to an increased risk 
of preeclampsia, and management of GDM with lifestyle modification and pharma-
cologic treatment can decrease this risk [4, 5].

Hypertensive disorders complicated 8–10% of all pregnancies.
Hypertensive disorders in pregnancy are a very significant risk factor for preg-

nancy complications including risks for the mother and fetus.
Hypertension in pregnancy accounts for 14% of maternal deaths worldwide and 

12.9% of deaths in the developed world. While this percentage has decreased over 
time, it remains the second most common cause of obstetric maternal mortality[6]. 
These disorders include chronic hypertension, gestational hypertension, preeclamp-
sia, preeclampsia with severe features, and chronic hypertension with superimposed 
preeclampsia[2]. The rates of hypertensive disorders in pregnancy have increased 
over time[7]. The severity of hypertension in pregnancy can vary widely from mild 
and asymptomatic to severe and life-threatening with intractable symptoms and 
acute end-organ failure, but all hypertensive disorders in pregnancy increase the risk 
of maternal and fetal morbidity and mortality[2].

4.4  Classification of Hypertension

In pregnancy, hypertension is commonly defined as a systolic blood pressure of 
140 mmHg or higher or a diastolic blood pressure of 90 mmHg or higher. Recent 
changes to cardiology guidelines in the United States [8] may change the defini-
tion and management of chronic hypertension in pregnancy to include blood 
pressure elevations of 130–139  mmHg systolic and/or 80–89  mmHg diastolic 
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over time; these slight elevations are associated with increased risks in preg-
nancy[9], but 140  mmHg systolic and 90  mmHg diastolic continue to define 
gestational hypertension and preeclampsia. Chronic hypertension in pregnancy 
is hypertension identified before pregnancy or before 20 weeks of gestation dur-
ing pregnancy.

Gestational hypertension is defined as systolic blood pressure of 140 mmHg or 
greater and/or diastolic blood pressure of 90 mmHg or greater on two measurements 
at least 4 h apart after 20 weeks of gestation in the absence of new-onset proteinuria 
[2]. Gestational hypertension with severely elevated blood pressure (systolic 
160 mmHg or greater and/or diastolic 110 mmHg or greater) should be considered 
preeclampsia with severe features.

Preeclampsia without severe features is gestational hypertension with new-
onset proteinuria (either 300 mg or more on 24-h urine collection, 0.3 or higher 
on urine total protein to creatinine ratio, or less reliably on 2+ urine dipstick if 
quantitative testing is not available.) The word “mild” is no longer used to 
describe preeclampsia because it remains a serious condition even without 
“severe” features.

Preeclampsia with severe features is preeclampsia or gestational hypertension 
with severely elevated blood pressures (systolic more or equal 160 mmHg and 
diastolic more or equal to 110 mmHg measured 15–20 min apart) or new-onset 
hypertension with or without proteinuria along with one or more of a varied list of 
severe features, the diversity of which emphasizes the systemic nature of pre-
eclampsia and its consequences. These features include laboratory abnormalities 
(transaminases greater than twice the upper limit of normal, creatinine of 1.1 mg/
dL or higher, doubling of baseline creatinine, platelet count less than 100 × 109/L), 
persistent symptoms (headache, vision changes, right upper quadrant pain), and 
pulmonary edema. Severe proteinuria, oliguria, and intrauterine growth restric-
tion which were previously part of the definition of preeclampsia with severe 
features (severe preeclampsia) are no longer considered indicators of severe 
features.

Superimposed preeclampsia is preeclampsia on top of preexisting chronic hyper-
tension. It can be diagnosed by an increase in blood pressure, new-onset proteinuria, 
worsening of preexisting proteinuria, or the development of severe features of pre-
eclampsia. Superimposed preeclampsia is challenging to diagnose and requires a 
careful evaluation including laboratory testing, quantitative assessment of protein-
uria, and serial measurements of blood pressure.

Hemolysis, elevated liver enzymes, low platelet (HELLP) syndrome, and 
eclampsia are uncommon, highly morbid conditions related to preeclampsia and 
gestational hypertension. Eclampsia is new-onset seizure activity without another 
clear cause such as epilepsy. The HELLP syndrome is often defined as lactate dehy-
drogenase level of 600 IU/L or greater, transaminases greater than twice the upper 
limit of normal, and platelet count less than 100 × 109/L. Both conditions are more 
common in the context of preeclampsia but can occur without elevated blood pres-
sure and/or without proteinuria.
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4.5  Treatment of Hypertension in Pregnancy

The treatment of hypertension in pregnancy is primarily indicated to prevent acute 
complications such as maternal hemorrhagic or ischemic stroke, heart failure, acute 
kidney injury, and myocardial ischemia[2]. In one case series of maternal stroke, 
systolic blood pressure of 160 mmHg or more was present in over 95% of cases 
immediately before the stroke event[10]. Severely elevated blood pressure con-
firmed on two measurements at least 15 minutes apart should be promptly treated 
(as soon as reasonably possible within 30–60 min) with a goal of reducing the sys-
tolic blood pressure to 140–150  mmHg and the diastolic blood pressure to 
90–100 mmHg. This should be considered a hypertensive emergency during preg-
nancy, labor, or the postpartum period with or without symptoms. It is important to 
note the lower blood pressure thresholds and shorter timeframe to lower blood pres-
sure compared to asymptomatic, nonpregnant adults due to an association with 
maternal stroke[10, 11].

There are limited data to guide the choice of antihypertensive medication to treat 
severe hypertension in pregnancy; a systematic review and meta-analysis did not 
find significant differences between intravenous (IV) labetalol, IV hydralazine, and 
oral nifedipine capsules (not sublingual) [12], and these agents have been recom-
mended in national guidelines [2]. A more recent randomized trial showed that oral 
nifedipine controls blood pressure faster and is more likely to achieve target blood 
pressure than IV labetalol. Magnesium sulfate should not be used as an antihyper-
tensive but is frequently indicated for seizure prophylaxis during the treatment of 
severe hypertension in pregnancy [12]. The choice of agent and protocol for treat-
ment should be standardized to improve patient outcomes [13] (Table 4.1).

The benefit of treating mildly elevated blood pressure in pregnancy is less clearly 
defined. An early randomized trial failed to show any decrease in complications 
with treatment of preeclampsia without severe features in an inpatient setting com-
pared to inpatient observation alone, but antihypertensive treatment did increase the 
risk of small-for-gestational-age infants [14]. A meta-analysis of further trials 
showed that antihypertensive treatment halved the risk of developing severely ele-
vated blood pressure but did not find a significant difference in maternal or fetal 
complications and did not find an increase in small-for-gestational-age infants [15]. 
Some experts initiate antihypertensive medication once blood pressure is severely 
elevated but do not treat lesser elevations in the absence of a clear decrease in com-
plications in randomized trials. Given the rare but catastrophic nature of maternal 
stroke, we strongly consider initiation of antihypertensive medication when systolic 
blood pressure is 150 mmHg or more and diastolic pressure is 100 mmHg or more 

Table 4.1 Medications for the treatment of chronic hypertension

Drug Starting dose Maximum dose
Labetalol 100–200 mg BID 2400 mg/daily
Hydralazine 10 mg QID 25–50 mg QID
Nifedipine 30 mg extended-release (XL) daily 120 mg XL daily
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to prevent a delay in treatment of severely elevated blood pressure. Randomized 
trials are unlikely to ever have the power to show a decrease in such rare complica-
tions, but unrecognized severe hypertension is likely an important contributor to 
maternal mortality [11], and treatment of mildly elevated blood pressure does not 
appear to cause harm [15]. We are careful to remember that treatment of hyperten-
sion does not cure preeclampsia and should not change the overall management.

Labetalol and nifedipine are common first-line choices for the treatment of 
mildly elevated blood pressure or after severely elevated blood pressure has been 
resolved. Other options include oral hydralazine, oral or transdermal clonidine, and 
methyldopa. Angiotensin-converting enzyme inhibitors and angiotensin recep-
tor blockers should not be used in pregnancy.

In the context of diabetes complicating pregnancy, nifedipine might be prefera-
ble as a first-choice agent.

The definitions and treatment of preeclampsia and gestational hypertension have 
changed over time. Recent guidelines from the American College of Obstetrics and 
Gynecology recommend treating preeclampsia and gestational hypertension as 
essentially the same disorder. These guidelines also included severe gestational 
hypertension as a form of preeclampsia with severe features. Varying definitions 
make it difficult to specifically define associations and effects of treatment. 
Hypertensive disorders of pregnancy have also been a secondary outcome in ran-
domized trials on the treatment of GDM [1, 2]

4.6  Insulin Resistance and Diabetes in Pregnancy

Insulin resistance appears to be a common culprit for the development of hyperten-
sive disorders of pregnancy and gestational diabetes [16]. Normal pregnancy 
induces significant insulin resistance in all women by decreasing the concentration 
of IRS-1  in skeletal muscle [17]. This results in decreased uptake of glucose by 
skeletal muscle. In women with GDM, phosphorylation of insulin receptor sub-
strate- 1 (IRS-1) is also decreased which further decreases glucose uptake and 
decreases attenuation of hepatic glucose production by insulin [18]. The placenta is 
the likely cause of these changes as it produces multiple hormones including human 
placental lactogen, estrogen, and progesterone, and it has wide-ranging effects on 
maternal physiology. The placenta also induces increased maternal adipose mass. 
Human placental lactogen, estrogen, progesterone, tumor necrosis factor-α, free 
fatty acids, and many other cytokines and substances have been studied as mecha-
nisms of insulin resistance, and the mechanism is almost certainly a combination of 
multiple factors [19]. Glucose is the primary nutrient for the fetus and is transported 
from the maternal blood to the placenta and then to the fetal circulation by several 
glucose transporters via facilitated diffusion. The efficiency of this transport is so 
high that the transfer of glucose is almost directly proportional to placental perfu-
sion and maternal blood glucose concentration [20]. Increased maternal hepatic glu-
cose synthesis and increased postprandial glucose in normal pregnancy are an 
adaptive change to facilitate fetal growth.
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Insulin resistance increases similarly in glucose-tolerant pregnancy and preg-
nancy complicated by GDM. As such, the risk factors for GDM are nearly identical 
to the risk factors for type 2 diabetes mellitus (T2DM). Insulin and insulin resis-
tance increase in the third trimester. In women with preexisting insulin resistance 
without glucose intolerance, this can lead to GDM. Glucose challenge testing after 
pregnancy is normal for most women with GDM [21], but the lifetime risk of T2DM 
is extremely high [1].

4.7  Increased Risk for Hypertension 
with Gestational Diabetes

GDM, increased insulin resistance, and increased maternal insulin levels are all 
associated with preeclampsia and gestational hypertension. The odds ratio (OR) for 
preeclampsia in women diagnosed with GDM compared to women with normal 
glucose tolerance in one large cohort was 1.50 (confidence interval [CI] 1.28–1.76) 
[22]. In a cohort of women with GDM, the OR for preeclampsia was 1.81 (CI 
1.3–2.51) when fasting plasma glucose (FPG) was greater than 105 mg/dL at the 
time of glucose challenge testing. The risk of preeclampsia is also increased with 
calculated insulin resistance greater than the 75th percentile for a low-risk cohort of 
women with normal glucose tolerance both in the second trimester (OR 2.57, CI 
2.04–3.24) and third trimester (OR 2.63, CI 2.07–3.34) [23]. The HAPO trial was a 
large, blinded cohort study that followed over 20,000 women through pregnancy. 
Women with overt diabetes were excluded, and the remaining patients were strati-
fied into groups by glucose ranges. Preeclampsia was a secondary outcome of the 
initial study, and OR for preeclampsia was 1.21 (CI 1.13–1.37) for each 6.9 mg/dL 
increase in FPG. This showed a nearly linear increase in risk with increasing FPG 
from less than 70 mg/dL to 105 mg/dL [24]. The HAPO data was reanalyzed with 
preeclampsia as a primary outcome to assess the roles of maternal insulin (C-peptide 
used as a proxy marker) and glucose and to control for obesity, and the OR for 
increasing FPG decreased to 1.08 (CI 1.0–1.16) for both maternal insulin (OR 1.28, 
CI 1.20–1.36) and obesity (OR 1.6, CI 1.51–1.70) for each standard deviation 
increase in fasting C-peptide and body mass index (BMI) [25]. These data strongly 
suggest that the association of hyperglycemia with preeclampsia in GDM is largely 
caused by increased maternal insulin level which tends to increase with glucose in 
GDM. The strong association with obesity after controlling for maternal insulin and 
glucose in the HAPO cohort demonstrates the importance of shared risk factors for 
GDM and preeclampsia that are independent of the actual GDM disease process.

4.8  Treatment of Gestational Diabetes Decreases the Risk 
of Hypertension

Treatment of GDM decreased the risk of preeclampsia in two large, randomized 
trials compared to routine obstetric care. In one trial, women with a fasting plasma 
glucose less than 140 mg/dL but abnormal glucose tolerance on a 75 -g, 2-h glucose 
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challenge test were randomized to diet and lifestyle modifications plus insulin if 
needed to maintain fasting capillary glucose less than 99 mg/dL and 2-h postpran-
dial less than 126 mg/dL. Twenty percent of women in the intervention group were 
treated with insulin[4]. Women in the intervention group had a relative risk for pre-
eclampsia of 0.7 (confidence interval [CI] 0.51–0.95). The second trial evaluated 
women with glucose intolerance but without overt hyperglycemia[5]. Women with 
plasma glucose between 135 and 200 mg/dL after a 50-g, 1-h glucose challenge 
followed by an abnormal 100-g, 3-h glucose challenge but also a fasting plasma 
glucose of less than 95 mg/dL were randomized. The intervention group was treated 
with dietary modification and insulin if needed to maintain fasting capillary glucose 
less than 95  mg/dL and 2-h postprandial less than 120  mg/dL.  Eight percent of 
women in the intervention group received insulin. The relative risk for preeclampsia 
in the intervention group was 0.46 (CI 0.22–0.97). These trials provided high- 
quality evidence that treating GDM decreases the risk of preeclampsia and that this 
benefit extends to GDM without overt hyperglycemia and can be achieved with diet 
modification alone in most women.

The role of metformin in the treatment of GDM has been explored in recent stud-
ies. A randomized trial established the short-term safety of metformin versus insulin 
to treat gestational diabetes; it also showed a nonsignificant decrease in the risk of 
gestational hypertension in the metformin group[21]. Further trials have also shown 
a nonsignificant trend, and a meta-analysis showed a relative risk of gestational 
hypertension of 0.55 (CI 0.37–0.85) but did not show a significant decrease in pre-
eclampsia [26]. Another meta-analysis specifically focused on the risk of gesta-
tional hypertension and preeclampsia with metformin versus other treatments for 
GDM [27] found a 92.7% chance that metformin decreased the risk of preeclamp-
sia, a 92.8% chance that it decreased the risk of pregnancy-induced hypertension, 
and a 99.2% chance that it decreased the risk of all hypertensive disorders of 
pregnancy.

Trials comparing metformin to other treatments for GDM have generally initi-
ated treatment in the third trimester [27]. Metformin decreases gestational weight 
gain [21], which is a plausible mechanism for decreasing late-onset PIH. Early- 
onset preeclampsia is associated with specific biochemical markers including solu-
ble fms-like tyrosine kinase (s-Flt-1) [28]. In vitro research has demonstrated that 
metformin significantly decreases s-Flt-1  in human cells and that it overall pro-
motes vasodilation and inhibits endothelial dysfunction suggesting that it may be 
able to prevent or treat early-onset preeclampsia [29]. There is currently no clear 
evidence to support the clinical use of metformin to prevent preeclampsia before the 
diagnosis of GDM.

4.9  The Role of Aspirin in Prevention of Hypertension

Aspirin has also been shown to decrease the risk of preeclampsia [30, 31]. It pref-
erentially inhibits thromboxane A2 at low doses [32] which is associated with 
early- onset preeclampsia. Aspirin is most frequently used for patients with risk 
factors for preeclampsia including obesity, advanced maternal age, chronic 
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hypertension, and multifetal gestation. These risk factors are shared between 
GDM and hypertensive disorders of pregnancy [1, 2] and likely also indicate a 
risk of increased insulin levels. Aspirin treatment initiated in the first trimester 
based on risk for preeclampsia is also likely to treat many women who will be 
subsequently diagnosed with GDM and therefore have a further increase in pre-
eclampsia risk.

One meta-analysis showed a much stronger protective effect when aspirin was 
initiated before 16 weeks gestational age [30], before most patients are screened 
for GDM from 24 to 28 weeks gestation, and current guidelines only recommend 
aspirin be initiated before 28  weeks gestation [1]. Another meta-analysis used 
individual participant data investigating groups with randomization at multiple 
gestational ages; it found a similar reduction in preeclampsia risk for patients 
randomized to aspirin or placebo from 24 to 27 weeks gestation and greater than 
28 weeks gestation compared to lower gestational age at randomization [31]. This 
suggests that patients diagnosed with GDM in the third trimester who did not 
already qualify for aspirin treatment may also benefit from aspirin for preeclamp-
sia prevention.

4.10  The Effect of Hypertensive Treatment on Diabetes

Once GDM and a hypertensive disorder of pregnancy have been diagnosed, 
treatment of hypertension is not expected to influence glycemic control. Some 
beta blockers and thiazide diuretics can worsen glycemic control, but standard 
treatments of hypertension in pregnancy including labetalol, nifedipine, and 
hydralazine are not expected to increase glucose levels [15]. Hydrochlorothiazide 
may increase glucose if it is continued during pregnancy by decreasing intra-
cellular potassium and directly inhibiting insulin secretion. Treatment of 
hypertension in pregnancy should not be altered by the presence of gestational 
diabetes.

4.11  Weight Loss to Reduce Risk

As previously noted, obesity is a strong risk factor for both GDM and hypertensive 
disorders of pregnancy. No randomized trials on weight loss surgery and pregnancy 
have been performed. A review of cohort studies compared pregnancy outcome in 
women who underwent restrictive or malabsorptive surgery to women without 
weight loss surgery with BMI matched to the treatment group before the weight loss 
surgery; it found a strong reduction in GDM (OR 0.21, CI 0.12–0.36) [33]. There 
was also a strong reduction in all hypertensive disorders (OR 0.38, CI 0.27–0.53) 
but not a significant reduction in preeclampsia (OR 0.59, CI 0.32–1.09) indicating 
the primary reduction was likely chronic hypertension.
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4.12  Hypertensive Disorders Complicating Diabetes Worsen 
the Maternal Fetal Outcome

In a study done in 2012, our group showed that coexistence of hypertension and 
diabetes increased with advancing maternal age as expected. A combination of 
hypertension and diabetes in pregnancy increased the risk of preterm deliveries, 
neonatal intensive care unit admissions, neonatal seizures, low Apgar scores, and 
longer NICU stays compared to the presence of diabetes or hypertension alone [34].

4.13  Management of Diabetic Patient 
with Chronic Hypertension

The principles of management of diabetic patients with chronic hypertension is 
management of a diabetic patient with gestational hypertension and preeclampsia 
including preconceptual and early pregnancy evaluations to assess the severity of 
diabetes and hypertension, optimize medication (angiotensin receptor antagonist 
and ARBs should not be used in pregnancy; they should be replaced by antihyper-
tensives friendly to pregnancy; see Table 4.1), and evaluate the patient for end-organ 
damage. During pregnancy, the principles of management include maintenance of 
appropriate blood pressures with medications or not, maintenance of good diabetic 
control, evaluation and follow-up of the fetus, and surveillance of the patient for the 
development of superimposed preeclampsia. Specific management issues are 
addressed in Table 4.2.

Table 4.2 Management of the diabetic patient with chronic hypertension

Periconceptual period
Baseline workup to assess hypertension, document severity.
Evaluation for end-organ damage (heart, kidney, thyroid gastroparesis, neuropathy, etc.).
Obtain prior obstetrical history.
Discontinuation of antihypertensive medications incompatible with pregnancy because of fetal 
concerns such as angiotensin-converting enzyme inhibitors, or angiotensin receptor blockers, 
and replacement with medications commonly used in pregnancy such as labetalol, nifedipine, 
and hydralazine.
Weight control.
Optimization of hemoglobin A1c to less than or equal to 7.
Gestational period
Maintain blood pressures below or equal to 140–150 mmHg systolic BP over 70–90 mmHg 
diastolic BP.
Adjust medications to achieve goal.
First trimester ultrasound to assess viability and establish dating (of note, uncontrolled diabetes 
is associated with increased risk of miscarriages).
First trimester genetic testing.

(continued)
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Periconceptual period
Baseline laboratories to assess renal function (24-h urine for protein and creatinine clearance or 
urine protein to creatinine ratio, serum creatinine), liver enzymes (AST, ALT), thyroid function, 
hemoglobin A1c, CBC with platelets.
Optimize glucose control as early as possible, due to increased risk of congenital abnormalities 
in the periconceptional period in uncontrolled diabetes.
Target glucose values are fasting less than or equal to 95 mg/dL and 2-h postprandials less than 
or equal to 120 mg/dL (if 1-h postprandial is used, the target is less than or equal to 140 mg/
dL).
Second trimester anatomic ultrasound/consider fetal echocardiogram to rule out congenital 
abnormalities.
Follow-up fetal growth.
Continue maintaining appropriate glucose control with target values as above.
Continue maintaining blood pressure control as above.
Start fetal well-being testing (with nonstress test/BPP/AFI as needed) between 28 and 32 weeks 
as indicated based on severity of hypertension and diabetes and fetal findings.
Fetal kick counts.
Follow-up the patient for development of superimposed preeclampsia.
In the absence of superimposed preeclampsia or severe hypertension with blood pressures over 
or equal to 160 mmHg systolic or more that 110 mmHg diastolic, the patient can be delivered at 
37–39 weeks based on glycemic control, fetal growth abnormalities, severity of hypertension, 
fetal well-being tests, and other obstetrical parameters (earlier delivery might be indicated 
based on standard obstetrical indications).
If the patient develops signs or symptoms of superimposed preeclampsia, manage as 
preeclamptic.

Table 4.2 (continued)

4.14  Management of Diabetic Patient with Preeclampsia

The principles of management of the diabetic patient with preeclampsia is to assess 
the type of preeclampsia, with or without severe features, based on blood pressure 
readings, additional symptomatology, or abnormal laboratories [2]. Initial hospital-
ization should be considered. Patients with preeclampsia without severe features 
can be managed expectantly with serial maternal and fetal evaluations and to be 
delivered at 37 weeks (Table 4.3).

Patients with preeclampsia with severe features need to be managed as inpatients 
with emergent control of blood pressure (see Table 4.4) with careful and frequent 
follow-ups to assess for contraindication of expectant management. Delivery at 
34 weeks is recommended unless the patient develops additional severe features or 
has nonreassuring fetal testing (Table 4.5).
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Table 4.3 Management of diabetic patient with preeclampsia without severe features

Management of diabetic patient with preeclampsia
(Elevated blood pressure over or equal to 140/90 mmHg 4 h apart and proteinuria over or equal 
to 300 mg of protein per 24 h over or equal to 0.3 protein to creatinine ratio on random urine 
sample)
Gestational age 23–37 weeks
Management of preeclampsia without severe features
Blood pressure less than 160/110 mmHg plus proteinuria
Consider hospitalization for initial workup
Preeclamptic laboratory workup (CBC, LFTs, serum creatinine, uric acid, LDH, 24-h urine for 
protein and creatinine clearance for protein to creatinine ratio and random sample)
Steroids for pulmonary maturity (betamethasone 2 mg intramuscularly every 24 h for two doses 
or alternative)
Adjust or add insulin because betamethasone will decompensate glucose control, to maintain 
target values as indicated
Fetal evaluation with ultrasound (estimated fetal weight, BPP, AFI, Doppler ultrasound if 
intrauterine growth restriction)
Daily maternal evaluations to rule out severe features
Daily fetal evaluation to assess fetal well-being
After initial hospitalization, evaluate the patient for discharge and outpatient management
Outpatient management of preeclampsia without severe features
Instruct the patient regarding preeclamptic constitutional symptomatology
Twice-weekly fetal testing in the office (NST/BPP/AFI as needed) and maternal evaluation
Weekly maternal preeclamptic laboratories
Fetal kick counts
In the absence of preeclampsia with severe features, deliver patient at 37 weeks (or earlier if 
clinically indicated due to standard obstetrical conditions)
If induction of labor is visible, maintain blood glucoses less than or equal to 120 mg/dL for 
optimal neonatal outcome. Consider insulin pump versus intermittent blood glucose monitoring 
and insulin administration

Table 4.4 Medications to manage and treat hypertensive emergencies

Drug Dose
Timing to re-dose if 
unresolved

Maximum daily 
dose

Next medication if 
unresolved

Labetalol 20–80 mg IV 10 min 300 mg IV Hydralazine
Hydralazine 5–10 mg IV 20 min 20 mg IV Labetalol
Nifedipine 10–20 mg oral 

capsule
20 min 180 mg Labetalol

Table 4.5 Management of diabetic patient with preeclampsia with severe features

Blood pressures more than or equal to 160 mmHg systolic or 110 mmHg diastolic 15–20 min 
apart, constitutional symptomatology, severe features.
Upon diagnosis, hospitalization is indicated.
Admission to labor and delivery.
Emergency management of blood pressure to maintain blood pressures below 160/110 mmHg.
Preeclamptic laboratories.
Fetal evaluation with ultrasound, BPP, AFI, and Doppler ultrasound if IUGR.
Consider continuous fetal monitoring.

(continued)

4 Diabetes Complicating Pregnancy and Hypertension



68

4.15  Conclusion

Gestational diabetes and hypertensive disorders of pregnancy are important contribu-
tors to both maternal and fetal morbidity and mortality in pregnancy. After diagnosis, 
the medical and obstetric management of diabetes and hypertension in pregnancy is 
largely unchanged. The primary interactions of the two conditions are measures to 
prevent the development of hypertension once diabetes in pregnancy is diagnosed, 
including optimal control of diabetes, consideration of metformin for diabetes control, 
and initiation of low-dose aspirin to prevent preeclampsia. Gestational diabetes and 
hypertensive disorders in pregnancy should be managed by providers experienced in 
these conditions, the potential complications, and the decision- making around the 
timing of delivery with both hypertension and diabetes. While the obstetric manage-
ment and timing of delivery may be difficult, ideal control of both blood pressure and 
blood glucose helps to optimize maternal and fetal outcomes.

References

1. ACOG Practice Bulletin No. 190: gestational diabetes mellitus. Obstet Gynecol. 
2018;131(2):e49–64.

2. ACOG Practice Bulletin No. 202: gestational hypertension and preeclampsia. Obstet Gynecol. 
2019;133(1):e1–25.

Pulmonary maturation therapy with betamethasone 12 mg intramuscularly every 24 h for two 
doses.
Adjust or add insulin to maintain blood glucose targets.
Magnesium sulfate administration for 24 h and then reevaluate (discontinue magnesium sulfate 
after 24 h if the patient is stable).
Daily maternal evaluations.
Consider lab trending because disease can progress acutely.
Daily fetal evaluations with nonstress test and backup biophysical evaluation as needed.
Continue hospitalization until 34 weeks if patient is stable.
Delivery at 34 weeks is indicated in the patient with preeclampsia with severe features.
Delivery before 34 weeks needs to be considered in cases of:
Persistent constitutional symptomatology (headaches, epigastric pain, blurred vision)
Pulmonary edema
Uncontrolled severe blood pressures despite maximal antihypertensive therapy
Fetal growth restriction with reversed end-diastolic flow less than or equal to 32 weeks based 
on additional testing
Evidence of HELLP syndrome
Eclampsia
DIC
Elevated laboratories (LFTs equal to or twice normal)
Thrombocytopenia less than or equal to 100,000 platelets
Elevated serum creatinine to more than 1.1 mg/dL
Nonreassuring fetal testing
Evidence of placental abruption
Less than 23 weeks or in case of fetal anomalies or IUFD
If induction of labor is visible, maintain optimal blood glucoses during labor with blood 
glucose less than or equal to 120 mg/dL using insulin pump or intermittent boluses.

Table 4.5 (continued)

N. Baranco et al.



69

3. Steegers EA, Cluver CA, Kingdom J, Tong S. Pre-eclampsia. Lancet. 2010;376(9741):631–44.
4. Crowther CA, Hiller JE, Moss JR, McPhee AJ, Jeffries WS, Robinson JS. Effect of treatment of 

gestational diabetes mellitus on pregnancy outcomes. N Engl J Med. 2005;352(24):2477–86.
5. Landon MB, Spong CY, Thom E, Carpenter MW, Ramin SM, Casey B, et al. A multicenter, ran-

domized trial of treatment for mild gestational diabetes. N Engl J Med. 2009;361(14):1339–48.
6. Say L, Chou D, Gemmill A, Tunçalp O, Moller A, Daniels J, et al. Global causes of maternal 

death: a WHO systematic analysis. Lancet Glob Health. 2014;2(6):e323–33.
7. Ananth CV, Keyes KM, Wapner RJ. Pre-eclampsia rates in the United States, 1980-2010: age- 

period- cohort analysis. BMJ. 2013;347:f6564.
8. Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins KJ, Himmelfarb CD et al. 2017 

ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline for the pre-
vention, detection, evaluation, and management of high blood pressure in adults: a report of 
the American College of Cardiology/American Heart Association Task Force on clinical prac-
tice guidelines. Hypertension. 2018;71(6):e13–115.

9. Hauspurg A, Sutton EF, Catov JM, Caritis SN. Aspirin effect on adverse pregnancy outcomes 
associated with stage 1 hypertension in a high-risk cohort. Hypertension. 2018;72(1):202–7.

10. Martin JN Jr, Thigpen BD, Moore RC, Rose CH, Cushman J, May W.  Stroke and severe 
preeclampsia and eclampsia: a paradigm shift focusing on systolic blood pressure. Obstet 
Gynecol. 2005;105(2):246–54.

11. Judy AE, McCain CL, Lawton ES, Morton CH, Main EK, Druzin ML. Systolic hypertension, 
preeclampsia-related mortality, and stroke in California. Obstet Gynecol. 2019;133(6):1151–9.

12. Duley L, Meher S, Jones L. Drugs for treatment of very high blood pressure during pregnancy. 
Cochrane Database Syst Rev. 2013;2013(7):CD001449.

13. ACOG Committee Opinion No. 767: Emergent therapy for acute-onset, severe hypertension 
during pregnancy and the postpartum period. Obstet Gynecol. 2019;133(2):e174–80.

14. Sibai BM, Gonzalez AR, Mabie WC, Moretti M. A comparison of labetalol plus hospitaliza-
tion versus hospitalization alone in the management of preeclampsia remote from term. Obstet 
Gynecol. 1987;70(3 Pt 1):323–7.

15. Abalos E, Duley L, Steyn DW, Henderson-Smart DJ.  Antihypertensive drug therapy 
for mild to moderate hypertension during pregnancy. Cochrane Database Syst Rev. 
2018;10(10):CD002252.

16. Mastrogiannis DS, Spiliopoulos M, Mulla W, Homko CJ. Insulin resistance: the possible link 
between gestational diabetes mellitus and hypertensive disorders of pregnancy. Curr Diab Rep. 
2009;9(4):296–302.

17. Ryan EA, Enns L. Role of gestational hormones in the induction of insulin resistance. J Clin 
Endocrinol Metab. 1988;67(2):341–7.

18. Friedman JE, Ishizuka T, Shao J, Huston L, Highman T, Catalano P. Impaired glucose trans-
port and insulin receptor tyrosine phosphorylation in skeletal muscle from obese women with 
gestational diabetes. Diabetes. 1999;48(9):1807–14.

19. Resnik R, Lockwood C, Moore TR, Greene MF, Copel JA, Silver RM. Creasy and Resnik’s 
Maternal-fetal medicine: principles and practice. 8th ed. Philadephia: Elsevier; 2019.

20. Illsley NP, Baumann MU.  Human placental glucose transport in fetoplacental growth and 
metabolism. Biochim Biophys Acta Mol Basis Dis. 2020;1866(2):165359.

21. Rowan JA, Hague WM, Gao W, Battin MR, Moore MP, MiG Trial Investigators. Metformin 
versus insulin for the treatment of gestational diabetes. N Engl J Med. 2008;358(19):2003–15.

22. Bryson CL, Ioannou GN, Rulyak SJ, Critchlow C. Association between gestational diabetes 
and pregnancy-induced hypertension. Am J Epidemiol. 2003;158(12):1148–53.

23. Parretti E, Lapolla A, Dalfrà M, Pacini G, Mari A, Cioni R, et al. Preeclampsia in lean normo-
tensive normotolerant pregnant women can be predicted by simple insulin sensitivity indexes. 
Hypertension. 2006;47(3):449–53.

24. Metzger BE, Lowe LP, Dyer AR, Trimble ER, Chaovarindr U, Coustan DR, et al. Hyperglycemia 
and adverse pregnancy outcomes. N Engl J Med. 2008;358(19):1991–2002.

25. Yogev Y, Chen R, Hod M, Coustan D, Oats JJN, McIntyre HD, et al. Hyperglycemia and 
adverse pregnancy outcome (HAPO) study cooperative research group. Hyperglycemia 
and adverse pregnancy outcome (HAPO) study: preeclampsia. Am J Obstet Gynecol. 
2010;202(3):255.e1–7.

4 Diabetes Complicating Pregnancy and Hypertension



70

26. Butalia S, Gutierrez L, Lodha A, Aitken E, Zakariasen A, Donovan L. Short- and long-term 
outcomes of metformin compared with insulin alone in pregnancy: a systematic review and 
meta-analysis. Diabet Med. 2017;34(1):27–36.

27. Kalafat E, Sukur YE, Abdi A, Thilaganathan B, Khalil A. Metformin for prevention of hyperten-
sive disorders of pregnancy in women with gestational diabetes or obesity: systematic review 
and meta-analysis of randomized trials. Ultrasound Obstet Gynecol. 2018;52(6):706–14.

28. Zeisler H, Llurba E, Chantraine F, Vatish M, Staff AC, Sennström M, et al. Predictive value of the 
sFlt-1:PlGF ratio in women with suspected preeclampsia. N Engl J Med. 2016;374(1):13–22.

29. Brownfoot FC, Hastie R, Hannan NJ, Cannon P, Tuohey L, Parry LJ, et al. Metformin as a pre-
vention and treatment for preeclampsia: effects on soluble fms-like tyrosine kinase 1 and sol-
uble endoglin secretion and endothelial dysfunction. Am J Obstet Gynecol. 2016;214(3):356.
e1–356.e15.

30. Roberge S, Nicolaides K, Demers S, Hyett J, Chaillet N, Bujold E. The role of aspirin dose 
on the prevention of preeclampsia and fetal growth restriction: systematic review and meta- 
analysis. Am J Obstet Gynecol. 2017;216(2):110–20.

31. Meher S, Duley L, Hunter K, Askie L. Antiplatelet therapy before or after 16 weeks' gesta-
tion for preventing preeclampsia: an individual participant data meta-analysis. Am J Obstet 
Gynecol. 2017;216(2):121–8.

32. Benigni A, Gregorini G, Frusca T, Chiabrando C, Ballerini S, Valcamonico A, et al. Effect of 
low-dose aspirin on fetal and maternal generation of thromboxane by platelets in women at 
risk for pregnancy-induced hypertension. N Engl J Med. 1989;321(6):357–62.

33. Kwong W, Tomlinson G, Feig DS. Maternal and neonatal outcomes after bariatric surgery; a 
systematic review and meta-analysis: do the benefits outweigh the risks? Am J Obstet Gynecol. 
2018;218(6):573–80.

34. Potti S, Jain NJ, Mastrogiannis DS, Dandolu V.  Obstetric outcomes in pregnant women 
with diabetes versus hypertensive disorders versus both. J Matern Fetal Neonatal Med. 
2012;25(4):385–8.

N. Baranco et al.



Part III

Screening and Diagnostic Approaches in 
Diabetic Hypertensive Patients



73

5Office/Out-of-Office Blood Pressure 
Measurements

Paolo Verdecchia, Gianpaolo Reboldi, and Fabio Angeli

5.1  Introduction

Several studies have been conducted over the past 30 years to investigate whether 
the superiority of out-of-office blood pressure (BP) over office BP for improving 
cardiovascular risk stratification, initially obtained from mixed cohorts of diabetic 
and nondiabetic subjects [1–4], is suitably extendible to fully diabetic cohorts. 
Dealing with diabetes, these studies mostly focused on diabetic microvascular com-
plications at the renal, retinal, and neural level, in addition to macrovascular com-
plications and mortality.

Extensive reviews and commentaries have been published on this issue [5–7]. 
Here, we will provide a clinically oriented overview of clinical studies, which inves-
tigated the impact of office versus out-of-office BP, either at home or during 24-h 
ambulatory BP monitoring, on target organ damage and major cardiovascular events 
in diabetic subjects. Table 5.1 summarizes the main areas of interest.
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Table 5.1 Out-of-office blood pressure in subjects with diabetes: main areas of interest

Masked hypertension
White-coat hypertension
24-h BP and day-night BP changes
Self-measured home BP
BP variability
Therapeutic implications

5.2  Masked Hypertension

Initially coined by Pickering in year 2002 [8], the term “masked hypertension” 
(MH) is defined as untreated subjects with normal BP during the clinical visit asso-
ciated with abnormally elevated BP out of the clinical setting (i.e., self-measured at 
home or during 24-h ambulatory BP monitoring). Such definition has been subse-
quently extended to treated subjects apparently controlled by treatment, using the 
term “uncontrolled masked hypertension” [9].

The prevalence of MH is generally elevated in diabetic subjects. In the IDACO 
(International Database on Ambulatory Blood Pressure in Relation to Cardiovascular 
Outcomes) study, the prevalence of MH, defined by 24-h ambulatory BP monitoring 
in untreated subjects, was 29%, versus 19% among nondiabetics [10]. When the 
analysis was restricted to treated subjects, the prevalence of MH was 42% among 
diabetics and 30% among nondiabetics [10]. In other studies conducted with 24-h 
ambulatory BP monitoring, the prevalence of MH among diabetics was 30% [11] 
and 47% [12]. In a study from Japan with MH detected using self-measured home 
BP in diabetic patients, the prevalence of MH was 41% (112 subjects over 270 with 
normal home BP) [13]. In a recent study, the prevalence of MH was 29% in off-
spring of patients with diabetes, versus only 3% in offspring of nondiabetic sub-
jects [14].

Which are the predictors of MH? As shown in Table 5.2, several factors includ-
ing diabetes have been associated with a higher probability of MH.

5.2.1  Masked Hypertension and Organ Damage

Diabetic subjects with MH generally present greater organ damage when compared 
with diabetic controls with normal out-of-office blood pressure. In studies from 
independent laboratories, diabetic subjects with MH showed an increased left ven-
tricular mass at echocardiography [22, 23] and a reduction of active diastolic relax-
ation [23] when compared with diabetic normotensive controls. A meta- analysis of 
published studies showed a nonsignificant trend towards a higher left ventricular 
mass in diabetic subjects with MH [24]. Urinary albumin excretion rate (UAER) has 
been found increased in diabetic subjects with MH [22] and the progression from 
microalbuminuria to macroproteinuria was eightfold more frequent in diabetic sub-
jects with MH [13].
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Table 5.2 Predictors of masked hypertension

Prehypertension [15]
High physical or mental stress at work/home [16]
Diabetes [10]
Smoking [17]
Metabolic syndrome [18]
Chronic kidney disease [19]
Obstructive sleep apnea [20]
Elderly subjects, with office BP taken after a large meal [21]

Eguchi et al. found an excess risk of silent cerebral infarctions in diabetic sub-
jects with MH [12]. In a study from Sweden, diabetic subjects with MH defined by 
a normal office BP associated with an isolated raise in nighttime BP (30 out of 100 
subjects) showed an increased pulse wave velocity and central blood pressure, 
reflecting increased large artery stiffness [25].

5.2.2  Masked Hypertension and Outcome

MH is associated with a markedly increased risk of major cardiovascular events. In 
a meta-analysis from our group, the risk of major CV events was higher in subjects 
with MH than in the normotensive subjects regardless of whether MH was defined 
according to self-measured BP at home (hazard ratio [HR] 2.13; 95% confidence 
interval [CI], 1.35–3.35; P  =  0.001) or 24-h ambulatory BP (HR 2.00; 95% CI: 
1.54–2.60; P < 0.001) [26].

The IDACO study specifically investigated the prognostic impact of MH among 
diabetic subjects. Overall, 229 diabetic and 5486 nondiabetic subjects who under-
went 24-h ambulatory BP monitoring were followed for a median of 11 years [10]. 
After adjustment for potential confounders, the excess risk of total cardiovascular 
events (Fig. 5.1) in untreated subjects with diabetes and MH tended to be higher 
than that in diabetic normotensive subjects (HR 1.96; 95% CI 0.97–3.97; P = 0.059), 
not dissimilar from subjects with stage 1 hypertension (HR, 1.07; 95% CI 0.58–1.98; 
P = 0.82) and definitely lower than in subjects with stage 2 hypertension (HR 0.53; 
CI 0.29–0.99; P = 0.048) [10]. The prognostic impact of MH tended to disappear in 
treated subjects: in this subgroup, the risk of cardiovascular events did not differ 
between those with MH and the normotensive group (HR 1.13; 95% CI 0.54–2.35; 
P = 0.75), as well as with the group with stage 1 hypertension (HR, 0.91; 95% CI 
0.49–1.69; P  =  0.76) and stage 2 hypertension (HR 0.65; 95% CI, 0.35–1.20; 
P = 0.17) [10].

In addition to 24-h ambulatory BP, self-measured home BP may be useful to 
identify diabetic subjects with MH and increased cardiovascular risk. In the 
HONEST (Home BP measurement with Olmesartan Naive patients to Establish 
Standard Target blood pressure) study, which included treated diabetic patients, the 
incidence of major cardiovascular events was 13.2/1.000 patients/year in the group 
with masked uncontrolled hypertension, versus 6.1/1.000 patients/year (HR 2.77) in 
the normotensive subgroup [27].

5 Office/Out-of-Office Blood Pressure Measurements
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Fig. 5.1 Incidence of major cardiovascular events in diabetic subjects with normotension, masked 
hypertension, stage 1 hypertension, and stage 2 hypertension. From Franklin et al. [10], modified

An interesting finding noted in the PAMELA (Pressioni Arteriose Monitorate E 
Loro Associazioni) study was the increased risk to develop diabetes in the long term 
among initially nondiabetic subjects with MH [28]. This finding may be accounted 
for by the unfavorable metabolic profile of these subjects even in a prediabetic 
phase [28].

The recent European Hypertension Guidelines provided some important recom-
mendations on the management of subjects with MH [29] and there is no reason 
why these recommendations should not be extended to diabetic subjects [29]. First, 
“In masked hypertension, lifestyle changes are recommended to reduce cardiovas-
cular risk, with regular follow-up, including periodic out-of-office BP monitoring” 
(I C recommendation) [29]. Second, “antihypertensive drug treatment should be 
considered in masked hypertension to normalize the out-of-office BP, based on the 
prognostic importance of out-of-office BP elevation” (IIa C recommendation) [29] 
Third, “antihypertensive drug up-titration should be considered in treated patients 
whose outof-office BP is not controlled (i.e. masked uncontrolled hypertension), 
because of the high CV risk of these patients” (IIa C recommendation) [29].

Taken together, these findings strongly suggest the usefulness of 24-h ambulatory 
BP monitoring in diabetic subjects with normal office BP, particularly in those who 
are still untreated, with the aim to identify the high-risk subgroup with MH. These 
subjects should be treated with the aim to normalize out-of-office blood pressure.

Notwithstanding the utility of regular self-measurements of BP at home in the 
long term, 24-hour ABPM remains strongly recommended at least in the initial 
diagnostic phase because self-measured BP at home may miss about 25% of sub-
jects with MH [30]. Thus, 24-h ABP monitoring may be particularly recommended 
when one or more predictors for MH (Table 5.2) in addition to diabetes coexist in 
the same individual.
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5.3  White-Coat Hypertension

White-coat hypertension (WCH) is defined by an elevated office BP combined with 
normal BP at home or during 24-h ambulatory BP monitoring [31]. Such definition 
relies on the belief that WCH is mostly accounted for by the alerting reaction and 
the transient rise in BP which commonly occur during the clinical visit [32]. WCH 
mostly applies to untreated subjects because drug treatment could induce a different 
drop in BP as captured by office and out-of-office BP measurement [1]. Subsequently, 
the term “white-coat uncontrolled hypertension” has been introduced to define, in 
treated subjects, a condition with elevated office BP and normal home or 24-hour 
ABP as opposed to a condition of “sustained uncontrolled hypertension” with eleva-
tion of both office and out-of-office BP [29].

The prognostic impact of WCH hypertension has been extensively debated [1, 29]. 
It is generally believed that such condition should be considered at intermediate car-
diovascular risk between normotension (i.e., office plus out-of-office normotension) 
and sustained hypertension (i.e., elevation in both office and out-of-office BP) [1, 29].

In patients with type 2 diabetes, the prevalence of WCH was around 18% [33]. 
Some studies addressed the issue of target organ damage in diabetic patients with 
WCH, but results are limited by the generally low sample sizes of these studies. For 
example, WCH was not associated with diabetic nephropathy or left ventricular 
hypertrophy in some studies [34, 35], while other studies found a greater organ 
damage in diabetic patients with WCH, which included increased arterial stiffness 
[36], silent cerebral infarcts [37], and diabetic retinopathy and nephropathy [38].

Evidence from a long-term outcome study is limited. In a longitudinal study of 
262 patients with type 2 diabetes followed for about 4 years, the incidence of major 
cardiovascular events was significantly lower among patients with WCH than in 
those with sustained hypertension [33]. Unfortunately, such study did not include 
clinically normotensive individuals [33]. As a consequence of such uncertainty, the 
medical literature hosted some hot debates over the past few years about whether 
clinically hypertensive patients with diabetes and WCH should receive drug treat-
ment [39] or not [40].

More recently, an important contribution on this topic came from a longitudinal 
analysis of the IDACO (International Database on Ambulatory Blood Pressure 
Monitoring) study, in which 653 untreated subjects with WCH and 653 normoten-
sive controls were followed for a median of 10.8 years [41]. Notably, the subjects 
with WCH were divided into “low” and “high” cardiovascular risk on the basis of 
established risk factors (diabetes, male sex, smoking, obesity, dyslipidemia). Of 
course, the prevalence of diabetes was 0% in the subgroup at “low” risk versus 
19%–23% in the subgroup at “high” risk [41]. During follow-up, the incidence of 
new cardiovascular events was significantly higher in the WCH group than in the 
age-matched normotensive group (HR 2.06, 95% CI 1.10–3.84, P = 0.023) [41]. 
However, the higher risk in WCH was restricted to the high-risk subjects aged 
60 years or more (HR 2.19, 95% CI 1.09–4.37) not to the low-risk subgroup (HR 
0.88, 95% CI 0.51–1.53, P = 0.66). The P-value for interaction between the two 
groups was statistically significant (P = 0.04) [41].
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Taken together, all these findings suggest that WCH may not be an innocent 
phenotype in patients with diabetes, differently from other clinical lower-risk 
phenotypes.

5.4  24-Hour Day-Night BP Changes

The superiority of ambulatory BP over office BP for cardiovascular risk stratifica-
tion in mixed populations of diabetic and nondiabetic subjects is well established [2, 
29, 42]. In 1994, we provided the first longitudinal evidence that WCH and a non- 
dipping pattern were independent predictors of major cardiovascular events after 
adjustment for several potential confounders including diabetes [3].

Over the subsequent years, a growing number of studies investigated the prog-
nostic impact of 24-hour ambulatory BP in cohorts of diabetic subjects.

5.4.1  Relationship with Organ Damage

A blunted fall in BP from day to night has been associated with increased urinary 
albumin excretion in patients with diabetes [43–46], but it was not clear whether the 
major determinant of albuminuria was the blunted day-night BP drop or the 
increased nighttime BP in itself. In a study, a blunted decline in BP from day to 
night antedated the progressive worsening of renal function in diabetic subjects 
[47]. The percent decline in glomerular filtration rate (GFR) over a follow-up period 
of 3.6  years was 21.8% among diabetics, versus 6.6% among nondiabetics 
(P < 0.001), and it was greater in non-dippers (−15.9%) than in dippers (+1.3%) 
[47]. Notably, a mean 24-h systolic BP >136 mmHg was an additional independent 
predictor of GFR decline even after adjustment for non-dipping (P = 0.04) [47].

Ambulatory BP also showed a closer association with echocardiographic left 
ventricular mass [48–50] and carotid atherosclerosis [48] when compared with 
office BP in diabetic patients. Some authors have also found that a blunted day- 
night BP fall is associated with diabetic neuropathy independently from pain-related 
sleep disorders and obstructive sleep apnea [51].

Subjects with diabetes are more prone to develop cognitive decline and dementia 
and hypertension is believed to increase the likelihood of neurological deficits. 
However, both low and high 24-h BP values are associated with impaired global 
cognitive functioning, consistent with a U-curve phenomenon [52].

5.4.2  Relationship with Outcome

Knudsen et  al. first noted that diabetic subjects with a history of macrovascular 
events had an increased BP at night [53]. The first longitudinal evidence that ambu-
latory BP predicts outcome in diabetic subjects dates back to year 2000, when 
Sturrock et al. published a small study of 75 diabetic subjects followed for 4 years 
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[54]. In that study, a non-dipping pattern was associated with an increased risk of 
mortality [54]. In 2004, a larger study from Japan conducted in initially hospitalized 
diabetic subjects followed up for about 7 years found that the mean 24-h pulse pres-
sure and mean nighttime systolic BP were independent predictors of major cardio-
vascular events, independent of the day-night BP changes [55]. These findings have 
been subsequently confirmed from longitudinal studies conducted in Italy [56] and 
Japan [57]. In 2009, a longitudinal study of 1178 diabetic patients found that a 
blunted day-night rhythm of heart rate, in addition to the ambulatory arterial stiff-
ness index (a measure of the dynamic relationship between systolic and diastolic BP 
reflecting arterial stiffness), were independent predictors of mortality [58].

An important longitudinal study in this area, the Rio de Janeiro type 2 Diabetes 
Cohort Study (RIO-T2D), was published in 2013 by Salles et al. [59]. In brief, 565 
subjects with type 2 diabetes were followed for 5.75 years and 24-h ambulatory BP 
monitoring was performed at baseline and during follow-up [59]. After controlling 
other cardiovascular risk factors, 24-h systolic BP and 24-h pulse pressure were 
stronger predictors of major cardiovascular events than office BP. Notably, achieved 
BP was more potent than baseline BP on risk stratification [59]. The multivariate 
spline analysis showed that the risk of events in these subjects increased when 24-h 
ambulatory BP levels exceeded 120/75 mmHg, which corresponds to 130/80 mmHg 
for daytime BP and 110/65 mmHg for nighttime BP [59]. Although not being a 
randomized trial between more intensive and less intensive ambulatory BP targets, 
the study by Salles generates the hypothesis that lower ambulatory BP goals may be 
beneficial in the management of patients with diabetes.

5.4.3  Impact on Chronotherapy

In a prospective, randomized study in 448 hypertensive patients with type 2 diabetes 
followed for 5.4 years, Hermida et al. found that administration of at least one anti-
hypertensive drug at bedtime was associated with a significant reduction of a com-
posite outcome of major cardiovascular events (Fig.  5.2) as compared with 
administration of all antihypertensive drugs in the morning [60]. Whereas daytime 
BP at follow-up did not differ between the two groups (127/71 mmHg in both), 
asleep BP was lower in the group with at least one antihypertensive drug at bedtime 
(115/60 vs 122/64 mmHg) [60]. In a commentary, Friedman and Banrji noted that 
these results partly disagree with the Action to Control Cardiovascular Risk in 
Diabetes (ACCORD) study, which did not find a different incidence of major car-
diovascular events between the groups randomized to a more intensive (<120 mmHg) 
or less intensive systolic BP goals (<140 mmHg) [61]. In a subsequent study con-
ducted in a smaller diabetic cohort, bedtime administration of antihypertensive 
drugs was associated with lower nighttime and 24-h BP, increased natriuresis, and 
lower levels of C-reactive protein, the latter suggesting a reduction in low-grade 
inflammation [62].

Taken together, these data suggest the potential usefulness of bedtime adminis-
tration of antihypertensive drugs in diabetic patients, particularly in those with 
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Fig. 5.2 Incidence of major cardiovascular events in hypertensive subjects randomized to receive 
all antihypertensive drugs at awakening, or at least one drug at bedtime. From Hermida et al. [60], 
modified

elevated nighttime BP values. A caveat to consider is that the sleep disturbances 
possibly caused by cuff inflations during nocturnal BP monitoring could trigger a 
monitoring-related raise in nighttime BP, which might invalidate its prognostic 
impact [63]. Further, randomized studies are urgently needed to provide a definite 
answer to this question.

5.5  Self-Measured Home Blood Pressure

Several longitudinal studies conducted in mixed cohorts of diabetic and nondiabetic 
subjects clearly demonstrated that BP self-measured by patients at home (home BP) 
is superior to office BP for the prediction of major cardiovascular events and mortal-
ity [64–68].

Some cross-sectional and longitudinal studies investigated the applicability of 
these findings to diabetic subjects. Cross-sectional studies found an association of 
home BP with diabetic nephropathy, retinopathy, and history of major cardiovascu-
lar complications [69, 70]. In a longitudinal study, the progression of diabetic 
nephropathy from normo-albuminuria to micro- and macroproteinuria was more 
frequent among subjects with home BP in the range of 120–129 mmHg than among 
those with home BP <120 mmHg (OR 2.72, P = 0.035) even after adjustment for 
other potential determinants of proteinuria. Of note, the risk of coronary events did 
not increase (i.e., there was no “J-curve”) among the subjects with home BP 
<120 mmHg [71].
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In the Hypertension Objective Treatment Based on Measurement by Electrical 
Devices of Blood Pressure (HOMED-BP) trial, 979 patients with impaired fasting 
glucose (IFG) or type 2 diabetes were followed for a median of 5.45 years. At entry, 
home systolic BP was a significant predictor of major cardiovascular events in the 
total population of subjects with IFG or diabetes (HR 1.68, 95% CI 1.26–2.26, 
P = 0.0005] [72]. Home BP recorded during follow-up was a significant predictor 
of cardiovascular events even after adjustment for clinic BP, which did not achieve 
significance in the multivariate analysis. Since only 26 events occurred in the dia-
betic subgroup, this study could not assess the prognostic impact of home BP in 
these subjects. Notably, home BP values <125/75 mmHg were associated with a 
47% (systolic BP) and 55% (diastolic BP) lower risk of cardiovascular events when 
compared with subjects with higher home BP [72].

The Japan Morning Surge Home Blood Pressure (J-HOP) study provided impor-
tant data on the prognostic value of home BP in diabetic subjects [73]. In that study, 
1057 subjects with diabetes and 3251 without diabetes were followed for a median 
of 4.0 years. After adjustment for confounders, home systolic BP ≥135 mmHg was 
associated with increased risk of cardiovascular events both in the diabetic (HR 
2.45, P = 0.017) and nondiabetic (HR 1.79, P = 0.024) cohorts. Conversely, home 
systolic BP ≥125 mmHg predicted an increased risk of cardiovascular events only 
in the diabetic cohort (HR 4.35, P = 0.045), not in the other cohort [73]. Again, 
although it was not a randomized study between different treatment goals, the 
J-HOP study generates the hypothesis that home systolic BP should be kept below 
125 mmHg for an optimal protection from major cardiovascular events.

As discussed above, home BP may be useful to identify diabetic subjects with 
white-coat or masked hypertension, as shown in the HONEST study [27]. An inter-
esting point to be kept present when interpreting the data is represented by the sea-
sonal variations in home BP. A study from Japan conducted in patients with type 2 
diabetes showed that home BP is considerably lower in August (about 126/70 mmHg) 
than in January (about 140/77 mmHg) [74].

Diabetic patients should be instructed to share the results of home BP measure-
ments with their doctors. A study specifically conducted in 566 subjects with diabe-
tes clearly showed that the patient-clinician communication of results of home BP 
monitoring is an independent factor associated with a better BP control [75].

5.6  Blood Pressure Variability

BP variability is a complex phenomenon which results from the interaction between 
extrinsic (physical activity, psychological stress, temperature, etc.) and intrinsic 
(neural and humoral mechanisms) factors [7]. BP variability can be detected beat- 
by- beat using intra-arterial BP recoding, or over longer time windows using 24-h 
noninvasive BP monitoring (BP variability during the day, night, or over 24 h) or 
home BP measurements (day-to-day and seasonal variability). When using 24-h 
ambulatory BP monitoring, BP variability can be estimated through the standard 
deviation of daytime, nighttime, or 24-h BP, the latter being more properly an 
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expression of the day-night dipping pattern (see above). Unfortunately, the standard 
deviation of daytime and nighttime BP may not be sensitive enough to short or very 
short changes in BP that may occur during day or night.

BP variability during the day, night, and over 24 h tends to be increased in hyper-
tensive subjects with diabetes as compared with subjects without diabetes [76, 77]. 
In subjects at risk of diabetes due to overweight or obesity, a visit-to-visit variability 
of systolic BP of at least 10 mmHg predicted an increased likelihood to develop 
diabetes over time [78]. A study in diabetic subjects showed that day-to-day home 
BP variability is more closely associated with daytime variability than with night-
time variability from 24-h ambulatory BP monitoring [79].

Several factors including increased arterial stiffness, autonomic dysfunction, and 
elevated adrenergic activity could explain the increased BP variability in subjects 
with diabetes [76, 80, 81]. An elevated variability of systolic BP during the night 
and 24-hour BP has also been linked with coronary artery disease [82].

The prognostic impact of blunted day-night BP variability has been discussed 
above. Coming to the day-to-day BP variability, there is large evidence that such 
variability is associated with a greater organ damage and a higher risk of major 
cardiovascular events [7]. Increased home BP variability predicted a higher risk of 
development and progression of diabetic nephropathy [83, 84]. In subjects with type 
1 diabetes, the year-to-year BP variability was linked with a higher risk of subse-
quent diabetic nephropathy, but not retinopathy [85]. In a study from Japan con-
ducted in subjects with type 2 diabetes, the standard deviation and the coefficient of 
variation of home BP measured in the morning were significantly associated with 
the risk of progression from micro- to macroalbuminuria over 2 years even after 
adjustment for important confounders including sex, duration of diabetes, obesity, 
glycosylated hemoglobin, serum creatinine, and antihypertensive treatment [86]. 
These data have been confirmed in a large study from the United States [87]. In 
another longitudinal study, day-to-day variability was associated with greater arte-
rial stiffness, reflected by pulse wave velocity and urinary albumin excretion, in a 
large cohort of subjects with type 2 diabetes [88].

The Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified 
Release Controlled Evaluation (ADVANCE) study, conducted in 8811 subjects 
with diabetes and no previous cardiovascular events, strongly supported the prog-
nostic value of visit-to-visit BP variability [89]. In this study, the association 
between systolic BP variability and macrovascular and microvascular events was 
continuous even after adjustment for mean systolic BP and other confounding fac-
tors. The HRs in the upper tenth versus the lowest tenth were 1.54 (0.99–2.39) for 
macrovascular events and 1.84 (1.19–2.84) for microvascular events [89].

5.7  Blood Pressure Targets

The 2018 ESC/ESH Guidelines [29] and the 2019 ESC Guidelines on diabetes, 
prediabetes, and cardiovascular diseases [90] recommended that in subjects with 
diabetes:
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 (a) Antihypertensive treatment is needed when office BP is ≥140/90 mmHg (I A 
recommendation).

 (b) Systolic BP should be targeted to 130 mmHg and <130 mmHg if tolerated, but 
not <120 mmHg (I A recommendation).

 (c) In people aged ≥65 years, systolic BP should be targeted to 130–139 mmHg (I 
A recommendation).

 (d) Diastolic BP should be targeted to <80 mmHg, but not <70 mmHg (I C recom-
mendation) [29, 90].

Conversely, the 2017 Guidelines issued by the American College of Cardiology, 
the American Heart Association, and other scientific societies recommend starting 
antihypertensive drug treatment when office BP is 130/80 mmHg or higher, with the 
aim to reduce it to <130/80 mmHg [91].

The Standards of Medical Care in Diabetes-2019 issued by the American 
Diabetes Association suggest that BP should be targeted <130/80 mmHg in diabetic 
hypertensive subjects at high cardiovascular risk (history of cardiovascular disease, 
or 10-year atherosclerotic cardiovascular disease risk >15%) and to <140/90 mmHg 
in those at lower risk (no history of cardiovascular disease, or 10-year atheroscle-
rotic cardiovascular disease risk <15%) [92].

While office BP targets in subjects with diabetes appear to be well established, 
out-of-office BP targets remain undefined. Home BP should be kept below 125/75 
mmHg according to the HOMED-BP study [72]. Also the J-HOP study [73] and the 
HONEST study [27] suggested that home systolic BP <125 mmHg is an appropriate 
target. Thus, a home BP target <125/75 mmHg sounds like a reasonable proposal.

As for ambulatory BP monitoring, the RIO-T2D study concluded that achieved 
24-h systolic BP values <120/75 mmHg are associated with significant cardiovascu-
lar protection [59].

Despite the reported association between a blunted day-night BP decline and 
organ damage (see above), uncertainty remains whether the higher nocturnal BP in 
itself or the blunted day-night BP drop is the main determinant of outcome [47, 55]. 
Similar caveats may apply to long-term (i.e., visit-to-visit) BP variability, although 
the ADVANCE study provided clear evidence that the relation between visit-to-visit 
systolic BP variability and outcome is continuous and independent from the mean 
BP [89].

5.8  Conclusions

The above data strongly suggest that, owing to the continuous rise in the incidence 
of diabetes worldwide, the deleterious impact of elevated BP in these subjects, and 
the superiority of out-of-office versus office BP for cardiovascular risk stratification 
in diabetic subjects, further studies with home BP and 24-h ambulatory BP in dia-
betes are urgently needed. In the meantime, the use of both techniques of out-of- 
office BP measurements should be encouraged in the clinical practice. This review 
provides some out-of-office BP goals based on available outcome-based studies.
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6Laboratory Indices/Bioimaging

Maria Lorenza Muiesan, Claudia Agabiti-Rosei,  
Carolina De Ciuceis, Massimo Salvetti, and Anna Paini

6.1  Laboratory Indices

As suggested by ESC guidelines [1], the diagnosis of diabetes should include both 
fasting glucose measurements and hemoglobin A1c, and in case of inconclusive 
results, an oral glucose tolerance test should be performed to identify impaired glu-
cose intolerance or fasting hyperglycemia.

Routine assessment of microalbuminuria is mandatory in patients at risk of 
developing or already presenting with high or very high risk of developing renal 
dysfunction and/or CVD. The gold standard for the measurement of albuminuria is 
24-h urine collection (albuminuria normal values are less than 30 mg/day, microal-
buminuria is 30–300  mg/day, and macroalbuminuria is >300  mg/day). Although 
24-h urine collection is the gold standard for the detection of albuminuria, it has 
been suggested that screening can be carried out more simply and albuminuria can 
be tested from the first morning urine sample. In recent years, the albumin-to- 
creatinine ratio (UACR) from spot urine, preferably the first voided in the morning, 
may be considered equivalent to the values during a 24-h urine collection. When 
albumin concentration is between 30 and 300 mg/day in a 24-h urine collection or 
30–300 mg/g of creatinine in a first morning sample, the term microalbuminuria is 
used; when albuminuria is more than 300 mg/day or UACR is greater than 300 mg/g, 
it is considered macroalbuminuria.

In diabetic patients, UACR values identify two stages of diabetic nephropathy—
micro- and macroalbuminuria. In addition to the risk of developing diabetic 
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nephropathy, CV diseases starts when UACR values are still within the normoalbu-
minuric range [2, 3]

Microalbuminuria may progress to macroalbuminuria, although not in all patients 
and may even regress to normoalbuminuria. Available prospective studies in type 1 
and type 2 diabetic patients have shown that the progression from normoalbumin-
uria or microalbuminuria to macroalbuminuria is influenced by higher baseline lev-
els of blood pressure (BP) and glycated hemoglobin (HbA1c).

In normoalbuminuric type 1 diabetic patients, the progression to microalbumin-
uria or proteinuria is related to hypertension, worse baseline glomerular lesions, and 
lower glomerular filtration rate.

Insulin resistance seems to play a central role in causing renal injury with func-
tional as well as structural nephron loss and contribute to elevated BP, which in turn 
may further damage renal function, in addition to other suboptimal control of hemo-
dynamic and metabolic abnormalities [4].

Recently it has been observed that patients with type 2 DM and chronic kidney 
disease (CKD) with normoalbuminuria had a less unfavorable clinical course, as 
compared with those with micro- and macroalbuminuria; concomitant treatment 
with renin–angiotensin–aldosterone system blockade and ongoing medical care 
could have played a role in the progression to end-stage renal disease [5].

Renal function should be also measured by the estimation of glomerular filtra-
tion rate, calculated by the 2009 CKD-Epidemiology Collaboration formula, since 
albuminuria and kidney function may both have a predictive role for CV and renal 
outcomes [6].

According to the 2018 ESH/ESC Guidelines, the assessment of serum creatinine 
and the calculation of estimated glomerular filtration rate (eGFR) is recommended 
to assess renal excretory function [7] and urinary albumin excretion is considered a 
biomarker of early renal damage. Both measurements are low cost and easy to per-
form. In the presence of CKD, albuminuria and eGFR evaluation should be repeated 
annually [7].

Novel methods for evaluating early mediators of renal injury in the assessment 
of diabetic/hypertensive nephropathy development and progression have been pro-
posed, including serum uric acid, insulin sensitivity, vasopressin, and sodium–glu-
cose cotransport-2 inhibition, transforming growth factor-β, and bone morphogenic 
growth factor-7 in serum and urine. The routine assessment of novel biomarkers is 
not recommended for CV risk stratification, although the precise role of these labo-
ratory parameters will be investigated by future studies.

6.2  Other Circulating Biomarkers

In patients with DM and without known CVD, the measurement of some inflamma-
tory markers (C-reactive protein or fibrinogen) did not provide a significant improve-
ment in risk assessment [8].

Recent evidence suggests that high-sensitivity cardiac troponin T (hsTnT) and 
troponin I (hsTnI) may be considered markers of CV disease and mortality risk, 
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reflecting the cumulative impact of diabetes and hypertension, in addition to other 
comorbidities, on cardiac damage, especially in individuals of older age.

In individuals with DM type 2, hsTNT was associated with all-cause and CV 
mortality [9], and more recently in older type 2 DM patients (age 67–89  years) 
enrolled into the ARIC (Atherosclerosis Risk in Communities) study, both hsTNT 
and hsTNI improved the prediction of CV events independently of associated 
comorbidities, including hypertension [10].

In the SAVOR-TIMI 53 study (Saxagliptin Assessment of Vascular Outcomes 
Recorded in patients with diabetes mellitus—Thrombolysis in Myocardial Infarction 
53 trial), enrolling patients with type 2 DM and elevated CV risk, increased levels of 
hs-TNT, indicating subclinical myocardial injury, were associated with lower values 
of diastolic BP (<80 mmHg) possibly causing insufficient coronary perfusion [11].

In diabetic patients with type 1 DM, elevated hsTnT was an independent predic-
tor of renal decline and CV events [12].

N-terminal pro-B-type natriuretic peptide (NT-proBNP), another marker of car-
diac damage, may be measured in hypertensive patients with DM [13]. In an 
unselected cohort of individuals with DM, it was shown that low levels of 
NT-proBNP were associated with a benign short-term prognosis [14–16].

In diabetic patients, however, the concomitant presence of obesity and hyperin-
sulinemia may influence the levels of natriuretic peptides. In the PARADIGM-HF 
trial, patients with diabetes had lower NT-proBNP than those without diabetes [17]. 
In patients with obesity and heart failure, measuring plasma levels of proBNP is 
more precise than measuring the plasma levels of either NT-proBNP or BNP.

The measurement of NT-proBNP has been proposed for the detection of left 
ventricular hypertrophy (LVH) and it was observed that NT-proBNP was superior to 
ECG, although it remained unsuitable for detecting echocardiographic LVH [18].

Gamella-Pozuelo et  al. [19] have measured cardiotrophin-1 and found that 
hypertensive or diabetic patients have higher plasma cardiotrophin-1 than control 
patients; a positive correlation was found between cardiotrophin-1 and basal glycae-
mia, systolic and diastolic BP and pulse pressure (PP), the presence of cardiac 
(LVH), arterial damage (increased intima-media thickness [IMT] and decreased 
ankle–brachial index [ABI]), and renal damage (microalbuminuria and elevated 
UACR). The relationship between cardiotrophin-1 and cardiac and vascular damage 
remained significant at multivariate analysis, suggesting that increased plasma lev-
els of cardiotrophin-1 are strongly related to the degree of subclinical target organ 
damage in hypertensive and diabetic patients.

6.3  Bioimaging

The ESH/ESC societies [1, 7] recommend a resting electrocardiogram (ECG) in 
patients with DM and hypertension, and/or if CV disease is suspected.

Other tests, such as transthoracic echocardiography, coronary artery calcium 
(CAC) score, ABI, and IMT may be considered to test for structural heart and vas-
cular disease or as risk modifiers in those at moderate or high risk of CV disease.

6 Laboratory Indices/Bioimaging
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6.3.1  Electrocardiography

ECG abnormalities may be present in patients with diabetes in the absence of coro-
nary artery disease. Some ECG alterations have been advocated as a specific pattern 
of diabetes: abnormal repolarization, increase of QRS duration [20], and “strain” 
pattern [21].

When DM is associated with hypertension, an increased Cornell voltage–dura-
tion product [22], a prolonged QTc interval [23], and impaired heart rate variability 
[24] have been described. Another ECG finding, suggesting a worse prognosis, is 
T-wave axis deviation; in a general population study, ECG-LVH was more prevalent 
in patients with DM and hypertension and was associated with a higher prevalence 
of T-wave axis deviation [25].

In patients with diabetes and hypertension, ECG-LVH may be observed using 
criteria on the basis of the Cornell product and the Sokolow–Lyon voltage combina-
tion. It should be underlined that the concomitant presence of obesity might influ-
ence the detection of LVH according to the used criterion and the Cornell product 
should be preferred over the Sokolow–Lyon voltage [26].

In the LIFE study, the reduction or the absence of ECG LVH predicted a reduced 
incidence of DM in a large group of hypertensive patients [27], whereas in the same 
study regression of LVH was impaired in diabetic patients as compared to nondia-
betics [28].

In the ACCORD study, including hypertensive diabetic patients, an intensive BP 
control has been associated with more regression of baseline LVH and lower rate of 
developing new LVH, compared to standard BP lowering [29].

A previous silent myocardial infarction may be detected by a resting ECG in 4% 
of patients with DM [30]. This finding has been associated with increased risks of 
all-cause mortality (hazard ratio 1.50, 95% confidence interval 1.30–1.73), CV mor-
tality (2.33, 1.66–3.27), and major adverse cardiac events (1.61, 1.38–1.89) com-
pared with the absence of myocardial infarction, as demonstrated by a recent 
meta-analysis [31].

In both type 1 and type 2 DM, an increase in heart rate detected at resting ECG 
is associated with the risk of CV disease, while a low heart rate variability (a marker 
of diabetic CV autonomic neuropathy) has been associated with an increased risk of 
fatal and nonfatal coronary artery disease (CAD).

6.4  Imaging Techniques

6.4.1  Echocardiography

Echocardiography is the first choice to evaluate structural and functional abnormali-
ties associated with DM and hypertension. Two-dimensional transthoracic echocar-
diography provides information about left ventricular geometry, left atrial volume, 
aortic root dimensions, left ventricular systolic and diastolic function, pump perfor-
mance, and output impedance [7] (Table 6.1). Increased left ventricular (LV) mass, 
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Table 6.1 Echocardiographic cutoff values for the definition of left ventricular hypertrophy, con-
centric geometry, left ventricular chamber size, and left atrial dilatation

Parameter measure Abnormality threshold
LVH
Left ventricular mass/height2.7 (g/m2.7) >50 (men) >47 (women)
Left ventricular mass/BSA (g/m2) >115 (men) >95 (women)
Left ventricular concentric geometry RWT ≥0.43
Left ventricular and atrial chamber size
Left ventricular end-diastolic diameter/height 
(cm/m)

>3.4 (men) >3.3 (women)

Left atrial volume/height2 (mL/m2) >18.5 (men) >16.5 (women)

concentric geometry, diastolic dysfunction, and impaired LV deformation have been 
reported in asymptomatic patients with both hypertension and DM and are more 
severe than in patients with either hypertension or diabetes [32–36].

In patients with DM, associated with obesity and hypertension, a higher severity 
of diastolic function (lower e′ velocities and higher filling pressures determined by 
the E/e′ ratio) was observed, as compared with patients with DM alone [37]. In this 
study, a greater susceptibility of women with diastolic dysfunction to CV impact of 
type 2 DM was identified [37].

6.4.2  Cardiac Magnetic Resonance

Cardiac magnetic resonance is the gold standard for cardiac anatomical and func-
tional quantification [38]. Tissue characterization techniques have shown that 
patients with DM have diffuse myocardial fibrosis as the mechanism of LV systolic 
and diastolic dysfunction, even in the absence of coronary artery disease [39]. LV 
deformation, diastolic dysfunction, and myocardial perfusion detected by CMR are 
further impaired by the presence of DM in hypertensive patients [40].

The prognostic value of these advanced imaging techniques in routine practice 
has not yet been extensively demonstrated.

6.4.3  Coronary Calcium Score

Multislice computed tomography allows the detection of coronary artery calcium 
(CAC), in order to identify subclinical coronary atherosclerosis, mainly stable coro-
nary plaques containing calcium.

CAC scores range from 0 to >1000, with a score ≥100 being significant and 
≥400 being at high risk.

The prevalence and severity of coronary calcium are higher in hypertensive 
patients compared with normotensive subjects [41, 42] and in diabetics, as com-
pared to nondiabetic individuals [42]. Valenti et al. [43] have shown that in asymp-
tomatic patients with type 2 DM and with a CAC score of 0, the prognosis is 
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favorable, while each increment in CAC score (from 1–99 to 100–399 and >400) is 
associated with a 25%–33% higher relative risk of mortality.

Diabetes, in addition to BP increase and hypertension duration, could promote 
the development of atherosclerotic plaques with calcium accumulation in coronary 
and lower limbs vascular beds. In a cross-sectional study of patients free of coro-
nary heart disease with type 2 DM, CAC score was independently associated with 
systolic BP and waist to hip ratio in a multivariate analysis [44].

A meta-analysis of seven studies, examining 12,682 individuals, has shown that 
the main predictors of CAC presence in order of importance were hypertension 
(OR = 1.71, p < 0.00001), male sex (OR = 1.47, p = 0.02), diabetes (OR = 1.34, 
p = 0.03), and age (OR = 1.07, p = 0.04) [45].

The CAC score by computed tomography may noninvasively estimate the ath-
erosclerotic burden and computed tomography coronary angiography may identify 
stenotic atherosclerotic plaques.

It should be underlined, however, that the identification of CAC does not corre-
spond to the presence of ischemia, and stress echocardiography or myocardial per-
fusion imaging should be performed, because of the contribution of coronary 
microcirculation impairment to ischemia, in addition to epicardial coronary vessel 
disease [46]. Positron emission tomography (PET) can assess myocardial blood 
flow and helps in the estimation of coronary flow reserve. The disadvantage of PET 
scan that sets back its utility in clinical practice is its prohibitive cost.

An extensive routine screening of silent ischemia and CAD in asymptomatic DM 
is still controversial [47]. However, in asymptomatic hypertensive or diabetic indi-
viduals at moderate risk, the presence of an increased CAC score could modify the 
risk from moderate to high; in addition stress testing or CT coronary angiography 
may be indicated in very-high-risk asymptomatic individuals, i.e., those with 
peripheral arterial disease, a high CAC score, proteinuria, or renal failure [47].

Exercise ECG has a moderate sensitivity (45%–61%) and better specificity 
(70%–90%) for the detection of silent ischemia in asymptomatic diabetic patients. 
The presence of repolarization abnormalities at baseline ECG and patients’ incapac-
ity to exercise may limit the use of this widely available and low-cost test [47].

6.4.4  Carotid Intima-Media Thickness

Carotid intima-media thickness (IMT) is an ultrasound biomarker of atherosclero-
sis, considered as a marker of subclinical organ damage [48, 49]. A greater carotid 
IMT was observed in diabetic patients, as compared with those without diabetes; 
carotid IMT seems to increase progressively from individuals without diabetes to 
those with impaired glucose tolerance, newly diagnosed diabetes, and established 
diabetes [50–52]. A relationship between albuminuria and carotid IMT was observed 
in patients with DM type 2 [53, 54]. However, European guidelines [1, 7] do not 
recommend routine carotid imaging and IMT measurements for CV risk 
re-stratification.
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Carotid ultrasound may be clinically indicated in patients with a carotid bruit, 
previous cerebrovascular disease, or extensive peripheral vascular disease, in order 
to identify the presence of a carotid plaque (i.e., an IMT at least 1.5 mm, or by a 
focal increase in thickness of 0.5  mm or 50% of the surrounding carotid IMT 
value) [55].

The detection of a carotid plaque has shown incremental value over carotid 
intima-media thickness to detect coronary artery disease in asymptomatic DM [56]. 
The ultrasound evidence of an echolucent plaque and an increased plaque thickness 
are independent predictors of CV morbidity and mortality [57].

6.4.5  Aortic Stiffness

Increased arterial stiffness involving the aorta and femoral, carotid, and brachial 
arteries has been consistently documented in asymptomatic patients with T2D com-
pared to healthy subjects. Concomitant hypertension and DM associated with vessel 
aging may accelerate the vascular stiffening process.

The measurement of aortic (carotid–femoral) pulse wave velocity (cfPWV) is a 
well-established technique for the assessment of arterial stiffness and a widely used 
methodology to study the relationship between arterial stiffness and disease out-
comes. By arterial tonometry, aortic PWV may be measured and the threshold of 
10 m/s indicates the presence of increased large artery stiffening [7].

DM is a contributory factor to the increased cfPWV values in hypertensive 
patients at different ages [58–60]. The increase in arterial stiffness in individuals 
with DM and arterial hypertension was greater than in those without diabetes and 
with hypertension [59, 61]. Moreover, it has been shown that in hypertensive 
patients with diabetes mellitus, exercise induces a greater increase in aortic stiffness 
in those with type 2 diabetes as compared to those without [62].

A recent study has assessed baseline cfPWV and its 3-year change in patients 
with type 2 diabetes and has shown that the risk of CKD progression was associated 
with aortic stiffness at baseline and 3-year changes. In this study the reclassification 
of the risk of progressive CKD was improved by including cfPWV, above and 
beyond traditional risk factors [63], supporting the hypothesis that arterial stiffness 
should be considered in the management of individuals with type 2 diabetes and 
hypertension [64]. In the presence of diabetes and hypertension, the kidney may be 
more susceptible to loss of the protective autoregulation on blood flow which results 
in exacerbation of the pulsatile energy transmission, damage of glomerular vascula-
ture, and progressive loss of kidney function.

6.4.6  Ankle–Brachial Index (ABI)

In a healthy subject, systolic BP is greater in the lower than in the upper limbs, 
because reflection and amplification of pulse wave and vascular walls changes 
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induced by hydrostatic pressure; the ratio between systolic BP measured at ankle 
and brachial levels may quantify this difference [65]. A reduction of ABI to <0.9 is 
due to atherosclerotic stenosis of lower limb vasculature and is widely accepted for 
the diagnosis of peripheral artery diseases. An ABI >1.4 indicated medial calcinosis 
and is associated with lower limb arterial disease in 50% of cases.

A low ABI (<0.9) is associated with several CV risk factors, including hyperten-
sion, diabetes, dyslipidemia, smoking, and others more recently identified (inflam-
matory markers and CKD) [65, 66].

CV risk stratification may be improved by ABI assessment [67] and ABI is asso-
ciated with an increased risk of all-cause and CV mortality in DM and non-DM 
patients [68]. Two recent retrospective analyses of the Catalan Primary Care 
(SIDIAP) database have shown that different levels of ABI are independently asso-
ciated with diabetes complications in type 2 DM patients (70% prevalence of hyper-
tension) [69] and that in hypertensive patients a high ABI (>1.3) is associated with 
a mortality risk similar to the group with an ABI of at least 0.9 [70].

Repeated evaluation of ABI during follow-up may imply a clinical advantage, as 
shown by Criqui et al. [71].

6.5  Conclusions

The majority of patients with both diabetes mellitus and hypertension are at high or 
very high risk of CV disease and CKD [72].  Routine laboratory examination, 
including albuminuria and eGFR, may identify the degree of hypertensive/diabetic 
nephropathy. The evaluation of cardiac and vascular subclinical organ damage may 
integrate laboratory tests (cardiac troponin and NT-proBNP), ECG, and echocar-
diography. The prognostic value of advanced imaging techniques, such as strain 
imaging or CV magnetic resonance with tissue characterization, will be validated in 
the future in prospective cohorts. Asymptomatic patients with a high risk of coro-
nary artery disease (carotid plaque, peripheral artery disease, proteinuria) may 
undergo CAC score assessment and may be referred for functional imaging or 
CTCA in the presence of high CAC (if CAC score >400).
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7Molecular Mechanisms Underlying 
Vascular Disease in Diabetes

Rhian M. Touyz, Omotayo Eluwole, Livia L. Camargo, 
Francisco J. Rios, Rheure Alves-Lopes, Karla B. Neves, 
Muzi J. Maseko, Tomasz Guzik, John Petrie, 
and Augusto C. Montezano

7.1  Introduction

Diabetes mellitus is the heterogeneous derangement of metabolism characterized 
primarily by chronic hyperglycaemia and insulin resistance [1]. This is due to 
impaired insulin secretion and/or impaired insulin action [2]. Among all types of 
diabetes, type 2 diabetes, which was formally referred to as noninsulin-dependent 
diabetes or adult-onset diabetes, accounts for 90%–95% of all diabetes. Hypertension 
and type 2 diabetes are common comorbidities that are inextricably linked [3–5]. 
The former is twice as frequent in patients with diabetes compared with those who 
do not have diabetes. Patients with hypertension often exhibit insulin resistance and 
are at greater risk of developing diabetes than normotensive individuals [6]. As 
comorbidities, hypertension and diabetes correlate with worse outcomes and more 
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disability than in patients with only diabetes or hypertension [7]. Type 2 diabetes 
typically occurs in the setting of abdominal obesity, hypertension, hyperlipidaemia 
and increased coagulability, features that are also common in metabolic syndrome.

Many of the complications of diabetes are linked to vascular injury [8]. Vascular 
changes typically involve inflammation and prothrombotic processes that manifest as 
capillary basement membrane thickening, vascular fibrosis, microvascular calcifica-
tion and endothelial dysfunction [4, 8]. These vascular changes are amplified in obe-
sity and changes in the gut microbiome may be a trigger for metabolic inflammation 
in obesity and diabetes [9]. Molecular processes underlying these events include 
oxidative stress, immune responses, activation of the renin-angiotensin system and 
formation of advanced glycation end products (AGEs) [4, 10]. Recent data indicate 
an important role for microRNAs in the vasculopathy of diabetes [11]. Hypertension 
and obesity are important risk factors for diabetes-associated vascular complications, 
because these conditions are also associated with vascular dysfunction and injury.

This chapter provides a comprehensive update on vascular complications of dia-
betes and the molecular mechanisms that underlie the vasculopathy of diabetes. In 
particular, the role of advanced glycation end products (AGEs), oxidative stress and 
inflammation are highlighted.

7.2  Macrovascular and Microvascular Disease in Diabetes

Diabetes is associated with both macrovascular (large arteries) and microvascular 
disease (small arteries and capillaries). Macrovascular disease leads to myocardial 
infarction, stroke and peripheral artery disease, primarily due to atherosclerosis. 
The process of atherosclerosis is accelerated in diabetes [12–14]. Patients with type 
2 diabetes have poorer cardiovascular outcomes than patients without diabetes [15]. 
Diabetes is a frequent and strong risk factor for large artery disease and coronary 
artery calcification [16]. Individuals with diabetes consistently have higher levels of 
calcification than do those without diabetes [16]. Vascular calcification and athero-
sclerosis in diabetes contribute to increased risk of myocardial infarction. Type 2 
diabetes acts as an independent risk factor for the development of ischaemic dis-
ease. Major modifiable risk factors for macrovascular disease in diabetes are hyper-
tension, dyslipidaemia, obesity and cigarette smoking [17, 18]. Increased risk of 
cardiovascular disease starts during prediabetes in association with insulin resis-
tance and impaired glucose tolerance [19].

Microvascular disease leads to retinopathy, nephropathy and neuropathy with target 
organ damage. These are the major causes of morbidity and mortality in patients with 
diabetes [20–22]. Microvascular dysfunction seems to precede structural vascular 
changes. During the early phases of diabetes and/or cardiometabolic disease, each can 
cause reversible microvascular damage with associated dysfunction. With time these 
changes may become irreversible leading to target organ damage and consequent 
vision loss, renal insufficiency and neuropathy [23]. Microvascular disease in diabetes 
can also cause heart failure, sarcopenia, cognitive decline and worsening of metabolic 
dysfunction [24]. Processes underlying microvascular injury include increased endo-
thelial permeability, inflammation and oxidative stress [10, 23]. Diabetic retinopathy is 
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the most common microvascular complication of diabetes often leading to blindness 
[4]. Diabetic nephropathy, characterized by microalbuminuria, is the leading cause of 
end-stage renal disease worldwide [25]. Microalbuminuria commonly coexists with 
hypertension and may reflect endothelial dysfunction in both conditions. Although the 
underlying cause of microalbuminuria is controversial, it is thought to be a renal mani-
festation of generalized vascular endothelial dysfunction and is strongly linked to 
increased cardiovascular risk [26]. Moreover, systemic inflammation precedes micro-
albuminuria in diabetes, suggesting that by the time microalbuminuria is detected, 
there is already evidence of vascular injury [26]. Accordingly, screening for microalbu-
minuria is important for the intervention and prevention of further complications such 
as end- stage renal disease and cardiovascular disease.

7.3  Pathophysiology of Vascular Disease in Diabetes

7.3.1  Insulin Resistance

Physiologically, insulin maintains glucose homeostasis by integrated actions on car-
bohydrate, protein and lipid metabolism [27]. These actions occur mainly in the liver, 
skeletal muscle and adipose tissue. Glucose can alter insulin sensitivity in muscle and 
fat, as well as decrease insulin secretion from β-cells of the pancreatic tissue. In patho-
logical conditions, hyperglycaemia promotes loss of sensitivity to insulin in insulin-
sensitive tissue resulting in insulin resistance, which is associated with type 2 diabetes, 
obesity, hypertension and other cardiometabolic diseases [28, 29]. Many factors play 
a role in insulin resistance including AGEs, which inhibit insulin signalling by increas-
ing Ser-307 phosphorylation of IRS-1 and forming methylglyoxal-IRS-1. In addition, 
in the context of obesity, adipocytes undergo hypertrophy and assume a pro-inflam-
matory phenotype, which contribute to vascular injury in diabetes [30, 31]. These 
changes have been shown to coincide with the onset of insulin resistance and provide 
a pathophysiological link between metabolic and vascular disease.

Activation of the renin-angiotensin system plays an important role in vascular 
inflammation and injury in diabetes and hypertension [32, 33]. Ang II opposes the 
actions of insulin to enhance glucose uptake in skeletal muscle and may lead to 
insulin resistance in the vasculature [34]. Important cross-talk between insulin and 
Ang II signalling has been demonstrated in VSMCs, where Ang II opposes the 
effects of insulin [35].

7.3.2  Endothelial Dysfunction

Endothelial dysfunction is a key feature in vascular disease and is typically observed 
in hypertension, diabetes and obesity [36, 37]. Impaired endothelial function is associ-
ated with reduced vasorelaxation, inflammation, prothrombotic state, increased per-
meability and increased production of vasoactive and mitogenic factors [38, 39]. 
Abnormal endothelium-dependent vasodilatation may also contribute to or exacerbate 
insulin resistance by reducing the delivery of glucose to target tissues [40].
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7.3.3  Vascular Remodeling

The vasculopathy of diabetes is associated not only with functional alterations, but 
with structural changes of small and large vessels [41]. Vascular smooth muscle 
cells (VSMCs) undergo dedifferentiation from a contractile phenotype to a pro- 
migratory and proliferative form [42]. In addition, they produce pro-inflammatory 
mediators and pro-fibrotic factors that contribute to chronic low-grade inflamma-
tion, vascular fibrosis and increased stiffness, which resemble processes that occur 
with ‘vascular ageing’ [43–45]. The vasculopathy of diabetes has been considered 
as a condition of ‘premature’ vascular ageing, similar to what has been described in 
hypertension, since the vascular changes observed in diabetes in young individuals 
is similar to that observed in non-diabetic elderly people [46].

7.4  Molecular Mechanisms of Vascular Dysfunction 
and Damage During Diabetes

7.4.1  Advanced Glycation End Products (AGEs) and Activation 
of the AGE-Receptor AGE (RAGE) System

AGEs are a diverse group of macromolecules formed via the process of non- 
enzymatic glycation of proteins and lipids [47]. This process is accelerated during 
hyperglycaemia, oxidative stress, ageing, advanced renal disease and inflammation 
[48]. AGEs accumulate in the extracellular matrix of vessels and contribute to vas-
cular damage in diabetes [49]. AGEs interact with two main types of cell surface 
receptors: scavenger receptors, which remove and degrade AGEs, and receptors for 
AGEs (RAGE), which trigger specific cellular signalling responses on AGE binding 
[50]. AGEs stimulate the production of reactive oxygen species (ROS), which 
reversibly enhance AGE formation [51, 52]. AGEs are antigenic and induce immune 
and inflammatory responses [53]. RAGE is a receptor and member of the immuno-
globulin family and binds many ligands besides AGEs. AGE-RAGE signals through 
transforming growth factor (TGF)-b, NFκB, mitogen-activated protein kinases 
(MAPK; ERK1/2, p38MAPK) and nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidases (Nox) and induces expression of vascular adhesion molecule 1, 
E-selectin, vascular endothelial growth factor and pro-inflammatory cytokines 
(IL-1b, IL-6, TNF-a) [54].

In diabetes, activation of AGE-RAGE signalling pathways is increased in VSMCs 
leading to inflammation, pro-thrombotic effects, fibrosis and calcification, which 
underlie diabetic nephropathy, retinopathy, neuropathy and atherosclerotic cardio-
vascular disease [55]. In the presence of hypertension these processes are amplified 
leading to accelerated vasculopathy in diabetes [56]. Patients with diabetes have 
increased tissue and circulating concentrations of AGEs and soluble RAGE, which 
predict cardiovascular events [57]. Accordingly urinary and plasma AGE levels and 
soluble RAGE have been considered as putative biomarkers for vascular disease in 
diabetes [58] (Fig. 7.1).
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Fig. 7.1 Schematic demonstrating vascular processes whereby diabetes predisposes to microvas-
cular and macrovascular disease, which leads to cardiovascular disease. Activation of AGE/RAGE 
signaling, oxidative stress, pro-inflammatory signaling and miRNAs lead to vascular injury and 
dysfunction that manifest as microvascular and macrovascular disease. AGEs Advanced glycation 
end products, RAGE Receptor AGE

7.4.2  Oxidative Stress and Vascular Injury in Diabetes

Oxidative stress (increased bioavailability of ROS) is a key mechanism of glucotox-
icity in diabetes, as evidenced by increased vascular ROS generation in response to 
hyperglycaemia and accumulation of oxidation by-products of lipids, proteins and 
nucleic acids [59, 60]. NADPH oxidases (Nox) and dysfunctional eNOS are princi-
pal sources of increased vascular ROS in diabetes [61, 62]. Diabetes-/hypertension- 
associated oxidative stress is caused by multiple processes that increase and decrease 
pro-oxidant and antioxidants, respectively [63]. Increased vascular oxidative stress 
in diabetes and hypertension promotes posttranslational oxidative modification of 
proteins, causing cellular damage, endothelial dysfunction and vascular inflamma-
tion and injury. Oxidative stress and activation of Noxs are increased in patients 
with diabetes and in preclinical models of diabetes and obesity [62, 64].

Of the seven Nox isoforms (Nox1–5, Duox1, Duox2), Nox1, Nox2, Nox4 and 
Nox5 have been implicated in cardiovascular and renal oxidative stress in diabetes 
[65–68]. Nox1 and Nox4 are important in renal injury and atherosclerosis in mouse 
models of diabetes [66–68]. Nox5 may also be important in diabetes-associated 
vascular injury and nephropathy [69, 70]. Renal Nox5 expression is increased in 
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patients with diabetic nephropathy [69]. In transgenic mice with podocyte-specific 
expression of human Nox5, renal injury was amplified by diabetes [71]. Similar 
findings were observed in mice expressing human Nox5 in a VSMC-specific man-
ner [72]. Vascular/mesangial cell Nox5 overexpression is associated with amplifica-
tion of atherosclerosis in mouse models of diabetes [73].

Targeting Noxs has been considered a promising strategy to ameliorate the vas-
culopathy and nephropathy associated with diabetes. While extensive experimental 
evidence showed a renoprotective effect of Nox1/4 inhibition in preclinical models 
of diabetes, clinical studies have been less positive [74, 75]. A clinical trial using 
GKT137831, a Nox1/4 inhibitor, failed to show improvement in renal function in 
patients with diabetic nephropathy [76]. Whether targeting Nox5 may have better 
clinical outcomes is unclear. Ongoing clinical studies are addressing this and the 
results are awaited.

7.4.3  Hyperglycaemia and Vascular Signalling

In diabetes, hyperglycaemia stimulates mitochondrial respiration and induces endo-
plasmic reticulum (ER) stress [77]. It also decreases vascular antioxidant capacity, 
reduces activity of the transcription factor nuclear factor-erythroid 2-related factor 
(Nrf-2) and promotes activation of vascular Nox isoforms leading to oxidative stress 
in diabetes [63, 68]. Oxidative stress is also associated with reduced bioavailability 
of the vasodilator nitric oxide (NO) and increased production of injurious peroxyni-
trite, causing endothelial dysfunction and inflammation [78]. At the molecular level 
hyperglycaemia induces activation of redox-sensitive protein kinase C (PKC), 
MAPKs, calcium channels, pro-inflammatory genes and polyol and hexosamine 
pathways, further contributing to mitochondrial dysfunction, oxidative stress, ER 
stress and consequent vascular inflammation and damage [62, 79].

7.4.4  Inflammation and Vascular Injury in Diabetes

It is well established that inflammatory polarization of immune cells occurs in many 
tissues, including adipose tissue, heart, kidney, skeletal muscle, liver, gut and ves-
sels [80]. Subclinical inflammation contributes to obesity-linked metabolic dys-
functions, leading to insulin resistance and type 2 diabetes mellitus. Obesity triggers 
metabolically activated immune cells thereby contributing to the adverse regulation 
of adipocyte metabolism and adipose tissue remodelling [81]. These processes 
involve activation of many signalling pathways including upregulation of transcrip-
tion factors such as hypoxia-inducible factor (HIF1α) [82]. Activation of HIF1α 
induces adipocyte expression of chemokines such as MCP-1, which contributes to 
adipocyte inflammation through pathways involving the JAK1/JAK2/STAT1 path-
way [83]. Circulating and locally produced effector cytokines such as TNF-α, 
interferon- gamma (IFN-γ), IL-1β and IL-12 [84, 85] may influence the insulin sen-
sitivity of peripheral tissues and, in the pancreatic islets, can modulate insulin 
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release [86, 87]. Increased glucotoxicity and lipotoxicity have been associated with 
immune cell infiltration of target tissues, thereby affecting diabetes-associated tar-
get organ damage and cardiovascular complications [87–89].

Epigenetics is another mechanism that may influence inflammation and immu-
nometabolism in diabetes [90]. Histone deacetylase (HDAC) inhibitors cause NFκB 
inhibition through acetylation of the p65 subunit. ITF2357, an orally active HDAC 
inhibitor, has been shown to prevent the development of diabetes [91]. Similarly, 
activation of sirtuin1 (Sirt1), involved in inflammation, metabolism and ageing, has 
been shown to have anti-inflammatory properties in diabetes [92].

Extensive experimental evidence has shown a close association between vascular 
inflammation, diabetes and cardiovascular morbidity [90, 93]. This is already evi-
dent in prediabetes [94]. Clinical studies also support the role of inflammation in 
cardiovascular complications of diabetes. Patients with type 2 diabetes have 
increased total leukocyte counts, particularly neutrophils and lymphocytes, that cor-
relate with insulin sensitivity [58], and inflammatory changes of adipose tissue 
[95–97]. The link between inflammation, insulin resistance and type 2 diabetes is 
further supported by genetic studies and clinical trials showing the protective effects 
of immune-targeted therapies and anti-inflammatory actions of classical anti- 
diabetic drugs [98].

To further support the notion that inflammation and activation of the immune 
system are involved in the pathophysiology of diabetes and its vascular complica-
tions, studies integrating metabochip approaches with GWAS have shown that clas-
sical immunometabolic genes including JNK signalling pathways, NFκB regulators 
(MACROD1), inflammasome activators (NRF3) and interferon gamma receptor 
genes associate with type 2 diabetes [99, 100]. This also corresponds to results of 
GWAS that identified genes related to macrophage function and antigen presenta-
tion. Inflammation and oxidative stress are thus key elements underlying vascular 
disease and cardiovascular complications in diabetes [101].

7.5  MicroRNAs, Diabetes and Vascular Complications

MicroRNAs (miRNAs) are a group of small, single-stranded, 22–25-nucleotide- 
long, non-coding RNAs that are multifunctional [102]. They normally bind to the 3′ 
untranslated region of their target mRNA, leading to translational inhibition and/or 
mRNA degradation. miRNAs regulate over 90% of all protein-encoding mRNAs 
and their biological events [103]. They are detected in blood serum/plasma as well 
as in urine, saliva, tears and breast milk. Over 1000 miRNAs discovered in the 
human genome have been recognized to be useful diagnostic indicators. They fine- 
tune gene expression and have been implicated in various pathological processes 
including diabetes, insulin resistance and cardiovascular disease.

Normally, miRNAs are essential in maintaining physiological homeostasis, 
metabolism and energy balance. With respect to insulin biology, they control β-cell 
genesis, β-cell death (miR-21), insulin production (miR-30d, miR-204, and 
miR- 124a) and α/β-cell mass balance (miR-375) [104, 105]. miRNAs are crucial in 
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regulating adipogenesis (formation of adipocytes), metabolic homeostasis and 
endocrine functions of adipocytes [106]. Many miRNAs have been identified to be 
differentially regulated during adipogenesis, including let-7c, miR-143, miR-210, 
miR-221, miR-27 and miR-30a-e [106, 107]. In obesity, the expression of miR-132 
is downregulated and its expression level is related to the activation of NFκB signal-
ling and transcription of MCP-1 and IL-8. Expressions of miR-132 and miR-155 are 
also associated with macrophage infiltration in adipose tissue [106, 107].

In pathological conditions such as diabetes mellitus and cardiovascular disor-
ders, miRs are differentially expressed [108]. Pancreatic β-cell-specific miRNAs, 
including miR-375, miR-124a, miR-96, miR-7a, miR7a2, miR-30d, miR-9, 
miR-200, miR-184 and let-7 are dysregulated in diabetes [109]. Differential miRNA 
signatures have been identified in prediabetic individuals, diabetic patients and 
patients with diabetes and vascular complications, suggesting that miRNAs may be 
novel biomarkers [110]. Diabetic cardiovascular complications are associated with 
increased levels of miR-223, miR-320, miR-501, miR504 and miR1 and decreased 
levels of miR-16, miR-133, miR-492 and miR-373 [110, 111]. Detection of deregu-
lated miRNA profile in circulating peripheral blood cells or vascular cells may 
potentially be associated with diabetes-associated vascular disease.

7.6  Conclusions

Diabetes is associated with an increased risk of cardiovascular disease, which is 
exaggerated with coexistent hypertension and obesity. Many of the underlying 
molecular mechanisms, including oxidative stress, inflammation and fibrosis, caus-
ing microvascular and macrovascular complications in diabetes, also cause vascular 
remodelling and dysfunction in hypertension. Preventing vascular injury and 
inflammation in diabetes may protect against the devastating complications associ-
ated with retinopathy, nephropathy and neuropathy. Some of the newer anti-diabetic 
drugs seem to have vasoprotective effects.
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8Insulin and Blood Pressure Relationships

Peter M. Nilsson and Andrea Natali

8.1  Observational Studies: Epidemiology

Already in 1987 a first report indicated that insulin sensitivity is impaired in sub-
jects with essential hypertension and that hyperinsulinaemia is a consequence of 
this phenomenon [1], as later summarized [2]. In 1988, Gerald Reaven stated in his 
Banting Lecture that insulin resistance could be a unifying factor for impaired glu-
cose metabolism, dyslipidaemia and elevated blood pressure [3], often considered 
together as representing the so-called metabolic syndrome and linked to (abdomi-
nal) obesity as the ‘deadly quartet’ [4]. Numerous studies later on reported that 
hyperinsulinaemia, as a marker of insulin resistance, in subjects with elevated blood 
pressure or hypertension [5–7] is a phenomenon that could also be influenced by the 
drugs used for the reduction of blood pressure. Some antihypertensive drugs seem 
to be beneficial for insulin sensitivity (RAS blockers, moxonidine, alpha-receptor 
blockers), others are mostly neutral (calcium antagonists), but some may even be 
detrimental, especially when used at higher dosages (thiazide diuretics, beta- 
receptor blockers) [8–10]. However, among beta-receptor blockers there exist also 
vasodilating drugs with less negative impact on glucose metabolism. The weight 
increase of a mean 2–4 kg induced by more traditional beta-receptor blockers could 
be a contributing factor for the concomitant decrease in insulin sensitivity (increased 
insulin resistance).

When epidemiological correlations have been studied between insulin and 
blood pressure, it was noted that such correlations are stronger when more 
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sophisticated measures are used for reflecting glucose metabolism and blood pres-
sure control than more simple methods. One example was then oral glucose toler-
ance testing (OGTT), and hyperinsulinaemic and euglycaemic clamp data for 
insulin sensitivity were used together with 24-h ambulatory blood pressure moni-
toring (ABPM), showing stronger correlations, in contrast to using only fasting 
insulin and office blood pressure correlations [11]. The study concluded that the 
apparent association between blood pressure and insulin resistance not only is 
obscured by measurement error, but is also affected by the particular measures of 
insulin resistance and blood pressure used. The study thus provided further evi-
dence that a relationship exists between blood pressure levels and hyperinsulinae-
mia or insulin resistance [11]. Similar findings were also obtained from a cohort 
of patients with type 2 diabetes [12] and one cohort consisting only of middle-
aged women [13].

The importance of sex differences for these associations have been discussed in 
two other studies as men are more prone to abdominal obesity and insulin resistance 
than women, at least before menopause [14, 15].

The problem of proving a causal link between insulin metabolism and blood 
pressure regulation can be addressed by applying genetic analyses via Mendelian 
randomization (causal inference) methodology. In a recent publication applying 
genetic methods, several biomarkers were found to be causally related to blood 
pressure, among them insulin-like growth factor binding protein 3 (IGF-BP3), but 
not the biomarker insulin itself [16]. However, insulin sensitivity is not a single 
biomarker like that, but more complex, and if impaired insulin sensitivity (insulin 
resistance) is causally related to blood pressure regulation, it might be a better 
choice to go for intervention studies directed towards insulin resistance and then 
follow the effects on blood pressure.

It could also be the other way around, i.e. that pathophysiological changes asso-
ciated with hypertension increases the risk of insulin resistance. One study sup-
ported the hypothesis that genes in the blood pressure pathway may play a role in 
insulin resistance in Mexican-Americans, a population with a high prevalence of 
abdominal obesity and the metabolic syndrome [17].

Finally, it should be noted that patients with insulinoma do not in general have 
elevated blood pressure in spite of hyperinsulinaemia [18], indicating that it may be 
insulin resistance per se that after all is more important for blood pressure regulation 
than hyperinsulinaemia itself.

8.2  Mechanistic Studies Linking Insulin, Insulin Resistance 
and Blood Pressure Regulation

The precise mechanism linking insulin resistance to blood pressure is still unknown 
probably simply because there is not just one, but many, each not efficient enough 
either in terms of potency or prevalence, but all together they do justify the observed 
epidemiologic association. Classically these mechanisms can be divided in three 
groups according to the type of cause-effect relationship.
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8.2.1  Insulin Resistance Facilitates Elevated Blood Pressure

Insulin resistance, observed at the whole-body level, is caused by a reduced liver, 
adipose and skeletal muscle tissues response to insulin, while it neither affects the 
kidney nor the sympathetic nervous system (SNS), which in insulin-resistant indi-
viduals respond normally to insulin. Therefore, the resulting compensatory day-
long relative hyperinsulinemia—faced by insulin-resistant subjects—will produce 
an overstimulation of these two tissues with possible consequences on blood pres-
sure control. Indeed, insulin directly acts on the kidney at the tubular level by pro-
moting sodium reabsorption similarly in healthy subjects and in patients with 
essential hypertension and insulin resistance [19], while it increases the SNS tone 
similarly in lean and obese insulin-resistant subjects [20]. These effects, modest in 
quantitative terms and transient during the day (fed > fasting), are unlikely to be 
responsible of large blood pressure changes, but might become effective synergiz-
ing with others of similar nature, like environmental stress and a high-salt diet [21].

On the other hand, insulin also acts on the endothelium by facilitating nitric 
oxide release [22], but the endothelium in insulin-resistant individuals is also less 
responsive [23, 24]; therefore, this ‘hypotensive’ effect is lost. The direct link 
between insulin sensitivity and endothelial function has been shown also in an inter-
vention study in which in subjects with type 2 diabetes the glucose control was 
improved with either metformin or rosiglitazone, but only the latter treatment was 
able to improve both mechanisms and to a similar extent [25].

8.2.2  Elevated Blood Pressure Facilitates Insulin Resistance

Essential hypertension and obesity are associated with variable degrees of endo-
thelial dysfunction and microvascular rarefaction [26]. Insulin, in order to exert its 
full metabolic effect (glucose uptake), requires an optimal skeletal muscle perfu-
sion, which in turn requires a normal endothelial function [27] and a normal micro-
vascular recruitment [28]. It is thus possible to hypothesize that in the hypertensive 
subjects in whom either component is affected, there is also a blunted insulin func-
tion. In a series of experiments, a research group in Pisa, Italy, tried to verify this 
elegant hypothesis by first improving skeletal muscle capillary recruitment with 
adenosine [29] and subsequently by improving overall tissue perfusion with 
sodium nitroprusside (a nitric oxide donor) [30] in subjects with established essen-
tial hypertension, but neither intervention was associated with improvement in 
skeletal muscle insulin resistance. Possibly, the vasodilation induced through drugs 
does not reproduce the capillary recruitment of the nutritive network, as it occurs 
with insulin, or the network is structurally compromised due to capillary rarefac-
tion [31]. Endothelial dysfunction per se probably is not effective on metabolism 
unless it is associated with other chronic metabolic stress. Indeed, in genetically 
manipulated mice the selective partial deletion of endothelial nitric oxide produced 
insulin resistance and hypertension only when the animals were submitted to a 
chronic high-fat diet [32].
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A second mechanism through which hypertension might facilitate insulin resis-
tance is through the negative effect on insulin action of some antihypertensive drugs 
and it will be addressed in the next paragraph. Nevertheless, this would only explain 
in part the observed epidemiologic association and does not shed light on the mech-
anism since insulin resistance has been demonstrated also in untreated lean subjects 
with essential hypertension [1].

8.2.3  Factors Able to Induce Simultaneously Insulin Resistance 
and Elevated Blood Pressure

At least four major factors are involved through distinct mechanisms in the simulta-
neous regulation of blood pressure and insulin action.

Stress hormones (catecholamines and glucocorticoids) induce insulin resistance 
and elevates blood rather effectively. This is clearly seen in conditions of abnormal 
secretion of either hormone or when glucocorticoids are given for therapeutic pur-
poses or when voluptuary substances increasing the SNS adrenergic tone are con-
sumed. A series of elegant studies in monkeys [33] has clearly demonstrated that 
social stress induces abdominal obesity, elevated blood pressure and insulin resis-
tance, as well as coronary atherosclerosis. Whether also in humans the physiologic 
response to stress, when protracted, is able to achieve the hormone levels that are 
effective both on metabolism and on blood pressure in humans is uncertain. In an 
elegant nested case-control study, subjects with metabolic syndrome showed an 
enhanced cortisol and catecholamine 24-h urinary secretion when compared to 
healthy controls [34]. A peculiar condition of intermittent but rather persistent stress 
response activation is represented by obstructive sleep apnoea (OSA) and indeed 
this affection is known to be associated with both hypertension [35] and insulin 
resistance [36]. The treatment of OSA is beneficial for both conditions [37, 38].

Lack of physical activity is able to produce biochemical changes in the skeletal 
muscle cells that makes them less responsive to insulin [39] and is also able to 
modify the vascular network so as to reduce peripheral resistances [40]. Training 
programmes are indeed almost invariably associated with improvements in both 
insulin sensitivity [41] and reduced blood pressure [42].

Elevated free fatty acids (FFA) are able to induce impaired endothelial function 
and skeletal muscle insulin resistance when their concentration is raised through 
experimental manipulations [43]. Whether the mild FFA elevations observed in 
obese individuals and in stress conditions (beta adrenergic-induced lipolysis) are 
effective in this regards is uncertain and still to be demonstrated.

Low-grade inflammation induces insulin resistance [44], impairs endothelial 
function [45] and promotes arterial stiffness [46]. Plasma C reactive protein predicts 
both hypertension [47] and diabetes [48], and in a cohort of subjects with type 2 
diabetes, we observed a clustering of inflammation, insulin resistance and endothe-
lial dysfunction [49]. A poor diet, a poor hygiene, environmental pollution and 
smoking are all conditions of low-grade inflammation as well as factors predispos-
ing to both type 2 diabetes and hypertension [50].
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Fig. 8.1 The major mechanism directly linking IR and BP are in boxes, the circles represents fac-
tors that simultaneously induces IR and elevate BP through distinct and multiple mechanisms

In summary the mechanism directly linking blood pressure to insulin resistance 
are depicted in Fig.  8.1. These are based essentially on endothelial dysfunction, 
anti-natriuresis and the activity of stress hormones, as well as increased SNS activ-
ity [51]. Then there are a number of factors, mostly related to the environment that 
acts on one or more of these mechanism and reinforce the link.

8.3  Intervention Studies

8.3.1  Lifestyle Intervention: Weight Loss and Physical Exercise

There are different ways to reduce insulin resistance and hyperinsulinaemia in order 
to evaluate the effects on blood pressure regulation and levels.

First of all, different lifestyle modifications (diet, physical exercise) have been 
shown to be of special benefit to people with hyperinsulinaemia, as shown in a 
1-year randomized, controlled study from Sweden when also office blood pressure 
was lowered [52]. As there were several metabolic effects induced by this multimo-
dality lifestyle intervention, keeping a constant drug usage over the study period, it 
could be problematic to disentangle if the beneficial effect was due to weight loss, 
improved physical activity and muscle activation, or a more direct effect on insulin 
resistance causing hyperinsulinaemia by stress reduction, or unknown mechanisms 
linked to improved lifestyle [52].
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Even calorie restriction alone, without the physical exercise component, may 
impact on insulin resistance and lower blood pressure [53].

8.3.2  Drug Effects on Insulin and Blood Pressure

As already mentioned, the various antihypertensive drugs commonly used may have 
shifting effects on body weight, insulin sensitivity, insulin levels and blood pressure 
regulation [8–10, 54]. Some of these drugs are of special relevance as they improve 
insulin sensitivity and reduce blood pressure levels at the same time, both measured 
as office blood pressure and 24-h ambulatory blood pressure. One of the drugs, 
moxonidine, seems to work via central nervous inhibition of the SNS via its interac-
tion with imidazolidine receptors [10]. However, it is not enough to show these 
favourable metabolic and haemodynamic effects, but also the effect on cardiovascu-
lar endpoints must be evaluated. For example, even if alpha-receptor blockers have 
been shown to improve insulin sensitivity and lower blood pressure, the selective 
alpha-blocker doxazosin did not show special clinical benefits in the ALLHAT 
study when compared with the ACE-inhibitor lisinopril and the diuretic chlorthali-
done; in fact congestive heart failure increased in the doxazosin arm [55].

Finally, also some anti-diabetic drugs have documented benefits for reducing 
insulin resistance and at the same time lower blood pressure levels. One such drug 
is rosiglitazone (a thiazolidinedione) with favourable metabolic and haemodynamic 
effects [56–58]. On the other hand, there was a tendency for volume retention and 
peripheral oedema that could increase the risk of congestive heart failure in suscep-
tible patients with type 2 diabetes. In a randomized trial (RECORD), the risk of 
cardiovascular events in general was, however, not different between rosiglitazone 
treatment and other per-oral anti-diabetes drugs [59]. The lesson from this is that in 
the end it is the cardiovascular preventive effect of a specific drug that matters, not 
the different ways (mechanisms) this is achieved. Even drugs that may increase 
body weight and worsen insulin sensitivity (but lower peripheral blood pressure) 
may show protective effects on the risk of re-infarction, for example, selective beta- 
receptor blockers in secondary prevention post-myocardial infarction.

Finally, also metformin has been investigated for blood pressure-lowering proper-
ties but with conflicting results even if this drug may increase hepatic insulin sensi-
tivity and stabilize glucose metabolism [60]. The newer anti-diabetes drugs (SGLT-2 
inhibitors, GLP-1 receptor agonists, RA) may reduce body weight and blood pres-
sure [61], but the effect on hyperinsulinaemia and insulin resistance is less clear. In 
fact, incretin-active drugs such as DPP-4 inhibitors and GLP-1 RA may in fact 
increase insulin secretion, but blood pressure is at least not elevated by this influence. 
Experimental studies have indicated a role of GLP-1 receptor signalling for blood 
pressure regulation. In one study in rodents, endogenous GLP-1R signalling exerted 
a physiologically relevant effect on BP control, which may be attributable, in part, to 
its tonic actions on the proximal tubule NHE3-mediated sodium reabsorption, intra-
renal renin-angiotensin system and insulin sensitivity [62].
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8.4  Summary

There are many observational studies to show associations between insulin levels, 
or insulin sensitivity, with blood pressure levels, and with more sophisticated meth-
ods stronger associations can be shown as compared to the use of more simple 
methods. Several mechanisms have been described to mediate these effects of insu-
lin regulation on blood pressure levels, most importantly involving the endothelium 
[63], sodium retention, SNS activation and vascular remodelling. It is possible to 
favourably reduce hyperinsulinaemia and insulin resistance, either by lifestyle alone 
(weight loss, physical exercise, smoking cessation) or by some antihypertensive and 
anti-diabetic drugs.

Future studies may shed more light on these associations, including determina-
tion of causality by genetic methods [16, 17], and newer drugs may be designed to 
better target insulin resistance without side effects. Blood pressure and central hae-
modynamics should then be evaluated by more sophisticated methods such as 24-h 
ABPM and measurement of central blood pressure, as well as aortic stiffness by use 
of pulse wave velocity and pulse wave analyses.
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9Mechanisms of Diabetic Nephropathy 
in Humans and Experimental Animals

Charbel C. Khoury, Sheldon Chen, and Fuad N. Ziyadeh

9.1  Introduction

Diabetic kidney disease (DKD) remains one of the main causes of end-stage kidney 
disease (ESKD) in the industrialized world and many developing countries and is 
likely to continue increasing given the pandemic of diabetes and obesity. While still 
considered a microvascular complication of diabetes, nephropathy involves more 
than just kidney capillaries, extending its damage across the various kidney cells 
and associated extracellular structures. This chapter will provide a comprehensive 
review of our current understanding of the pathophysiology of DKD especially 
focusing on lessons learned from experimental animal models.

9.2  Pathology

Histopathological changes of DKD in humans and in experimental animals involve 
all compartments of the kidney and correlate with functional and clinical manifesta-
tions of the disease. One of the earliest quantifiable changes in DKD is thickening 
of the glomerular basement membrane (GBM), a predictor of renal survival in 
patients with DKD [1]. Increased synthesis of extracellular matrix (ECM) compo-
nents such as type IV collagen, laminins, and nidogen/entactin and decreased ECM 
degradation result in a near doubling of the GBM size [2]. More dramatic changes 
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to the GBM are noted by ultrastructural studies, including denudation, abnormal 
folding, and the presence of shallow craterlike cavities and tunnels in fragmented 
segments of the GBM. Concurrently, there is a change in the composition of the 
GBM due to increased synthesis of the α1 chain of collagen IV and of perlecan by 
endothelial cells usually seen during embryonic development, along with overpro-
duction of the mature GBM components (α3 and α5 chains of collagen IV and 
agrin) by podocytes [3, 4]. This transition, along with changes in nonenzymatic 
glycosylation, redistribution of GBM components, and nonspecific trapping of 
serum protein, likely affects the quality of the GBM and could explain, at least in 
part, the correlation of GBM thickness with its functional properties such as “leaki-
ness” of serum macromolecules or the magnitude of proteinuria [5].

Aside from the altered GBM structure and function, the cellular components of 
the glomerular filtration barrier, namely, the podocytes and the endothelial cells, are 
both compromised in diabetes. The podocytes undergo cytoskeletal rearrangement, 
dedifferentiation, and autophagy manifested by effacement of their foot processes 
and decrease in slit diaphragm length with downregulation of its core components, 
such as nephrin [6]. Importantly, reduction in podocyte density secondary to detach-
ment and dropout of the cells or apoptosis might be a useful predictor of DKD and 
its progression [7, 8]. On the other side of the GBM, the glomerular endothelium is 
a highly specialized, fenestrated layer coated by a negatively charged endothelial 
surface layer (ESL) with two components: the glycocalyx, which refers to 
membrane- bound proteoglycans (PG), and the endothelial cell coat that contains 
secreted PGs, negatively charged glycosaminoglycans (GAG), glycoproteins, and 
soluble proteins. Alteration of the composition and amount of PGs in the ESL leads 
to a reduced thickness of the ESL and decreased negative charge, but may also lead 
to disturbances in local signaling events [9, 10].

Another histopathologic hallmark of DKD is expansion of the mesangium. This 
is mostly due to increased deposition of extracellular mesangial matrix components 
and only minimally to mesangial cell hypertrophy and/or proliferation [11, 12]. 
Recent evidence suggests that mesangial expansion may also be due to, at least in 
part, overproduced GBM material that spreads into the mesangium. In general, 
mesangial expansion in DKD is diffusely uniform within the glomerulus [4]. As 
collagen deposition progresses with advanced nephropathy, diffuse diabetic glo-
merulosclerosis ensues and eventually leads to scarring of the glomeruli. Nodular 
glomerulosclerosis or the so-called Kimmelstiel–Wilson lesions may also be pres-
ent in up to 50% of diabetic patients. Kimmelstiel–Wilson lesions are usually focal, 
segmental, and only occasionally diffuse. These develop due to continued local 
expansion of the mesangial matrix, or more likely as a result of mesangiolysis, with 
separation of the glomerular capillary from the mesangium and the formation of 
capillary aneurysms. The new capillary space is subsequently filled with mesangial 
matrix [13].

As for the renal vasculature in diabetes, a common finding is the accumulation of 
periodic acid–Schiff (PAS)-positive material around both the afferent and efferent 
arterioles, referred to as arteriolar hyalinosis. Hyalinosis of both arterioles is typical 
of DKD.  The deposition of similar material in the subendothelial space of the 

C. C. Khoury et al.



131

glomerular capillaries is referred to as a hyaline cap. These, together with capsular 
drops (hyaline material underneath the parietal epithelial cells of Bowman’s cap-
sule), constitute the exudative lesions of DKD.

Tubular basement membrane thickening develops in parallel with that of the 
GBM, and both correlate strongly with the degree of hyperglycemia in type 1 dia-
betes [6]. With progression of DKD, interstitial fibrosis and tubular atrophy develop 
and these changes correlate strongly with the progressive decline in kidney function 
as assessed by the glomerular filtration rate (GFR) [14–16]. This may be accompa-
nied by chronic inflammatory infiltrates composed chiefly of T lymphocytes and 
macrophages.

To help with the staging of DKD, the Renal Pathology Society introduced a clas-
sification of the pathology of DKD, based on the degree of glomerular pathology, 
with a separate scoring system for tubular and vascular lesions [17] (Table 9.1). 
However, the classic description of DKD is mostly based on the glomerular pathol-
ogy of kidneys in type 1 diabetes in humans (T1DKD). The pathognomonic glo-
merular changes are also identified in patients with type 2 diabetes and DKD 
(T2DKD) [18], but the overall pathological picture is more heterogeneous. Less 
than a third of T2DKD patients with microalbuminuria have the typical glomerular 
lesions expected in a similar stage of T1DKD [19, 20]. While there may be nuances 
in the pathogenesis of kidney disease in patients with type 1 compared with type 2 
diabetes, these differences in pathology are more likely due to variability in the 
duration of DKD and the presence of comorbidities such as hypertension, obesity, 
and aging that have independent effects on the kidney.

Table 9.1 Glomerular classification of DKD

Class Description Inclusion criteria
I Mild or nonspecific LM changes and 

EM-proven GBM thickening
Biopsy does not meet any of the criteria 
mentioned below for class II, III, or IV
GBM >395 nm in female and >430 nm in 
male individuals 9 years of age and older (a)

IIa Mild mesangial expansion Biopsy does not meet criteria for class III or 
IV
Mild mesangial expansion in >25% of the 
observed mesangium

IIb Severe mesangial expansion Biopsy does not meet criteria for class III or 
IV
Severe mesangial expansion in >25% of the 
observed mesangium

III Nodular sclerosis (Kimmelstiel–Wilson 
lesion)

Biopsy does not meet criteria for class IV
At least one convincing Kimmelstiel–Wilson 
lesion

IV Advanced diabetic glomerulosclerosis Global glomerular sclerosis in >50% of 
glomeruli
Lesions from classes I through III

Light microscopy (LM). (a) The basis of direct measurement of GBM width by EM, these indi-
vidual cutoff levels may be considered indicative when other GBM measurements are used
From Tervaert TWC et al. [17]
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9.3  Clinical Course

Tracking changes in GFR, urinary albumin excretion (UAE), and systemic arterial 
blood pressure, Mogensen and others classically described DKD to progress through 
distinct clinical stages (Fig. 9.1) [21]. In T1DKD these clinical stages correlate, in 
general, with the severity of renal pathology as described above. However, as with 
the kidney pathology, DKD in type 2 diabetes is a more heterogeneous disease, with 
variable degrees of glomerulosclerosis, tubulointerstitial fibrosis, and vasculopa-
thy [22].

9.3.1  Normoalbuminuria

The initial stage of DKD is characterized by normoalbuminuria with a normal or 
high GFR and is overall clinically silent. However, in about a third or more of type 
1 diabetes, a relatively large increase in GFR (greater than 150 mL/min/1.73 m2) 
occurs and seems to be positively associated with glycemic control [23, 24]. This 
hyperfiltration is less common or much more attenuated in type 2 diabetic 
patients [25].

Hyperfiltration has been hypothesized to contribute to the initiation of nephron 
damage and progression of kidney disease [24]. The evidence to support that is 
mostly preclinical or based on observational studies. In a meta-analysis of cohort 
studies in type 1 diabetes, the pooled odds for the development of at least microal-
buminuria was 2.71 (95% CI 1.20–6.11) in patients with hyperfiltration compared 
to those with normofiltration [26]. Similar findings were noted by the GFR study 
investigators [27]. In their longitudinal study of type 2 diabetic patients, the hazard 
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Fig. 9.1 Proposed model for clinicopathologic progression of diabetic kidney disease
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ratio for progression to a minimum of microalbuminuria was 2.16 (95% CI 
1.13–4.14). It was noted that 23.4% (11 of 47) of patients with persistent hyperfil-
tration progressed to micro- or macroalbuminuria compared to 10.6% (53 of 502) of 
patients who had hyperfiltration ameliorated at 6 months or who did not develop 
hyperfiltration since study inclusion. Dedicated prospective trials are needed to con-
firm whether targeting hyperfiltration improves clinically relevant end points (i.e., 
progressive GFR decline or incidence of ESKD). However, it remains the preferred 
mechanism proposed for the majority of the nephroprotective effects of drugs that 
intercept the renin–angiotensin–aldosterone (RAAS) system and the novel sodium–
glucose cotransporter 2 inhibitors (SGLT2i).

9.3.2  Microalbuminuria

Traditionally, microalbuminuria is defined as a UAE of 30–300 mg/d or 20–200 μg/
min, and it develops five years after the onset of type 1 diabetes in 20–40% of 
patients and can be present at the time of diagnosis of type 2 diabetes in 20–40% of 
patients. Hyperglycemia, hypertension, and elevated body mass index (BMI) are all 
independent risk factors for the development of microalbuminuria in type 1 and type 
2 diabetic patients [28]. Onset of albuminuria tends to correlate pathologically with 
continued thickening of the glomerular and tubular basement membranes and some 
degree of podocyte loss. Mesangial matrix expansion and diffuse glomerulosclero-
sis may also be noted.

Longitudinal studies had previously suggested that approximately 80% of type 1 
diabetic patients progress from microalbuminuria to proteinuria over a period of 
6–14 years [29]. More recent studies suggest this could be closer to 40% [30]. While 
improved control of glycemia and hypertension over the years and the widespread 
use of RAAS blockers in microalbuminuric patients could explain these findings, it 
is also conceivable that microalbuminuria is not uniformly a predictor of macroal-
buminuria in all diabetic patients [31]. On the other hand, UAE has been repeatedly 
and strongly validated as a risk factor for cardiovascular disease, peripheral vascular 
disease, stroke, and mortality from coronary heart disease [32–35].

Within 1 or 2 years of the onset of microalbuminuria in type 1 diabetes, patients 
may develop hypertension. GFR remains normal or is slightly elevated in type 1 
diabetic patients with microalbuminuria [36]. On the other hand, GFR begins to 
normalize and then decline at rates approximating 3 to 4 mL/min/year in microalbu-
minuric type 2 diabetic patients [37].

9.3.3  Overt Nephropathy

With progressive podocyte loss and the onset of diffuse and/or nodular glomerulo-
sclerosis, overt proteinuria (total urinary protein excretion exceeding 500 mg/d) or 
macroalbuminuria (UAE exceeding 300 mg/d) develops (Fig. 9.1). This occurs after 
an average of 15 years of the diabetic state in type 1 diabetes. In parallel, 
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progressive mesangial expansion leads to a reduction in the glomerular surface area 
available for filtration and has been shown to inversely correlate with declining GFR 
[38]. Hypertension is almost always present at this stage, and its poor control starts 
contributing to disease progression. Proteinuria by itself is another independent risk 
factor for further worsening of renal damage [39].

Untreated patients may progress to nephrotic-range proteinuria, which could sig-
nal the onset of rapid decline in GFR at a mean rate of 1 mL/min/month (stage IV) 
until ESKD ensues (stage V). The average time from the initial diagnosis of type 1 
diabetes to ESKD is around 20–25 years. However, this time course is extremely 
variable among individual patients.

While this proposed staging system helps align the structure and function of the 
kidney in diabetes, growing evidence suggests that not all patients progress in a 
linear manner. Regression from micro- to normoalbuminuria and direct progression 
to ESKD have been reported in type 1 and type 2 diabetes [31, 40]. While the more 
frequent use of RAAS inhibitors may contribute to this trend, some studies have 
failed to confirm this correlation [41].

9.4  Metabolic Dysregulation of Diabetic Nephropathy

Hyperglycemia is the main driver for the pathophysiology and progression of 
DKD. In fact, glycemic control can slow the advancement of nephropathy and, at 
times, may reverse the original pathology [42–46]. As glucose accumulates intracel-
lularly to excess, there is increased flux through glycolysis and possibly through the 
tricarboxylic acid (TCA) cycle, with less efficient oxidative phosphorylation. 
Indeed, diabetic kidneys upregulate glucose transporters GLUT-1 and GLUT-4 in 
the glomeruli, as well as the glycolytic enzymes hexokinase and phosphofructoki-
nase, thus promoting flux into anaerobic glycolysis, in a manner reminiscent of the 
Warburg effect [47–51]. Growing evidence has implicated mitochondria in the met-
abolic dysregulation of diabetes. Increased mitochondrial fission and fragmentation 
as well as reduced levels of peroxisome proliferator-activated receptor-γ coactivator 
1α (PGC-1α) levels in the tubules, abnormalities in electron transport chain com-
plex assembly/activity, and increased expression of uncoupling protein UCP1 have 
been reported [51–53]. It remains unclear whether the altered glucose metabolism 
is the cause or a result of diseased mitochondria in diabetic kidneys and whether the 
mitochondria will make a meaningful target for disease control.

Evidence is emerging that lipid metabolism may also play a role in the progres-
sion of DKD. Kimmelstiel and Wilson noted significant intratubular lipid accumula-
tion in their seminal work on diabetic pathology [54]. Defective lipid metabolism 
likely contributes to lipid accumulation and may be associated with impaired mito-
chondrial function and the development of tubulointerstitial fibrosis [55]. 
Lipotoxicity can also manifest in the podocyte with intracellular accumulation of 
lipid droplets, abnormal glucose metabolism, inflammation, oxidative stress, endo-
plasmic reticulum stress, and actin cytoskeleton rearrangements [56].
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The change in glucose metabolism is also manifested as an increased flux into 
alternative pathways: the pentose phosphate pathway, sorbitol/polyol pathway, 
advanced glycation end-product pathway, protein kinase C (PKC) pathway, and 
hexosamine pathway. These metabolic pathways had long been thought to contrib-
ute to glucotoxicity in the kidney through various mechanisms. However, research 
from the Joslin Medalist Study suggests that increased glycolytic flux and sorbitol/
polyol pathway may protect from diabetic nephropathy by reducing the accumula-
tion of glucose toxic metabolites and improving mitochondrial function [57, 58].

9.4.1  Advanced Glycation Reactions

Advanced glycation end products (AGEs) are proteins, lipids, or nucleic acids that 
are irreversibly cross-linked with reducing sugars. AGEs accumulate in both glo-
merular and tubular cells in experimental and human DKD [59, 60]. As renal func-
tion declines, higher concentrations of these products are retained in the plasma 
[61]. Experimental evidence shows that infusion of AGEs into normal rodents leads 
to the increased glomerular volume, accumulation of PAS-positive deposits, base-
ment membrane widening, mesangial matrix expansion, and glomerulosclerosis 
[62]. Concurrently, inhibition of AGEs in experimental animal models of diabetes 
ameliorates albuminuria and glomerulosclerosis [63].

AGEs contribute to DKD injury by altering the function of the glycated proteins. 
ECM proteins, like in collagen, may become less susceptible to enzymatic hydroly-
sis by matrix metalloproteinases (MMPs), facilitating their accumulation in the 
extracellular space [64]. Glycation of sulfated proteoglycans modifies the charge- 
selective properties of the basement membrane and contributes to the development 
of microalbuminuria [65]. Concomitantly, AGEs act as signaling molecules either 
by acting intracellularly or by interacting with their receptor for advanced glycation 
end products (RAGE) that is expressed on the surfaces of podocytes and tubular 
epithelia. AGEs induce intracellular oxidant stress and activate NF-κB by redox- 
sensitive signaling pathways. They also activate PKC and regulate the expression of 
diverse growth factors and cytokines such as angiotensin II (Ang II) and transform-
ing growth factor-beta1 (TGF-β1) [66, 67].

9.4.2  Protein Kinase C Signaling

As glycolytic metabolites react with glycerol phosphate, diacylglycerol (DAG), the 
major endogenous activator of PKC, is formed [68]. Other by-products of glucotox-
icity such the polyol metabolites, AGE accumulation, RAGE activation, production 
of reactive oxygen species (ROS), and Ang II further activate PKC [69]. On the 
other hand, altered lipid metabolism and particularly the imbalance between lipid 
delivery and intracellular oxidation of fatty acids could lead to the accumulation of 
DAG [70].
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PKC isoforms cooperate in the pathogenesis of DKD. While PKC-beta can lead 
to renal hypertrophy and glomerulosclerosis, PKC-alpha appears to contribute pri-
marily to diabetic albuminuria by acting through vascular endothelial growth factor 
(VEGF) and by affecting nephrin expression [71]. Animal experiments with double 
knockouts of PKC-alpha and PKC-beta or the administration of an inhibitor of both 
PKC isoforms confirmed this hypothesis [71]. However, the PKC-beta inhibitor, 
ruboxistaurin, did not show a significant reduction in albumin/creatinine ratios 
when evaluated in a randomized clinical trial in patients [72].

9.4.3  Oxidative Stress

Oxidative stress has long been considered an integral pathogenic mechanism in the 
metabolic dysregulations of hyperglycemia [73]. Superoxide, hydroxyl radicals, 
hydrogen peroxide, and peroxynitrite, all commonly referred to as ROS, are 
increased in a diabetic kidney. These species, along with the oxidized proteins, lip-
ids, nucleic acids, and the carbohydrates they produce, contribute to glomerular 
hypertrophy, cause injury to the podocyte, and promote fibrogenesis in the glomer-
uli and tubules [74, 75].

The notable sources of ROS production in the diabetic kidney are the mitochon-
dria, the cytosolic NADPH oxidase (NOX), nitric oxide synthases, xanthine oxidase, 
and lipoxygenase [70, 76]. The prevailing hypothesis was that altered glucose metab-
olism increased mitochondrial electron transport chain activity, resulting in a high 
proton gradient, and high electrochemical potential differences led to the enhanced 
generation of mitochondrial superoxide [73]. However, measuring mitochondrial 
superoxide is difficult and has yielded inconsistent conclusions, with some groups 
finding a decrease in mitochondrial ROS [53, 70, 76, 77]. In fact, some level of mito-
chondrial superoxide may be beneficial and may retard organ dysfunction [76, 77]. 
With improved tools and real-time imaging, more sensitive spatiotemporal ROS mea-
surements are being pursued to elucidate the role of mitochondrial ROS in DKD.

Meanwhile, NOX4, another notable source of ROS, has been consistently shown 
to be upregulated in animal models of diabetic kidney disease [68]. Its activity or 
expression appears to be influenced by various mediators of the diabetic milieu, 
including hyperglycemia, Ang II, TGF-β, AGEs, VEGF, endothelin, and aldoste-
rone [74]. NOX4-mediated stimulation of PKC-alpha may contribute to many of the 
NOX4-dependent effects in DKD [78]. Moreover, NOX4 can inhibit fumarate 
hydratase, leading to the accumulation of fumarate, a TCA cycle metabolite with 
oncogenic properties that has been linked to the stimulation of hypoxia-inducible 
factor 1-alpha (HIF1α), TGF-β, and other matrix genes promoting fibrosis [79].

9.5  Glomerular Hemodynamics

As hyperfiltration is one of the earliest pathophysiologic features of DKD, it has 
been the target of many therapeutic interventions. Physiologically, four factors 
determine the GFR: (a) the glomerular plasma flow, (b) the systemic oncotic 
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pressure, (c) the glomerular transcapillary hydraulic pressure difference, and (d) the 
glomerular ultrafiltration (permeability) coefficient, Kf. These factors are affected in 
diabetes, resulting in hyperfiltration. First, diabetic glomeruli become hypertro-
phied and then filtration surface area increases, leading to an increased ultrafiltra-
tion coefficient [80]. Second, and more importantly, abnormal vascular control in 
diabetic nephropathy leads to differential reduction in afferent glomerular arteriolar 
resistance and a net increase in efferent arteriolar resistance. This results in increased 
renal blood flow and glomerular capillary hypertension, all resulting in an elevated 
single-nephron GFR [81]. This change in intraglomerular hemodynamics occurs in 
response to an imbalance of a variety of vasoactive substances and growth factors 
including the RAAS, atrial natriuretic peptide, insulin-like growth factor-1, endo-
thelin, prostanoids, eicosanoids, and the nitric oxide (NO) system secondary to 
endothelial dysfunction [82, 83]. The rise in glomerular capillary pressure promotes 
the production of various mediators of DKD [84]. Angiotensin-converting enzyme 
inhibitors (ACEi) and angiotensin receptor blockers (ARB) lower glomerular pres-
sure and limit hyperfiltration by blocking the effect of Ang II on the efferent arteri-
ole [85–88].

The impressive results from recent SGLT2i studies have shed light on the prior 
proposed mechanisms of glomerular hyperfiltration involving increased proximal 
tubular reabsorption of glucose and sodium (Na) [89]. In diabetes, hyperglycemia, 
tubular hypertrophy, and augmented SGLT2 expression in the proximal tubule con-
tribute to increased Na/glucose reabsorption via SGLT2 and SGLT1, as well as 
increased Na reabsorption via NHE3 [90]. As a result, less sodium is delivered to 
the macula densa, thus attenuating tubuloglomerular feedback. This results in facili-
tated dilation of the afferent arteriole. Indeed, glomerular hyperfiltration is blunted 
in diabetic mice deficient in the adenosine receptor A1, which lack the tubuloglo-
merular feedback mechanism [91]. However, there have been conflicting results 
using this mouse model [92]. In addition, the decreased distal delivery lowers the 
tubular back pressure in Bowman space, which increases the effective glomerular 
filtration pressure and may explain a significant portion of diabetic hyperfiltration 
[93, 94]. Gene-targeted SGLT2 knockout and pharmacologic inhibition of SGLT2 
prevent glomerular hyperfiltration in animal models of diabetes [95]. Treatment of 
type 1 and type 2 diabetic patients with the SGLT2i empagliflozin has been shown 
to attenuate renal hyperfiltration, as reflected by the estimated GFR (eGFR) [96, 
97]. This effect appears to be independent of lowering blood glucose [98, 99].

After an SGLT2i was consistently observed to have excellent secondary kidney 
outcomes in a cardiovascular trial in patients with type 2 diabetes (as in the 
Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus 
Patients—EMPA-REG OUTCOME), other dedicated kidney outcome trials have 
been completed with other SGLT2i agents such as canagliflozin and dapagliflozin, 
all demonstrating robust benefits on primary kidney outcomes. CREDENCE 
(Canagliflozin and Renal Events in Diabetes with Established Nephropathy Clinical 
Evaluation) was a randomized, double-blind, placebo-controlled, multicenter clini-
cal trial of patients with type 2 diabetes and albuminuric chronic kidney disease 
[100]. It showed that the SGLT2i was able to prevent ESKD (dialysis, transplanta-
tion, or sustained eGFR <15 mL/min/1.73m2), doubling of serum creatinine, or 
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death from renal causes, with a hazard ratio (HR) of 0.70 (0.59–0.82). Similarly, the 
DAPA-CKD (Dapagliflozin and Prevention of Adverse Outcomes in Chronic 
Kidney Disease) trial studied dapagliflozin in patients with chronic kidney disease, 
with or without type 2 diabetes. It showed significant prevention of renal outcomes 
(≥50% decrease in eGFR, ESKD, or death from renal or cardiovascular causes) 
with an HR of 0.61 (0.51–0.72). This effect appears to be additive to ACEi and 
ARBs. It appears that renoprotection is a consistent feature across the class 
of SGLT2i.

9.6  Cellular and Molecular Mechanisms of Glomerulopathy

Hyperfiltration and intraglomerular hypertension are transduced as a biomechanical 
stress on the endothelial cells, the mesangial cells, and the podocytes, resulting in 
activation of molecular signaling pathways. As such, endothelial cells have increased 
nitric oxide synthase (eNOS) dysfunction initiated by hyperglycemia and metabolic 
dysregulation [101]. Moreover, mesangial cells respond to increased mechanical 
stretch by upregulating GLUT-1, ECM protein accumulation, and TGF-β1 activity 
[102, 103].

Regarding the podocyte, complex interactions between their intricate actin-based 
cytoskeleton, cell–cell, and cell–matrix contact proteins allow them to maintain the 
glomerular filtration barrier in the face of mechanical challenges resulting from the 
filtration of a pulsatile blood flow [104, 105]. The morphologic and functional 
changes of diabetes such as glomerular hypertrophy, thickening and stiffening of 
the GBM, and glomerular hyperfiltration and hypertension all result in shear and 
tensile stresses on the podocyte that challenge the cell’s attachment to the GBM 
[104]. Meanwhile, the metabolic dysregulation in diabetes further compromises the 
cytoskeletal architecture of the podocytes. Glucotoxicity, Ang II, TGF-β, VEGF, 
and other signaling pathways result in the downregulation of the expression of 
nephrin, a key protein of the slit diaphragm and of cytoskeletal function in podo-
cytes [6]. Furthermore, hyperglycemia, AGEs, ROS, and others result in dysregula-
tion of the Rho family of GTPases, key regulators of the actin cytoskeleton [6]. 
Lastly, studies have shown that podocyte integrin expression is decreased in diabe-
tes, compromising cell–matrix interactions [6]. Altogether, these stressors result in 
effacement of the foot processes, detachment, and the loss of a number of podocytes 
and their shedding into the urinary space. Other podocytes succumb to apoptosis 
under the effect of hyperglycemia, ROS, and activation of the TGF-β pathway [106]. 
The remaining podocytes attempt to cover the newly denuded GBM by hypertro-
phy, with activation of the mammalian target of rapamycin (mTOR) [107]. However, 
once podocyte loss reaches 20%, glomerulosclerosis develops [108].

In sum, the metabolic and hemodynamic dysregulations in DKD converge and 
activate second messenger signaling pathways, transcription factors, and cytokines, 
including the RAAS, TGF-β, VEGF, and others, all of which contribute to the devel-
opment of albuminuria and glomerulosclerosis, characteristic features of estab-
lished diabetic nephropathy.
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The RAAS is one of the most important pathways in DKD pathophysiology. 
Along with the systemic RAAS activation, renal cells such as mesangial cells, 
podocytes, and even tubular cells synthesize Ang II and express its receptors, which 
may contribute to the regional activation of RAAS [102, 109]. Indeed, hyperglyce-
mia directly, and via ROS and AGEs, upregulates the expression of renin and angio-
tensinogen [81, 110, 111]. The RAAS drives the hemodynamic changes of DKD but 
also independently activates a multitude of cytokines such as TGF-β, connective 
tissue growth factor (CTGF), interleukin-6, monocyte chemoattractant protein-1 
(MCP-1), and VEGF-A. Accordingly, high levels of Ang II can contribute to the 
early hyperplasia and hypertrophy of the renal cells observed in diabetes and can 
modulate glomerular ECM deposition in the later stages of diabetes [112]. In addi-
tion to the classical ACE/Ang II/AT1R axis, the RAAS comprises another important 
axis, the ACE2/Ang-(1–7)/Mas receptor, considered the counterregulatory axis of 
ACE/Ang II/AT1R. Indeed, an imbalance between the Ang II and Ang-(1–7) sys-
tems is associated with vascular dysfunction, inflammation, and fibrosis, making 
the ACE2/Ang-(1–7)/Mas receptor a potential ameliorating and therapeutic target in 
DKD [113].

RAAS blockers in clinical use may not be sufficient to fully arrest the activation 
of this system due to “aldosterone breakthrough,” the increase of plasma aldoste-
rone to basal levels after several weeks of ACEi or ARB administration. The miner-
alocorticoid receptor is also expressed in kidney cells outside of the 
aldosterone-sensitive distal nephron, such as vascular cells, podocytes, fibroblasts, 
and inflammatory cells. Activation of the mineralocorticoid receptor in those cells 
has been associated with activation of inflammatory and fibrotic pathways in the 
kidney, and this has deleterious effects on podocytes and mesangial cells [114]. 
Clinical studies show that steroidal mineralocorticoid receptor antagonists (MRAs) 
have an anti-albuminuric effect in diabetic kidney disease. Finerenone is a novel, 
nonsteroidal MRA with a better therapeutic index than the steroidal MRAs such as 
spironolactone and eplerenone. In the FIDELIO-DKD trial, finerenone reduced 
CKD progression and improved cardiovascular outcomes compared with placebo 
when added to an optimized regimen of renin–angiotensin–aldosterone system 
inhibitors. Plus, the incidence of hyperkalemia was manageably low [115].

VEGF is one of the key signaling pathways of the crosstalk between glomerular 
endothelium and podocytes. Healthy podocytes produce VEGF-A which helps 
maintain the endothelial cell’s structure and function upon binding to vascular 
endothelial growth factor receptor 2 (VEGFR2) [116]. Targeted genetic deletion of 
all VEGF-A isoforms from podocytes leads to glomerular disease in healthy mice 
[117]. The role of VEGF signaling in diabetes was difficult to decipher initially. 
Some studies reported increased VEGF-A activity in diabetic glomeruli, with 
improvement of DKD upon inhibition of VEGF-A or VEGFR2 [118–121]. Other 
research showed that total glomerular VEGF-A levels decreased as diabetic 
nephropathy progressed and that targeted genetic deletion of all VEGF-A isoforms 
from podocytes accelerated nephropathy in diabetic animals [119]. More likely, the 
glomerular cells tightly control a state of delicate VEGF balance, and too much or 
too little can be pathogenic [122]. More recent evidence has also shown that the 
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different isoforms of VEGF-A may confer additional nuances of signaling. VEGF- 
A165a is a potent vasoactive agent, increasing vasodilation, vascular permeability, 
and angiogenesis [123]. Meanwhile, VEGF-A165b is a protective factor in diabetic 
nephropathy[124]. In diabetic mice, podocyte-specific VEGF165b overexpression or 
VEGF165b administration maintained the glycocalyx and prevented endothelial and 
podocyte cell death, resulting in reduced albuminuria [124].

Other paracrine signals such as NO and angiopoietins can also feed into this 
crosstalk and tip the balance toward pathogenesis. New insights have revealed that 
endothelin-1 (ET-1), an endothelial-derived vasoconstrictor, can signal to the podo-
cyte and then back to the endothelial cell [125]. Atrasentan, an ET-1 receptor antag-
onist, has been shown clinically to ameliorate early microalbuminuric diabetic 
kidney disease [126].

TGF-β appears to be a common pathway that leads to hypertrophic changes early 
on and then promotes fibrosis and sclerosis in the later stages of diabetic kidney 
disease [127, 128]. Under the impact of metabolic and hemodynamic forces in 
DKD, multiple mediators converge upon the activation of the TGF-β system. These 
include high glucose concentration [129], AGE-modified proteins [130], ROS [73], 
cyclical stretch/relaxation of mesangial cells in culture [131], PKC activation [132], 
and Ang II [133]. TGF-β has been shown to stimulate the synthesis of type I colla-
gen, type IV collagen, fibronectin, and laminin. Further, TGF-β inhibits matrix 
metalloproteinases and can also stimulate the inhibitors of proteases, thus prevent-
ing the degradation of ECM proteins and leading to their deposition and accumula-
tion [134]. Blocking TGF-β upstream of its receptor or downstream in the 
intracellular signaling cascade results in marked improvement in glomerulosclero-
sis, ECM deposition, GBM thickening, and other histological and molecular param-
eters of diabetic renal disease [82, 121, 135, 136]. This provides proof of the 
cytokine’s central role in DKD pathophysiology.

9.7  Tubulopathy in Diabetes

Along with glomerulopathy, tubular damage plays a significant role in the pathogen-
esis of DKD [137]. Growing clinical and pathological data confirm that elevated base-
line plasma biomarkers of tubular injury such as KIM-1 have been significantly 
associated with the risk of early decline of kidney function, independent of albumin-
uria [138]. Tubular dysfunction as well as tubulointerstitial fibrosis are known to cor-
relate significantly with the decline in GFR and the progression of kidney disease.

Various mechanisms come into play in diabetic tubulopathy [139]. First, the 
increased metabolic stress in diabetes promotes a hypoxic environment for the prox-
imal tubule. As SGLT2 and NHE3 increase their reabsorptive capacity, there is a 
commensurate increase in the demand for ATP to maintain the crucial activity of 
Na+/K+-ATPase to support ion transport [139]. Moreover, proximal tubular epithe-
lial cells increase gluconeogenesis in the setting of diabetes [139]. However, because 
of mitochondrial injury and metabolic dysfunction, the proximal tubular cells con-
sume more O2 for each molecule of ATP generated. This increased demand and 
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inefficient utilization of O2 are met with reduced blood supply due to concomitant 
endothelial injury, intrinsic capillary loss within the affected tubulointerstitium, and 
glomerular capillary occlusion, resulting in significant hypoxia [139].

Hypoxic proximal tubular epithelial cells undergo apoptosis but also promote 
tubulointerstitial fibrosis via TGF-β and other mechanisms [139]. The expansion of 
the extracellular matrix further exacerbates hypoxia and microvascular rarefaction, 
starting the spiral of fibrosis and chronic kidney injury.

Several other pathomechanisms target the proximal tubule in DKD.  These 
include the RAAS as well as the toxic effects of leaked albumin and albumin-bound 
fatty acids into the tubular lumen due to albuminuria, among others [139, 140].

With their advent, the new single-cell modalities such as transcriptomics, epi-
genetics, metabolomics, and proteomics are starting to show the effect of diabetes 
on various tubular segments. For instance, a recent single-nucleus RNA sequencing 
(snRNA-seq) on cryopreserved human diabetic kidney samples showed that the dia-
betic thick ascending limb, late distal convoluted tubule, and principal cells of the 
collecting ducts all adopt a gene expression signature consistent with increased 
potassium secretion, including alterations in Na+/K+-ATPase, WNK1, mineralocor-
ticoid receptor, and NEDD4L expression, as well as decreased paracellular calcium 
and magnesium reabsorption [141].

Furthermore, there is evidence of retrograde crosstalk between the proximal 
tubules and the podocytes. Indeed, recent animal studies have shown that selective 
proximal tubular injury can lead to podocytopathy and extensive glomerular injury 
reminiscent of diabetes [142]. Tubular epithelial cells can protect against albumin-
uria in diabetes by maintaining nicotinamide mononucleotide concentrations around 
glomeruli and by influencing podocyte function [143].

9.8  Inflammation

Metabolic and hemodynamic abnormalities, including hyperglycemia, AGEs, ROS, 
Ang II, and TGF-β, have been shown to promote a proinflammatory state [144]. The 
immune system is involved in the pathophysiology of DKD at multiple levels [145]. 
First, from an innate immunity standpoint, mononuclear phagocytic cells that reside 
in the kidney are activated in diabetes and are joined by renal cells in the release of 
proinflammatory cytokines and paracrine signals [146]. Subsequently, additional 
monocytes and macrophages are recruited into the kidney, further amplifying cyto-
kine and chemokine release from the kidney [147, 148]. The mast cell is another 
innate immune cell that infiltrates the tubulointerstitium in DKD. Its degranulation 
releases inflammatory mediators such as TGF-β and proteolytic enzymes, the most 
notable of which is chymase [145]. Mast cell chymase is 40 times more potent than 
ACE at converting Ang I to Ang II [149, 150].

Pattern recognition receptors (PRRs), including Toll-like receptors (TLRs) and 
nucleotide-binding oligomerization domain-like receptors (NOD-like receptors or 
NLRs) are essential to the proper function of the innate immune system. PRRs are 
upregulated in mononuclear phagocytic cells as well as in endothelial cells and 
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podocytes [145]. They recognize pathogen-associated molecular patterns (PAMPs) 
and endogenous stress signals or damage-associated molecular patterns (DAMPs) 
that indicate cellular stress and injury, including uric acid, extracellular ATP, as well 
as glucose and ROS. Upon sensitization of PRRs, there is activation of the inflam-
masome and, among other effects, release of inflammatory cytokines.

Numerous interleukin cytokines have been implicated in the pathogenesis of 
DKD.  For instance, IL-1, IL-6, and IL-18 have been linked with morphological 
changes of DKD, such as GBM thickening, as well as functional changes, such as 
albuminuria and loss of GFR [145]. Early in diabetes, both glomerular and tubular 
cells increase expression of TNF-α [151]. This cytokine is cytotoxic to glomerular 
mesangial and epithelial cells and has been demonstrated to increase vascular endo-
thelial permeability, induce oxidative stress, and affect glomerular hemodynamics 
and GFR [152, 153]. Its receptors, TNFR1 and TNFR2, are candidate biomarkers of 
DKD. The serum level of TNFR1 was a predictor of ESKD, even after adjustment 
for clinical covariates in a cohort of type 1 diabetes [154].

Chemokines mediate the migration of monocytes and macrophages into kidney 
tissue and are also upregulated in DKD. Of particular interest is the CC chemokine 
ligand 2 (CCL2, also known as MCP-1). Its expression is upregulated in response to 
the metabolic and hemodynamic features of the diabetic milieu, including Ang II 
[155]. In the kidney, its receptor CCR2 is also expressed on podocytes, extending its 
role beyond the recruitment of macrophages to the tubulointerstitium [156]. Several 
studies have implicated CCR2 in the effacement of foot processes, podocytopenia, 
and damage to the slit diaphragm, leading to albuminuria [157]. CCR2 inhibitors 
are being evaluated for the management of DKD [158].

Another therapeutic target in DKD is the Janus kinase–signal transducer and activa-
tor of transcription (JAK-STAT) pathway. This pathway transduces inflammatory sig-
nals from cytokines and chemokines as well as AGEs and growth factors/hormones 
[159]. The JAK-STAT pathway has been shown to be upregulated in DKD, including 
in intrinsic renal cells. Baricitinib, an oral, reversible, selective inhibitor of JAK1 and 
JAK2, has shown promise as an intervention to slow the progression of DKD [159].

Overall, resident immune cells, infiltrating cells, and resident renal cells con-
verge to activate the innate immune system in DKD. Renal cells produce cytokines 
and chemokines and increase the expression of adhesion molecules that facilitate 
adhesion of the inflammatory cells [144, 145]. Eventually, the adaptive immune 
system is also involved in diabetes, as T cells infiltrate the kidney in DKD, albeit not 
as prominently as macrophages [145]. The T helper phenotype in DKD appears to 
be shifted toward Th1/Th17 cells rather than regulatory T cell, Tregs [145, 160]. 
This promotes further macrophage-induced injury rather than repair of the kidney. 
There is limited evidence for the involvement of B cells in DKD.

9.9  Conclusion

The pathophysiology of DKD is complex (Fig. 9.2) and most of these pathways 
were the fruit of deploying various experimental animal models to elucidate mecha-
nisms of injury at the cellular and molecular level and to inform clinical and 
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pathological studies in humans. Glucotoxicity and glomerular hypertension plus 
deleterious combinations of toxic metabolites, growth factors, and cytokines pro-
mote injury in the various compartments of the kidney, leading to albuminuria and 
progressive fibrosis and loss of renal function. While the treatment and prevention 
of DKD in clinical practice had long been dependent on ACEi and ARBs as well as 
the control of systemic hypertension and hyperglycemia, recent clinical studies 
have brought new options for the management of this disease. The SGLT2i and 
MRAs currently offer hope for additional nephroprotective effects. By further elu-
cidating the pathophysiology of DKD, we expect that newer and more effective 
therapies will be on the horizon.

References

1. Stefan G, Stancu S, Zugravu A, Petre N, Mandache E, Mircescu G. Histologic predictors 
of renal outcome in diabetic nephropathy: Beyond renal pathology society classification. 
Medicine (Baltimore). 2019;98:e16333.

2. Fioretto P, Mauer M.  Histopathology of diabetic nephropathy. Semin Nephrol. 
2007;27:195–207.

9 Mechanisms of Diabetic Nephropathy in Humans and Experimental Animals



144

3. Zhu D, Kim Y, Steffes MW, Groppoli TJ, Butkowski RJ, Mauer SM. Glomerular distribution 
of type IV collagen in diabetes by high resolution quantitative immunochemistry. Kidney Int. 
1994;45:425–33.

4. Kriz W, Lowen J, Federico G, van den Born J, Grone E, Grone HJ. Accumulation of worn-out 
GBM material substantially contributes to mesangial matrix expansion in diabetic nephropa-
thy. Am J Physiol Renal Physiol. 2017;312:F1101–11.

5. Caramori ML, Kim Y, Huang C, Fish AJ, Rich SS, Miller ME, et al. Cellular basis of diabetic 
nephropathy: 1. Study design and renal structural-functional relationships in patients with 
long-standing type 1 diabetes. Diabetes. 2002;51:506–13.

6. Lin JS, Susztak K. Podocytes: the weakest link in diabetic kidney disease? Curr Diab Rep. 
2016;16:45.

7. Toyoda M, Najafian B, Kim Y, Caramori ML, Mauer M. Podocyte detachment and reduced 
glomerular capillary endothelial fenestration in human type 1 diabetic nephropathy. Diabetes. 
2007;56:2155–60.

8. Meyer TW, Bennett PH, Nelson RG.  Podocyte number predicts long-term urinary albu-
min excretion in Pima Indians with Type II diabetes and microalbuminuria. Diabetologia. 
1999;42:1341–4.

9. Kashihara N, Watanabe Y, Makino H, Wallner EI, Kanwar YS. Selective decreased de novo 
synthesis of glomerular proteoglycans under the influence of reactive oxygen species. Proc 
Natl Acad Sci U S A. 1992;89:6309–13.

10. Khramova A, Boi R, Friden V, Granqvist AB, Nilsson U, Tenstad O, et  al. Proteoglycans 
contribute to the functional integrity of the glomerular endothelial cell surface layer and are 
regulated in diabetic kidney disease. Sci Rep. 2021;11:8487.

11. Østerby R. Morphometric studies of the peripheral glomerular basement membrane in early 
juvenile diabetes. I. Development of initial basement membrane thickening. Diabetologia. 
1972;8:84–92.

12. Drummond K, Mauer M. The early natural history of nephropathy in type 1 diabetes: II. Early 
renal structural changes in type 1 diabetes. Diabetes. 2002;51:1580–7.

13. Saito Y, Kida H, Takeda S, Yoshimura M, Yokoyama H, Koshino Y, et al. Mesangiolysis 
in diabetic glomeruli: its role in the formation of nodular lesions. Kidney Int. 
1988;34:389–96.

14. Bader R, Bader H, Grund KE, Markensen-Haen S, Christ H, Bohle A. Structure and function 
of the kidney in diabetic glomerulosclerosis: Correlations between morphologic and func-
tional parameters. Pathol Res Practice. 1980;167:204–16.

15. Lane PH, Steffes MW, Fioretto P, Mauer SM. Renal interstitial expansion in insulin- dependent 
diabetes mellitus. Kidney Int. 1993;43:661–7.

16. Ziyadeh FN, Goldfarb S.  The renal tubulointerstitium in diabetes mellitus. Kidney Int. 
1991;39:464–75.

17. Tervaert TW, Mooyaart AL, Amann K, Cohen AH, Cook HT, Drachenberg CB, et  al. 
Pathologic classification of diabetic nephropathy. J Am Soc Nephrol. 2010;21:556–63.

18. Ponchiardi C, Mauer M, Najafian B. Temporal profile of diabetic nephropathy pathologic 
changes. Curr Diab Rep. 2013;13:592–9.

19. Fioretto P, Mauer M, Brocco E, Velussi M, Frigato F, Muollo B, et al. Patterns of renal injury 
in NIDDM patients with microalbuminuria. Diabetologia. 1996;39:1569–76.

20. Gambara V, Mecca G, Remuzzi G, Bertani T. Heterogeneous nature of renal lesions in type II 
diabetes. J Am Soc Nephrol. 1993;3:1458–66.

21. Mogensen CE, Christensen CK, Vittinghus E.  The stages in diabetic renal disease. With 
emphasis on the stage of incipient diabetic nephropathy. Diabetes. 1983;32(Suppl 2):64–78.

22. Olivarius Nde F, Andreasen AH, Keiding N, Mogensen CE. Epidemiology of renal involve-
ment in newly-diagnosed middle-aged and elderly diabetic patients. Cross-sectional data from 
the population-based study “Diabetes Care in General Practice”, Denmark. Diabetologia. 
1993;36:1007–16.

23. Mogensen CE, Steffes MW, Deckert T, Christiansen JS. Functional and morphological renal 
manifestations in diabetes mellitus. Diabetologia. 1981;21:89–93.

C. C. Khoury et al.



145

24. Ficociello LH, Perkins BA, Roshan B, Weinberg JM, Aschengrau A, Warram JH, et al. Renal 
hyperfiltration and the development of microalbuminuria in type 1 diabetes. Diabetes Care. 
2009;32:889–93.

25. Myers BD, Nelson RG, Williams GW, Bennett PH, Hardy SA, Berg RL, et al. Glomerular 
function in Pima Indians with noninsulin-dependent diabetes mellitus of recent onset. J Clin 
Invest. 1991;88:524–30.

26. Magee GM, Bilous RW, Cardwell CR, Hunter SJ, Kee F, Fogarty DG.  Is hyperfiltra-
tion associated with the future risk of developing diabetic nephropathy? A meta-analysis. 
Diabetologia. 2009;52:691–7.

27. Ruggenenti P, Porrini EL, Gaspari F, van Bommel EJ, Heerspink HJL, van Raalte DH, et al. 
Glomerular hyperfiltration and renal disease progression in type 2 diabetes. Diabetes Care. 
2012;35:2061–8.

28. Cederholm J, Eliasson B, Nilsson PM, Weiss L, Gudbjörnsdottir S, Steering Committee of 
the Swedish National Diabetes Register. Microalbuminuria and risk factors in type 1 and type 
2 diabetic patients. Diabetes Res Clin Pract. 2005;67:258–66.

29. Mogensen CE. Microalbuminuria predicts clinical proteinuria and early mortality in maturity- 
onset diabetes. N Engl J Med. 1984;310:356–60.

30. Caramori ML, Fioretto P, Mauer M. The need for early predictors of diabetic nephropathy 
risk: is albumin excretion rate sufficient? Diabetes. 2000;49:1399–408.

31. Perkins BA, Ficociello LH, Silva KH, Finkelstein DM, Warram JH, Krolewski AS. Regression 
of microalbuminuria in type 1 diabetes. New Engl J Med. 2003;348:2285–93.

32. Ninomiya T, Perkovic V, Verdon C, Barzi F, Cass A, Gallagher M, et  al. Proteinuria and 
stroke: a meta-analysis of cohort studies. Am J Kidney Dis. 2009;53:417–25.

33. Perkovic V, Verdon C, Ninomiya T, Barzi F, Cass A, Patel A, et  al. The relationship 
between proteinuria and coronary risk: a systematic review and meta-analysis. PLoS Med. 
2008;5:1486–95.

34. Deckert T, Yokoyama H, Mathiesen E, Rønn B, Jensen T, Feldt-Rasmussen B, et al. Cohort 
study of predictive value of urinary albumin excretion for atherosclerotic vascular disease in 
patients with insulin dependent diabetes. BMJ. 1996;312:871–4.

35. Damsgaard EM, Froland A, Jorgensen OD, Mogensen CE. Microalbuminuria as predictor of 
increased mortality in elderly people. BMJ. 1990;300:297–300.

36. Mathiesen ER, Feldt-Rasmussen B, Hommel E, Deckert T, Parving HH. Stable glomerular 
filtration rate in normotensive IDDM patients with stable microalbuminuria. A 5-year pro-
spective study. Diabetes Care. 1997;20:286–9.

37. Gaede P, Tarnow L, Vedel P, Parving H-H, Pedersen O. Remission to normoalbuminuria dur-
ing multifactorial treatment preserves kidney function in patients with type 2 diabetes and 
microalbuminuria. Nephrol Dial Transplant. 2004;19:2784–8.

38. Mauer SM, Steffes MW, Ellis EN, Sutherland DE, Brown DM, Goetz FC.  Structural- 
functional relationships in diabetic nephropathy. J Clin Invest. 1984;74:1143–55.

39. Remuzzi G, Bertani T. Is glomerulosclerosis a consequence of altered glomerular permeabil-
ity to macromolecules? Kidney Int. 1990;38:384–94.

40. Yamada T, Komatsu M, Komiya I, Miyahara Y, Shima Y, Matsuzaki M, et al. Development, 
progression, and regression of microalbuminuria in Japanese patients with type 2 diabe-
tes under tight glycemic and blood pressure control: the Kashiwa study. Diabetes Care. 
2005;28:2733–8.

41. Macisaac RJ, Jerums G. Diabetic kidney disease with and without albuminuria. Curr Opin 
Nephrol Hypertens. 2011;20:246–57.

42. Writing Team for the Diabetes Control and Complications Trial/Epidemiology of Diabetes 
Interventions and Complications Research Group. Sustained effect of intensive treat-
ment of type 1 diabetes mellitus on development and progression of diabetic nephropa-
thy: the Epidemiology of Diabetes Interventions and Complications (EDIC) study. 
JAMA. 2003;290:2159–67.

9 Mechanisms of Diabetic Nephropathy in Humans and Experimental Animals



146

43. United Kingdom Prospective Diabetes Study Group. Intensive blood-glucose control with 
sulphonylureas or insulin compared with conventional treatment and risk of complications in 
patients with type 2 diabetes (UKPDS 33). Lancet. 1998;352:837–53.

44. Fioretto P, Steffes MW, Sutherland DER, Goetz FC, Mauer M. Reversal of lesions of diabetic 
nephropathy after pancreas transplantation. New Engl J Med. 1998;339:69–75.

45. Barbosa J, Steffes MW, Sutherland DE, Connett JE, Rao KV, Mauer SM. Effect of glyce-
mic control on early diabetic renal lesions. A 5-year randomized controlled clinical trial of 
insulin-dependent diabetic kidney transplant recipients. JAMA. 1994;272:600–6.

46. Diabetes Control and Complications Trial Research Group, Nathan DM, Genuth S, Lachin J, 
Cleary P, Crofford O, et al. The effect of intensive treatment of diabetes on the development 
and progression of long-term complications in insulin-dependent diabetes mellitus. N Engl J 
Med. 1993;329:977–86.

47. Heilig CW, Brosius FC, Henry DN. Glucose transporters of the glomerulus and the implica-
tions for diabetic nephropathy. Kidney Int Suppl. 1997;60:S91–9.

48. Zhang G, Darshi M, Sharma K.  The Warburg effect in diabetic kidney disease. Semin 
Nephrol. 2018;38:111–20.

49. Tanner LB, Goglia AG, Wei MH, Sehgal T, Parsons LR, Park JO, et al. Four key steps control 
glycolytic flux in mammalian cells. Cell Syst. 2018;7:49–62.e8.

50. Sas KM, Kayampilly P, Byun J, Nair V, Hinder LM, Hur J, et al. Tissue-specific metabolic 
reprogramming drives nutrient flux in diabetic complications. JCI Insight. 2016;1:e86976.

51. Sharma K, Karl B, Mathew AV, Gangoiti JA, Wassel CL, Saito R, et  al. Metabolomics 
reveals signature of mitochondrial dysfunction in diabetic kidney disease. J Am Soc Nephrol. 
2013;24:1901–12.

52. Bhargava P, Schnellmann RG.  Mitochondrial energetics in the kidney. Nat Rev Nephrol. 
2017;13:629–46.

53. Galvan DL, Green NH, Danesh FR. The hallmarks of mitochondrial dysfunction in chronic 
kidney disease. Kidney Int. 2017;92:1051–7.

54. Kimmelstiel P, Wilson C. Intercapillary lesions in the glomeruli of the kidney. Am J Pathol. 
1936;12:83–98.7.

55. Kang HM, Ahn SH, Choi P, Ko Y, Han SH, Chinga F, et  al. Defective fatty acid oxida-
tion in renal tubular epithelial cells has a key role in kidney fibrosis development. Nat Med. 
2015;21:37–46.

56. Martinez-Garcia C, Izquierdo-Lahuerta A, Vivas Y, Velasco I, Yeo T, Chen S, et al. Renal 
lipotoxicity-associated inflammation and insulin resistance affects actin cytoskeleton organi-
zation in podocytes. PLoS One. 2015;10:e0142291.

57. Qi W, Li Q, Gordin D, King GL. Preservation of renal function in chronic diabetes by enhanc-
ing glomerular glucose metabolism. J Mol Med (Berl). 2018;96:373–81.

58. Qi W, Keenan HA, Li Q, Ishikado A, Kannt A, Sadowski T, et al. Pyruvate kinase M2 activa-
tion may protect against the progression of diabetic glomerular pathology and mitochondrial 
dysfunction. Nat Med. 2017;23:753–62.

59. Horie K, Miyata T, Maeda K, Miyata S, Sugiyama S, Sakai H, et al. Immunohistochemical 
colocalization of glycoxidation products and lipid peroxidation products in diabetic renal 
glomerular lesions. Implication for glycoxidative stress in the pathogenesis of diabetic 
nephropathy. J Clin Invest. 1997;100:2995–3004.

60. Schleicher ED, Wagner E, Nerlich AG. Increased accumulation of the glycoxidation prod-
uct N(epsilon)-(carboxymethyl)lysine in human tissues in diabetes and aging. J Clin Invest. 
1997;99:457–68.

61. Cooper ME. Interaction of metabolic and haemodynamic factors in mediating experimental 
diabetic nephropathy. Diabetologia. 2001;44:1957–72.

62. Vlassara H, Striker LJ, Teichberg S, Fuh H, Li YM, Steffes M.  Advanced glycation end 
products induce glomerular sclerosis and albuminuria in normal rats. Proc Natl Acad Sci U 
S A. 1994;91:11704–8.

63. Busch M, Franke S, Rüster C, Wolf G. Advanced glycation end-products and the kidney. Eur 
J Clin Invest. 2010;40:742–55.

C. C. Khoury et al.



147

64. Catania JM, Chen G, Parrish AR. Role of matrix metalloproteinases in renal pathophysiolo-
gies. Am J Physiol Renal Physiol. 2007;292:F905–11.

65. Wautier JL, Guillausseau PJ. Advanced glycation end products, their receptors and diabetic 
angiopathy. Diabetes Metab. 2001;27:535–42.

66. Yamagishi S, Inagaki Y, Okamoto T, Amano S, Koga K, Takeuchi M, et al. Advanced glyca-
tion end product-induced apoptosis and overexpression of vascular endothelial growth factor 
and monocyte chemoattractant protein-1  in human-cultured mesangial cells. J Biol Chem. 
2002;277:20309–15.

67. Fukami K, Ueda S, Yamagishi S, Kato S, Inagaki Y, Takeuchi M, et al. AGEs activate mesan-
gial TGF-beta-Smad signaling via an angiotensin II type I receptor interaction. Kidney Int. 
2004;66:2137–47.

68. Studer RK, Craven PA, DeRubertis FR.  Role for protein kinase C in the mediation of 
increased fibronectin accumulation by mesangial cells grown in high glucose medium. 
Diabetes. 1993;42:118–26.

69. Thallas-Bonke V, Thorpe SR, Coughlan MT, Fukami K, Yap FY, Sourris KC, et al. Inhibition 
of NADPH oxidase prevents advanced glycation end product-mediated damage in diabetic 
nephropathy through a protein kinase C-alpha-dependent pathway. Diabetes. 2008;57:460–9.

70. Hallan S, Sharma K. The role of mitochondria in diabetic kidney disease. Curr Diab Rep. 
2016;16:61.

71. Menne J, Shushakova N, Bartels J, Kiyan Y, Laudeley R, Haller H, et al. Dual inhibition of 
classical protein kinase C-α and protein kinase C-β isoforms protects against experimental 
murine diabetic nephropathy. Diabetes. 2013;62:1167–74.

72. Tuttle KR, Bakris GL, Toto RD, McGill JB, Hu K, Anderson PW. The effect of ruboxistaurin 
on nephropathy in type 2 diabetes. Diabetes Care. 2005;28:2686–90.

73. Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature. 
2001;414:813–20.

74. Gorin Y, Block K. Nox4 and diabetic nephropathy: with a friend like this, who needs ene-
mies? Free Radic Biol Med. 2013;61:130–42.

75. Baynes JW. Role of oxidative stress in development of complications in diabetes. Diabetes. 
1991;40:405–12.

76. Coughlan MT, Sharma K. Challenging the dogma of mitochondrial reactive oxygen species 
overproduction in diabetic kidney disease. Kidney Int. 2016;90:272–9.

77. Sharma K.  Mitochondrial dysfunction in the diabetic kidney. In: Santulli G, edi-
tor. Mitochondrial dynamics in cardiovascular medicine. Cham: Springer International 
Publishing; 2017. p. 553–62.

78. Thallas-Bonke V, Jha JC, Gray SP, Barit D, Haller H, Schmidt HHHW, et al. Nox-4 deletion 
reduces oxidative stress and injury by PKC-α-associated mechanisms in diabetic nephropa-
thy. Physiol Rep. 2014;2:e12192.

79. You YH, Quach T, Saito R, Pham J, Sharma K. Metabolomics reveals a key role for fumarate 
in mediating the effects of NADPH oxidase 4 in diabetic kidney disease. J Am Soc Nephrol. 
2016;27:466–81.

80. Christiansen JS, Gammelgaard J, Frandsen M, Parving HH. Increased kidney size, glomerular 
filtration rate and renal plasma flow in short-term insulin-dependent diabetics. Diabetologia. 
1981;20:451–6.

81. Tonneijck L, Muskiet MH, Smits MM, van Bommel EJ, Heerspink HJL, van Raalte DH, et al. 
Glomerular hyperfiltration in diabetes: mechanisms, clinical significance, and treatment. J 
Am Soc Nephrol. 2017;28:1023–39.

82. De Vriese AS, Stoenoiu MS, Elger M, Devuyst O, Vanholder R, Kriz W, et  al. Diabetes- 
induced microvascular dysfunction in the hydronephrotic kidney: role of nitric oxide. Kidney 
Int. 2001;60:202–10.

83. Goligorsky MS.  Endothelial cell dysfunction and nitric oxide synthase. Kidney Int. 
2000;58:1360–76.

84. Hostetter TH, Rennke HG, Brenner BM. The case for intrarenal hypertension in the initiation 
and progression of diabetic and other gomerulopathies. Am J Med. 1982;72:375–80.

9 Mechanisms of Diabetic Nephropathy in Humans and Experimental Animals

ALGrawany



148

85. Anderson S, Rennke HG, Brenner BM. Therapeutic advantage of converting enzyme inhibi-
tors in arresting progressive renal disease associated with systemic hypertension in the rat. J 
Clin Invest. 1986;77:1993–2000.

86. Lambers Heerspink HJ, de Borst MH, Bakker SJL, Navis GJ. Improving the efficacy of RAAS 
blockade in patients with chronic kidney disease. Nature Rev Nephrol. 2012;9:112–21.

87. Holtkamp FA, de Zeeuw D, Thomas MC, Cooper ME, de Graeff PA, Hillege HJL, et al. An 
acute fall in estimated glomerular filtration rate during treatment with losartan predicts a 
slower decrease in long-term renal function. Kidney Int. 2011;80:282–7.

88. Bakris GL, Weir MR. Angiotensin-converting enzyme inhibitor–associated elevations in 
serum creatinine: is this a cause for concern? Arch Int Med. 2000;160:685–93.

89. Vallon V, Thomson SC. Renal function in diabetic disease models: the tubular system in the 
pathophysiology of the diabetic kidney. Annu Rev Physiol. 2012;74:351–75.

90. Wang XX, Levi J, Luo Y, Myakala K, Herman-Edelstein M, Qiu L, et al. SGLT2 protein 
expression is increased in human diabetic nephropathy: SGLT2 protein inhibition decreases 
renal lipid accumulation, inflammation, and the development of nephropathy in diabetic 
mice. J Biol Chem. 2017;292:5335–48.

91. Vallon V, Schroth J, Satriano J, Blantz RC, Thomson SC, Rieg T. Adenosine A(1) receptors 
determine glomerular hyperfiltration and the salt paradox in early streptozotocin diabetes 
mellitus. Nephron Physiol. 2009;111:30–8.

92. Carmines PK.  The renal vascular response to diabetes. Curr Opin Nephrol Hypertens. 
2010;19:85–90.

93. Vallon V, Richter K, Blantz RC, Thomson S, Osswald H.  Glomerular hyperfiltration in 
experimental diabetes mellitus: potential role of tubular reabsorption. J Am Soc Nephrol. 
1999;10:2569–76.

94. Hallow KM, Gebremichael Y, Helmlinger G, Vallon V. Primary proximal tubule hyperreab-
sorption and impaired tubular transport counterregulation determine glomerular hyperfiltra-
tion in diabetes: a modeling analysis. Am J Physiol Renal Physiol. 2017;312:F819–35.

95. Vallon V, Rose M, Gerasimova M, Satriano J, Platt KA, Koepsell H, et al. Knockout of 
Na-glucose transporter SGLT2 attenuates hyperglycemia and glomerular hyperfiltra-
tion but not kidney growth or injury in diabetes mellitus. Am J Physiol Renal Physiol. 
2013;304:F156–67.

96. Cherney DZ, Perkins BA, Soleymanlou N, Maione M, Lai V, Lee A, et al. Renal hemody-
namic effect of sodium-glucose cotransporter 2 inhibition in patients with type 1 diabetes 
mellitus. Circulation. 2014;129:587–97.

97. Wanner C, Inzucchi SE, Lachin JM, Fitchett D, von Eynatten M, Mattheus M, et  al. 
Empagliflozin and progression of kidney disease in type 2 diabetes. N Engl J Med. 
2016;375:323–34.

98. Thomson SC, Rieg T, Miracle C, Mansoury H, Whaley J, Vallon V, et al. Acute and chronic 
effects of SGLT2 blockade on glomerular and tubular function in the early diabetic rat. Am J 
Physiol Regul Integr Comp Physiol. 2012;302:R75–83.

99. Skrtic M, Yang GK, Perkins BA, Soleymanlou N, Lytvyn Y, von Eynatten M, et  al. 
Characterisation of glomerular haemodynamic responses to SGLT2 inhibition in patients 
with type 1 diabetes and renal hyperfiltration. Diabetologia. 2014;57:2599–602.

100. Perkovic V, Jardine MJ, Neal B, Bompoint S, Heerspink HJL, Charytan DM, et  al. 
Canagliflozin and renal outcomes in type 2 diabetes and nephropathy. N Engl J Med. 
2019;380:2295–306.

101. Chade AR. Renal vascular structure and rarefaction. Compr Physiol. 2013;3:817–31.
102. Gnudi L, Thomas SM, Viberti G. Mechanical forces in diabetic kidney disease: a trigger for 

impaired glucose metabolism. J Am Soc Nephrol. 2007;18:2226–32.
103. Gruden G, Zonca S, Hayward A, Thomas S, Maestrini S, Gnudiet L, et al. Mechanical stretch- 

induced fibronectin and transforming growth factor-beta1 production in human mesangial 
cells is p38 mitogen-activated protein kinase-dependent. Diabetes. 2000;49:655–61.

104. Endlich K, Kliewe F, Endlich N. Stressed podocytes-mechanical forces, sensors, signaling 
and response. Pflugers Arch. 2017;469:937–49.

C. C. Khoury et al.



149

105. Kriz W, Lemley KV. A potential role for mechanical forces in the detachment of podocytes 
and the progression of CKD. J Am Soc Nephrol. 2015;26:258–69.

106. Schiffer M, Bitzer M, Roberts IS, Kopp JB, ten Dijke P, Mundel P, et al. Apoptosis in podo-
cytes induced by TGF-beta and Smad7. J Clin Invest. 2001;108:807–16.

107. Inoki K, Mori H, Wang J, Suzuki T, Hong S, Yoshida S, et al. mTORC1 activation in podo-
cytes is a critical step in the development of diabetic nephropathy in mice. J Clin Invest. 
2011;121:2181–96.

108. Wharram BL, Goyal M, Wiggins JE, Sanden SK, Hussain S, Filipiak WE, et al. Podocyte 
depletion causes glomerulosclerosis: diphtheria toxin-induced podocyte depletion in rats 
expressing human diphtheria toxin receptor transgene. J Am Soc Nephrol. 2005;16:2941–52.

109. Durvasula RV, Petermann AT, Hiromura K, Blonski M, Pippin J, Mundel P, et al. Activation of a 
local tissue angiotensin system in podocytes by mechanical strain. Kidney Int. 2004;65:30–9.

110. Thomas MC, Tikellis C, Burns WM, Bialkowski K, Cao Z, Coughlan MT, et al. Interactions 
between renin angiotensin system and advanced glycation in the kidney. J Am Soc Nephrol. 
2005;16:2976–84.

111. Tan ALY, Forbes JM, Cooper ME. AGE, RAGE, and ROS in diabetic nephropathy. Semin 
Nephrol. 2007;27:130–43.

112. Wolf G. New insights into the pathophysiology of diabetic nephropathy: from haemodynam-
ics to molecular pathology. Eur J Clin Invest. 2004;34:785–96.

113. Zoja C, Xinaris C, Macconi D. Diabetic nephropathy: novel molecular mechanisms and ther-
apeutic targets. Front Pharmacol. 2020;11:586892.

114. Barrera-Chimal J, Lima-Posada I, Bakris GL, Jaisser F. Mineralocorticoid receptor antag-
onists in diabetic kidney disease—mechanistic and therapeutic effects. Nat Rev Nephrol. 
2022;18:56–70.

115. Bakris GL, Agarwal R, Anker SD, Pitt B, Ruilope LM, Rossing P, et al. Effect of finerenone 
on chronic kidney disease outcomes in type 2 diabetes. N Engl J Med. 2020;383:2219–29.

116. Tufro A, Veron D.  VEGF and podocytes in diabetic nephropathy. Semin Nephrol. 
2012;32:385–93.

117. Eremina V, Sood M, Haigh J, Nagy A, Lajoie G, Ferrara N, et al. Glomerular-specific altera-
tions of VEGF-A expression lead to distinct congenital and acquired renal diseases. J Clin 
Invest. 2003;111:707–16.

118. Sung SH, Chen S, Laping NJ, Ziyadeh FN. Albuminuria is ameliorated by an inhibitor of 
VEGF receptors, SU5416, in diabetic db/db mice but is unaffected in Smad3-knockout mice 
rendered diabetic with streptozotocin. J Am Soc Nephrol. 2004:(Abstract).

119. Sivaskandarajah GA, Jeansson M, Maezawa Y, Eremina V, Baelde HJ, Quaggin SE. VEGFA 
protects the glomerular microvasculature in diabetes. Diabetes. 2012;61:2958–66.

120. De Vriese AS, Tilton RG, Elger M, Stephan CC, Kriz W, Lameire NH. Antibodies against 
vascular endothelial growth factor improve early renal dysfunction in experimental diabetes. 
J Am Soc Nephrol. 2001;12:993–1000.

121. Flyvbjerg A, Dagnaes-Hansen F, De Vriese AS, Schrijvers BF, Tilton RG, Rasch 
R. Amelioration of long-term renal changes in obese type 2 diabetic mice by a neutralizing 
vascular endothelial growth factor antibody. Diabetes. 2002;51:3090–4.

122. Majumder S, Advani A. VEGF and the diabetic kidney: more than too much of a good thing. 
J Diabetes Complications. 2017;31:273–9.

123. Bates DO. Vascular endothelial growth factors and vascular permeability. Cardiovasc Res. 
2010;87:262–71.

124. Oltean S, Qiu Y, Ferguson JK, Stevens M, Neal C, Russell A, et  al. Vascular endothelial 
growth factor-A165b is protective and restores endothelial glycocalyx in diabetic nephropa-
thy. J Am Soc Nephrol. 2015;26:1889–904.

125. Garsen M, Lenoir O, Rops AL, Dijkman HB, Willemsen B, van Kuppevelt TH, et  al. 
Endothelin-1 Induces proteinuria by heparanase-mediated disruption of the glomerular gly-
cocalyx. J Am Soc Nephrol. 2016;27:3545–51.

126. de Zeeuw D, Coll B, Andress D, Brennan JJ, Tang H, Houser M, et al. The endothelin antago-
nist atrasentan lowers residual albuminuria in patients with type 2 diabetic nephropathy. J Am 
Soc Nephrol. 2014;25:1083–93.

9 Mechanisms of Diabetic Nephropathy in Humans and Experimental Animals



150

127. Reeves WB, Andreoli TE. Transforming growth factor beta contributes to progressive dia-
betic nephropathy. Proc Natl Acad Sci USA. 2000;97:7667–9.

128. Ziyadeh FN.  Evidence for the involvement of transforming growth factor-beta in the 
pathogenesis of diabetic kidney disease: are Koch’s postulates fulfilled? Curr Pract Med. 
1998;1:87–9.

129. Ziyadeh FN, Sharma K, Ericksen M, Wolf G. Stimulation of collagen gene expression and 
protein synthesis in murine mesangial cells by high glucose is mediated by autocrine activa-
tion of transforming growth factor-beta. J Clin Invest. 1994;93:536–42.

130. Yang CW, Vlassara H, Peten EP, He C-J, Striker GE, Striker LJ. Advanced glycation end 
products up-regulate gene expression found in diabetic glomerular disease. Proc Natl Acad 
Sci USA. 1994;91:9436–40.

131. Riser BL, Cortes P, Yee J, Sharba AK, Asano K, Rodriguez-Barbero A, et al. Mechanical 
strain- and high glucose-induced alterations in mesangial cell collagen metabolism: role of 
TGF-beta. J Am Soc Nephrol. 1998;9:827–36.

132. Fumo P, Kuncio GS, Ziyadeh FN. PKC and high glucose stimulate collagen alpha1(IV)tran-
scriptional activity in a reporter mesangial cell line. Am J Physiol. 1994;267:F632–8.

133. Wolf G, Neilson EG. Angiotensin II as a hypertrophogenic cytokine for proximal tubular 
cells. Kidney Int Suppl. 1993;39:S100–7.

134. Sharma K, Ziyadeh FN, Alzahabi B, McGowan TA, Kapoor S, Kurnik BR, et al. Increased 
renal production of transforming growth factor-beta1  in patients with type II diabetes. 
Diabetes. 1997;46:854–9.

135. Ziyadeh FN, Hoffman BB, Han DC, Iglesias-De La Cruz MC, Hong SW, Isono M, et al. 
Long-term prevention of renal insufficiency, excess matrix gene expression, and glomerular 
mesangial matrix expansion by treatment with monoclonal anti-TGF-β antibody in db/db 
diabetic mice. Proc Natl Acad Sci USA. 2000:8015–20.

136. Chen S, Kasama Y, Lee JS, Jim B, Marin M, Ziyadeh FN. Podocyte-derived vascular endo-
thelial growth factor mediates the stimulation of alpha3(IV) collagen production by trans-
forming growth factor-beta1 in mouse podocytes. Diabetes. 2004;53:2939–49.

137. Yu SM, Bonventre JV. Acute kidney injury and progression of diabetic kidney disease. Adv 
Chronic Kidney Dis. 2018;25:166–80.

138. Sabbisetti VS, Waikar SS, Antoine DJ, Smiles A, Wang C, Ravisankar A, et al. Blood kidney 
injury molecule-1 is a biomarker of acute and chronic kidney injury and predicts progression 
to ESRD in type I diabetes. J Am Soc Nephrol. 2014;25:2177–86.

139. Gilbert RE. Proximal tubulopathy: prime mover and key therapeutic target in diabetic kidney 
disease. Diabetes. 2017;66:791–800.

140. Ziyadeh FN, Snipes ER, Watanabe M, Alvarez RJ, Goldfarb S, Haverty TP. High glucose 
induces cell hypertrophy and stimulates collagen gene transcription in proximal tubule. Am 
J Physiol. 1990;259:F704–14.

141. Wilson PC, Wu H, Kirita Y, Uchimura K, Ledru N, Rennke HG, et  al. The single-cell 
transcriptomic landscape of early human diabetic nephropathy. Proc Natl Acad Sci 
USA. 2019;116:19619–25.

142. Grgic I, Campanholle G, Bijol V, Wang C, Sabbisetti VS, Ichimura T, et al. Targeted proximal 
tubule injury triggers interstitial fibrosis and glomerulosclerosis. Kidney Int. 2012;82:172–83.

143. Hasegawa K, Wakino S, Simic P, Sakamaki Y, Minakuchi H, Fujimura K, et al. Renal tubular 
Sirt1 attenuates diabetic albuminuria by epigenetically suppressing Claudin-1 overexpression 
in podocytes. Nat Med. 2013;19:1496–504.

144. Alicic RZ, Johnson EJ, Tuttle KR. Inflammatory mechanisms as new biomarkers and thera-
peutic targets for diabetic kidney disease. Adv Chronic Kidney Dis. 2018;25:181–91.

145. Pichler R, Afkarian M, Dieter BP, Tuttle KR. Immunity and inflammation in diabetic kidney 
disease: translating mechanisms to biomarkers and treatment targets. Am J Physiol Renal 
Physiol. 2017;312:F716–31.

146. Nelson PJ, Rees AJ, Griffin MD, Hughes J, Kurts C, Duffield J.  The renal mononuclear 
phagocytic system. J Am Soc Nephrol. 2012;23:194–203.

C. C. Khoury et al.



151

147. Nguyen D, Ping F, Mu W, Hill P, Atkins RC, Chadban SJ.  Macrophage accumulation in 
human progressive diabetic nephropathy. Nephrology (Carlton). 2006;11:226–31.

148. Furuta T, Saito T, Ootaka T, Soma J, Obara K, Abe K, et al. The role of macrophages in dia-
betic glomerulosclerosis. Am J Kidney Dis. 1993;21:480–5.

149. Wintroub BU, Schechter NB, Lazarus GS, Kaempfer CE, Schwartz LB. Angiotensin I con-
version by human and rat chymotryptic proteinases. J Invest Dermatol. 1984;83:336–9.

150. Reilly CF, Tewksbury DA, Schechter NM, Travis J. Rapid conversion of angiotensin I to 
angiotensin II by neutrophil and mast cell proteinases. J Biol Chem. 1982;257:8619–22.

151. Navarro-Gonzalez JF, Jarque A, Muros M, Mora C, Garcia J. Tumor necrosis factor-alpha as 
a therapeutic target for diabetic nephropathy. Cytokine Growth Factor Rev. 2009;20:165–73.

152. Awad AS, You H, Gao T, Cooper TK, Nedospasov SA, Vacher J, et al. Macrophage-derived 
tumor necrosis factor-alpha mediates diabetic renal injury. Kidney Int. 2015;88:722–33.

153. McCarthy ET, Sharma R, Sharma M, Li JZ, Ge XL, Dileepan KN, et al. TNF-alpha increases 
albumin permeability of isolated rat glomeruli through the generation of superoxide. J Am 
Soc Nephrol. 1998;9:433–8.

154. Gohda T, Niewczas MA, Ficociello LH, Walker WH, Skupien J, Rosetti F, et al. Circulating 
TNF receptors 1 and 2 predict stage 3 CKD in type 1 diabetes. J Am Soc Nephrol. 
2012;23:516–24.

155. Brosius FC, Khoury CC, Buller CL, Chen S. Abnormalities in signaling pathways in diabetic 
nephropathy. Expert Rev Endocrinol Metab. 2010;5:51–64.

156. Lee EY, Chung CH, Khoury CC, Yeo TK, Pyagay PE, Wang A, et al. The monocyte che-
moattractant protein-1/CCR2 loop, inducible by TGF-beta, increases podocyte motility and 
albumin permeability. Am J Physiol Renal Physiol. 2009;297:F85–94.

157. You H, Gao T, Raup-Konsavage WM, Cooper TK, Bronson SK, Reeves WB, et al. Podocyte- 
specific chemokine (C-C motif) receptor 2 overexpression mediates diabetic renal injury in 
mice. Kidney Int. 2017;91:671–82.

158. de Zeeuw D, Bekker P, Henkel E, Hasslacher C, Gouni-Berthold I, Mehling H, et al. The 
effect of CCR2 inhibitor CCX140-B on residual albuminuria in patients with type 2 diabetes 
and nephropathy: a randomised trial. Lancet Diabetes Endocrinol. 2015;3:687–96.

159. Tuttle KR, Brosius FC 3rd, Adler SG, Kretzler M, Mehta RL, Tumlin JA, et al. JAK1/JAK2 
inhibition by baricitinib in diabetic kidney disease: results from a Phase 2 randomized con-
trolled clinical trial. Nephrol Dial Transplant. 2018;33:1950–9.

160. Zeng C, Shi X, Zhang B, Liu H, Zhang L, Ding W, et al. The imbalance of Th17/Th1/Tregs 
in patients with type 2 diabetes: relationship with metabolic factors and complications. J Mol 
Med (Berl). 2012;90:175–86.

9 Mechanisms of Diabetic Nephropathy in Humans and Experimental Animals



153

10Diabetes and Sympathetic Nervous 
System

Gino Seravalle and Guido Grassi

10.1  Introduction

Epidemic is a word that is becoming more and more common for single pathophysi-
ological conditions that ultimately underlie common mechanisms. In real life, 
pathophysiological conditions are associated thus favoring a recruiting of new 
mechanisms that lead to an increase in cardiovascular risk. Diabetes mellitus, as 
well as obesity, hypertension, renal diseases, and heart failure, is a pathophysiologi-
cal condition that is developed through the activation of the sympathetic nervous 
system, one of the main culprits for their sustenance and progression. The last few 
decades have been devoted to the study of the pathophysiological mechanisms and 
possible remedies. This will be the argument of this chapter.

10.2  Epidemiology

Several evidences [1–4] and reports of the WHO [5] have clearly underlined the 
progressive increase in the prevalence of diabetes over recent decades. In the 1960s, 
it was estimated that 30 million people had diabetes [6], while in the new millen-
nium, the WHO estimates that about 170 million people are affected by this patho-
physiological condition [1]. Different is the estimation of the global prevalence of 
diabetes by the International Diabetes Federation rising from 151 million in 2000 to 
382 million in 2013 [7, 8]. The numbers coming from the more recent 2019 IDF 
Diabetes Atlas (9th edition) are really impressive [9]: 1 in 11 adults (20–79 years old) 
have diabetes (463  million people), 1  in 2 adults with diabetes are undiagnosed 
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(232 million people), 1 in 5 people with diabetes are above 65 years old (136 million 
people), 10% of global health expenditure is spent on diabetes (USD 760 billion), 
1 in 6 live births (20 million) is affected by hyperglycemia in pregnancy and 84% of 
which have gestational diabetes, 3 in 4 (79%) people with diabetes live in low- and 
middle-income countries, over 1.1 million children and adolescents below 20 years 
old have type 1 diabetes, 1  in 13 adults (20–79 years old) have impaired glucose 
tolerance (374 million people), and 2 in 3 people with diabetes live in urban areas 
(310.3 million). All these evidences underline that this dramatic increase in diabetes 
is highlighting in all countries, in both urban and rural areas, and is associated with 
the progression of age. Of course the increase in diabetes is also observed very care-
fully by the economic study centers linked to the health departments of different 
nations due to the important increase in the health expenditure [3, 10, 11]. In 2040, it 
is estimated that 642 million (range 521–829 million) people aged 20–79 years will 
have diabetes with a total health expenditure amounting to 802 billion USD. It is also 
expected that the regions with the highest projected growth rates in the number of 
people with diabetes will be the areas of Africa, Southeast Asia, and Western Pacific 
due to the fact that a great number of subjects are actually undiagnosed.

10.3  Prediabetes and Diabetes

In many cases, the diagnosis of type 2 diabetes mellitus (T2DM) is preceded by a 
phase of “prediabetes” characterized by blood glucose levels above normal, but not 
so high as to lead to overt diabetes and high levels of circulating insulin (insulin 
resistance and hyperinsulinemia). Worldwide, many people have a so-called predia-
betic condition without being aware of it.

There are several blood tests for prediabetes: (a) fasting blood sugar test, (b) oral 
glucose tolerance test, and (c) glycated hemoglobin (A1C) test.

For the fasting blood glucose test, a blood sample is taken after fasting for at least 
8 hours or overnight. If the fasting blood glucose is normally higher than 110, but 
lower than 126 mg/dL (5.6–7.0 mmol/L), this is considered prediabetes or impaired 
fasting glucose. In this case, it is useful to carry out the oral glucose tolerance test 
which allows to ascertain the presence of reduced glucose tolerance (you will be 
intolerant to glucose with blood sugar levels after 2 h from the test up to 199 mg/dL) 
or diabetes (if values will be ≥200  mg/dL after 2  h of the glucose load test) 
(Fig. 10.1). It should be remembered that this load test should also be done periodi-
cally in subjects with other known risk factors for diabetes (e.g., over 50 years old, 
hypercholesterolemia, hypertriglyceridemia, visceral obesity, familial history).

The glycated hemoglobin (A1C) test shows the average blood sugar level for the 
past three months. The test measures the percentage of blood sugar attached to the 
oxygen-carrying protein in red blood cells called hemoglobin. The higher your 
blood sugar levels, the more hemoglobin you will have with sugar attached.

In general, an A1C level below 5.7% is considered normal, an A1C level between 
5.7% and 6.4% is considered prediabetes, and an A1C level of 6.5% or higher on 
two separate tests indicates type 2 diabetes.
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Fig. 10.1 Scheme of reference values of blood tests for the diagnosis of normalcy, prediabetes 
and diabetes

It has been widely demonstrated that if you start to control your hyperglycemia 
values from the prediabetes stage, you can delay or even prevent the onset of type 2 
diabetes mellitus [12–16].

T2DM is the most common type of diabetes, accounting for around 90% of all 
diabetes cases. It is most commonly diagnosed in older adults, but is increasingly 
seen in children, adolescents, and younger adults due to rising levels of obesity, 
physical inactivity, and poor diet.

10.4  Pathophysiological Mechanisms

T2DM is a condition characterized by deficient insulin secretion by pancreatic islet 
β-cells, tissue insulin resistance (IR), and an inadequate compensatory insulin 
secretion response [17, 18]. IR contributes to increase glucose production in the 
liver and decrease glucose uptake in muscles, liver, and adipose tissue. Also in the 
early phase of the disease, β-cell dysfunction is usually more severe than IR. When 
both these conditions are present, hyperglycemia is amplified leading to the pro-
gression of T2DM [19, 20]. The dysfunction of β-cells in T2DM is due to a complex 
network of interactions between the environment and molecular pathways of cell 
biology [21]. An excess of food induces β-cell inflammation, inflammatory stress, 
stress in the endoplasmic reticulum (ER), metabolic/oxidative stress, and amyloid 
stress, with the potential loss of islet integrity [22]. An excess of free fatty acids 
(FFAs) and hyperglycemia lead to β-cell dysfunction by inducing ER stress through 
the activation of the apoptotic unfolded protein response (UPR) pathways [23]. This 
is evident in obesity and metabolic syndrome in which gluco- and lipotoxicity 
induce an oxidative stress and a β-cell damage [21]. Stress derived from high levels 
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of saturated FFAs can activate the UPR pathway by several mechanisms including 
inhibition of the sarco-/endoplasmic reticulum Ca2+ ATPase (SERCA) responsible 
for the ER Ca2+ mobilization, activation of inositol 1,4,5-trisphospate (IP3) recep-
tors, or direct impairment of ER homeostasis. High glucose levels may also favor 
proinsulin biosynthesis and islet amyloid polypeptides (IAAP) in β-cells, leading to 
the accumulation of misfolded insulin and IAAP and increasing the production of 
oxidative protein folding-mediated reactive oxygen species (ROS) [23]. These 
effects alter ER Ca2+ mobilization and induce proapoptotic signals, proinsulin 
mRNA degradation, and interleukin (IL)-1β release favoring local islet inflamma-
tion [21]. When cells are exposed to continuously elevated insulin levels, there is a 
partial downregulation of insulin signaling. The resulting “insulin resistance” is not 
primarily due to less insulin receptor expression on the cell surface but also due to 
impaired insulin signal transduction as a result of receptor dysfunction. Thus, we 
have a diminished autophosphorylation of the insulin receptor and impairment in 
the PI3K/AKT pathway providing an insufficient translocation of GLU4 for glucose 
uptake and deficient activation of eNOS [24, 25]. Insulin resistance can be seen as a 
protective mechanism for preventing excess activation of glucose transport from the 
blood despite chronically elevated insulin levels, to maintain glucose homeostasis 
and to mitigate oxidative stress [26, 27]. Other additional mechanisms linked to 
insulin toxicity are also activated (i.e., activation of mTORC1, MEK/ERK path-
way), favoring cell proliferation, protein synthesis, and autophagy due to an impair-
ment in oxygen radical defense [28–32] (Fig. 10.2).
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Fig. 10.2 During insulin resistance signaling through AKT kinases is partially impaired. 
Therefore, hyperinsulinemia, in the presence of insulin resistance, promotes anabolic cell activities 
via the MEK/ERK pathway and via TORC1. The net effect of these and other mechanisms is a 
mediation of cell constituent turnover and cell defense mechanisms to radical stress and a down-
regulation of glucose uptake
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Several evidences have clearly shown that hypersecretion of insulin can precede 
and cause insulin resistance [33, 34] and that lowering insulin secretion in hyperin-
sulinemic individuals may be beneficial. This can be obtained through gastric sur-
gery [35–38], loss of abdominal fat [39, 40], stimulating insulin clearance via 
exercise [41–43], or drug therapies [44–47].

10.5  Insulin Resistance and Sympathetic Nervous System

Dietary intake greatly influences plasma norepinephrine levels [48, 49]. An increase 
in plasma catecholamines and muscle sympathetic nerve traffic is also evident dur-
ing euglycemic-hyperinsulinemic clamp-induced increases in plasma insulin levels 
[50–52]. A positive correlation was found between plasma insulin and muscle sym-
pathetic nerve activity (MSNA) during OGTT [50]. This is true majorly in lean 
subjects, while a blunted MSNA response was observed in obese subjects [53, 54]. 
It has been reported [52] that increases in plasma insulin levels and MSNA are asso-
ciated with vasodilation and increased muscle blood flow, thus promoting glucose 
uptake in the skeletal muscles. This action is impaired in obese subjects [55], justi-
fying the reduced thermic effects of food in this population [56, 57]. From this 
hypothesis, several evidences in the next decades have shown that other mecha-
nisms are involved in the relation between insulin, adrenergic tone, and pathophysi-
ological conditions, contributing to increase the cardiovascular risk.

It has been shown that the blood pressure responses to hyperinsulinemia repre-
sent a complex interaction between the sympathetic nervous system, vessel charac-
teristics, and biochemical mediators (for example, nitric oxide and leptin) [58–60]. 
It has been shown that insulin evokes both pressor (sympathoexcitatory) and 
depressor (vasodilation) actions; thus, a balance is maintained in healthy status. It 
may be that genetic factors, aging, structural vascular alterations, endothelial dys-
function, and concomitant pathophysiological conditions (increase in body weight, 
metabolic alterations, and preclinical alterations in blood pressure, renal function, 
and diabetes) would augment the pressor (sympathetic) action of insulin or attenu-
ate the depressor (vasodilation) action, thus favoring the effects mediated by the 
hyperadrenergic tone [61–65]. Insulin resistance is usually associated with volume 
expansion, sodium retention, and enhanced adrenergic tone [58], thus justifying 
the role of the increase in blood pressure values. A relationship has been observed 
between insulin sensitivity and sympathetic activation mediated by factors like free 
fatty acids which cause insulin resistance [66] and increase sympathetic activity 
[67–69]. The idea that insulin resistance, hyperadrenergic tone, and the increase in 
blood pressure values are pathophysiologically linked may explain why these con-
ditions coexist in the metabolic syndrome [70–74]. Several factors that are also 
involved are the activation of the renin-angiotensin system, the inflammatory sta-
tus, and, more importantly, the impaired baroreflex sensitivity [36, 40, 70–76] 
(Fig. 10.3).

10 Diabetes and Sympathetic Nervous System



158

Hyperglycemia

Endothelial dysfunction

Diabetic dyslipidemia

Inflammation

SNS

Atherosclerosis
CV diseases

Baroreflex sensitivity

RAAS activation

Obesity
Hypertension
Renal Disease

T2DM

Hyperinsulinemia Insulin resistance

Fig. 10.3 Scheme of the pathophysiological mechanisms involved in the relationship between 
diabetes, insulin sensitivity, adrenergic tone, and cardiovascular risk

10.6  Adrenergic Tone and Diabetes

The first evidences of the influence of adrenergic tone in diabetes mellitus come 
from urinary or plasma norepinephrine levels or indirectly from the determination 
of heart rate variability [77–80]. Studies performed with new methodological 
approaches to investigate the adrenergic nervous system (i.e., microneurography, 
norepinephrine radiolabeled spillover) allowed to obtain information on the behav-
ior of the regional sympathetic activity [81, 82]. It is important not to forget that 
some limitations could be present linked to the methodology itself and to the con-
founding effect of comorbidities associated with diabetes (obesity or hypertension). 
Prospective observational studies and meta-analysis have shown that prediabetes is 
associated with increased cardiovascular risk [83–85]. Only few studies addressed 
the issue whether an early increase in sympathetic drive may characterize the pre-
diabetic state [65, 86]. Dell’Oro et al. [65] have clearly shown that prediabetes is 
characterized by a significant increase in muscle sympathetic nerve traffic, and this 
is associated by a significant impairment in the spontaneous baroreflex sensitivity. 
In this study the multivariate analysis showed that MSNA was directly and signifi-
cantly related (r = 0.41, P = 0.0374) to the homeostatic model assessment (HOMA) 
index, an index of insulin resistance, and inversely and significantly related to 
baroreflex- MSNA sensitivity (r = 0.84, P < 0.0001). The important evidence of this 
study is that the relationship between HOMA-IR and MSNA is peculiar of predia-
betic individuals. Thus, the major driver of the sympathetic overdrive characterizing 
the prediabetic state may depend on the hyperinsulinemia and the related insulin 
resistance state. This study has also an important clinical implication, that is, finding 
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an early sympathetic activation in the early stages of the disease to implement inter-
ventions capable of reducing the sympathetic drive.

More recently, the same research group performed a systematic review and 
meta- analysis [87] on 11 microneurographic studies, with rigid selection criteria 
for inclusion and analysis, performed in about 300 diabetic patients. Results 
reveal that T1DM shows MSNA values superimposable to healthy individuals, 
T2DM was characterized by a significant increase in MSNA values. This sympa-
thetic activation observed in T2DM does not show any relationship with anthro-
pometric or metabolic variables with the exception of plasma insulin levels that 
are directly and significantly related to MSNA values. This confirms previous 
evidences that in diabetes adrenergic drive, plasma insulin and insulin resistance 
are closely related due to their reciprocal excitatory influence [58, 88, 89]. The 
effects of insulin are direct at the central level, while the sympathetic activity 
induces hyperinsulinemia and insulin resistance indirectly through its vasocon-
strictive effects in the skeletal muscle areas and the impairment of the arterial 
baroreflex ability to restrain sympathetic drive [65, 90]. Factors other than insulin 
might contribute to the adrenergic activation in T2DM.  The first factor is the 
renin-angiotensin system which stimulates the sympathetic nervous system 
through the direct action of angiotensin II at the central level [91], and the second 
factor is the increased level of leptin and ghrelin which have an excitatory effect 
on adrenergic drive [92, 93].

10.7  Drugs May Help to Reduce Adrenergic Tone?

The answer is positive. Sodium-glucose cotransporter type 2 inhibitors (SGLT2i) 
are new glucose-lowering agents that specifically target the kidney and promote 
glucosuria, independent of the action of insulin. This class of drugs is able to 
improve glucose control, without inducing hypoglycemia and with lower plasma 
insulin levels. It has been observed that they are able to promote weight reduction 
and to induce osmotic diuresis and natriuresis [94]. These actions therefore have 
favorable effects in hypertensive subjects [95, 96] but also in heart failure patients 
and in end-stage kidney disease [97–100]. Which are the mechanisms underlying 
these benefits? The renin-angiotensin system (RAS) plays a role in regulating BP 
and body fluids. This is usually activated in these pathophysiological conditions, 
and this is the case also for the sympathetic nervous system [63–65, 74, 91]. A 
cross-talk between the SNS and SGLT2 regulation at the level of the proximal 
tubules of the kidney has been also demonstrated [101]. Thus, treatment with 
SGLT2 results in sustained systolic and diastolic reduction through natriuresis and 
sympathoinhibition, without clinically relevant changes in heart rate [102, 103]. All 
these beneficial effects appear increased in heart failure patients that are character-
ized by an increased adrenergic tone and a marked impairment in baroreflex sensi-
tivity, contributing to the reduction in hospitalization, favoring cardioprotection and 
reducing outcomes [104–107].
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10.8  Conclusions

Hyperinsulinemia appears to be an important early factor capable of explaining the 
activation of the adrenergic tone in T2DM. Nonpharmacologic and pharmacologic 
approaches, in particular SGLT2 inhibitors, contribute, other than lowering hyper-
glycemia and plasma insulin levels, to a reduction in sympathetic nervous system 
and a better control of blood pressure and weight, a reduction in the risk of patients 
with advanced renal disease, and a reduction in hospitalization and outcome of heart 
failure patients.
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11Diabetes and Microcirculation
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11.1  Introduction

Type 2 (T2DM) and type 1 diabetes mellitus (T1DM) are characterized by altera-
tions of the microcirculation which are largely responsible for fatal and nonfatal 
cardiovascular and renal complications, affecting all vascular beds, particularly the 
renal and retinal, but also the coronary and cerebral districts, among others [1–3]. 
Dysfunction and damage of the microcirculation are hallmarks of the disease, and 
in fact the diagnosis of diabetes is defined by the level of hyperglycemia which 
causes microvascular complications [1–3]. Alterations of the microcirculation in 
diabetes involve all vessels with an internal diameter below about 350 micron and 
therefore include small resistance arteries, arterioles, capillaries, and postcapillary 
venules [1–5]. In this review we shall discuss (a) the mechanisms and characteris-
tics of dysfunction and damage of microcirculation in diabetes, (b) the relation of 
microcirculation with organ damage and cardiovascular events, and (c) the effects 
of treatment.

11.2  Mechanisms of Microvascular Alterations in Diabetes

Diabetes is frequently associated to hypertension which is a very important hemo-
dynamic and possibly neurohumoral cause of functional and structural alterations of 
microcirculation. However, several additional mechanisms may have a specific role 
in the development of microvascular dysfunction and damage in diabetes, including 
the following: (a) formation of reactive oxygen species (hydrogen peroxide, super-
oxide); (b) metabolic effects such as activation of polyol pathway, with consequent 
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production of sorbitol and fructose which are unable to diffuse outside cells, thus 
inducing osmotic endothelial cell injury and protein kinase C activation; (c) glyco-
sylation of proteins, including hemoglobin, with reduction of its affinity to oxygen 
and thus induction of micro-ischemia and endothelial damage; (d) glycosylation of 
collagen fibers with alterations of extracellular matrix, production of advanced gly-
cosylation end products (AGE), involved in vascular damage (stimulation of cyto-
kines, complement activation, upregulation of growth factor synthesis, induction of 
collagen cross-links), and depletion of basement membrane glycosaminoglycans; 
and (e) direct effect of growth factors, such as insulin or insulin-like growth factor-1 
on vascular smooth muscle cells [1–5].

11.3  Endothelial Dysfunction

Endothelial cells are known to have important regulatory effects on the cardiovas-
cular system through the release of vasodilator and vasoconstrictor factors. In addi-
tion, platelet aggregation as well as leukocyte extravasation through endothelium 
may be influenced by locally produced compounds. Therefore, endothelial dysfunc-
tion and damage may contribute to the inflammatory and thrombotic vascular 
lesions. An impairment of the endothelial function, as evaluated by the vasodilator 
response to acetylcholine, has been detected in human large and small arteries of 
patients with T1DM [6–10] as well as of those with T2DM [11–15]. We and others 
have previously demonstrated the presence of an impaired dilatation to acetylcho-
line and bradykinin in subcutaneous small resistance arteries of hypertensive and 
normotensive patients with T2DM [11, 12, 15].

In essential hypertensive patients, the relatively small vasodilator responses to 
acetylcholine and bradykinin infused into the brachial artery are not usually 
blocked by inhibitors of nitric oxide synthase (i.e., L-NMMA), while in normo-
tensive subjects the inhibitory effect of L-NMMA is preserved. In subcutaneous 
small arteries of patients with essential hypertension, and also in those with 
T2DM, inhibitors of nitric oxide synthase are able to block about 50% of the 
vasodilator effect of acetylcholine or bradykinin, while the remaining vasodilata-
tion is blocked by ouabain, thus suggesting that production of both nitric oxide 
and endothelium-derived hyperpolarizing factor may be involved. No effect has 
been observed when indomethacin was added to the organ bath; therefore, the 
production of cyclooxygenase- dependent substances seems to be of minor impor-
tance [11, 15].

It has been also proposed that insulin and insulin resistance may be involved in 
the genesis of endothelial and, in general, microvascular dysfunction in diabetes 
mellitus. Insulin is able to induce a vasodilating effect in the microcirculation 
(which is, at least in part, endothelium-dependent) in normal subjects [16, 17]. In 
addition, insulin may recruit skeletal muscle capillaries in vivo by a nitric oxide- 
dependent action, and this increased capillary recruitment may contribute to the 
subsequent glucose uptake [18]. However, part of these effects is lost in diabetes 
mellitus [16]. Hyperinsulinemia, as a result of insulin resistance, may have 
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detrimental effects on microvascular function also in the prediabetic state [19]. On 
the other hand microvascular structural alterations may contribute to an impaired 
delivery of insulin to skeletal muscles. Endothelial dysfunction in microvasculature 
of T2DM may be related to increased permeability to large molecules, such as albu-
min [20]. Therefore, a complex interplay of structural and functional alterations of 
the microcirculation may, at least in part, explain the detrimental consequences of 
diabetes mellitus in terms of organ perfusion [21] and, ultimately, in terms of 
increased incidence of cardiovascular events.

11.4  Structural Alterations

11.4.1  Small Resistance Arteries

While there is a huge number of data about microangiopathy (capillary and arteri-
oles), relatively few data about morphology of small resistance arteries (diameter 
ranging from 100 to 350 micron) in diabetes mellitus are presently available. In 
one study [6], no difference in subcutaneous small resistance arteries structure was 
observed between control subjects and patients with T1DM. On the contrary, it has 
been demonstrated that, in both hypertensive and normotensive patients with 
T2DM, marked alterations in small artery structure are present [11] and that these 
alterations are more pronounced in hypertensive patients with T2DM than in 
patients with essential hypertension or in normotensive diabetics (Fig. 11.1) [11]. 
In addition, in diabetic patients a clear increase in the media cross-sectional area of 
the vessels was observed, thus suggesting the presence of hypertrophic remodeling 
(vascular smooth muscle cell hypertrophy or hyperplasia) [11, 12] (Fig. 11.2). An 
increase of wall thickness and cross-sectional area has been also observed in retinal 
arterioles of hypertensive diabetic patients with a duration of diabetes longer than 
6 months. This was not the case of patients with essential hypertension. A weak, 
but significant correlation between circulating levels of insulin and media-to-lumen 
ratio of subcutaneous small arteries was observed in diabetic patients, thus sug-
gesting a possible role of insulin or insulin-like growth factor-1 in the genesis of 
hypertrophic remodeling in these patients [11]. However, an alternative explana-
tion for the presence of hypertrophic remodeling in these vessels has been pro-
posed [7]. In fact, a possible stimulus for hypertrophic remodeling could be the 
increased wall stress, as a consequence of the impaired myogenic response. 
Myogenic response is a pressure-induced vasoconstriction, which is the key com-
ponent of blood flow autoregulation and stabilization of capillary pressure. The 
observation by Schofield et al. [12] of the lack of such a myogenic response in 
diabetic patients may therefore suggest a causal mechanism for the development of 
hypertrophic remodeling of small arteries. Diabetic patients with T2DM also show 
particularly evident alterations of the vascular extracellular matrix, as suggested by 
the observation of increased collagen to elastin ratio in their small arteries [11] 
(Fig. 11.1).
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Fig. 11.1 Left: Media to lumen ratio in subcutaneous small resistance arteries from normotensive 
subjects (NT), essential hypertensive patients (HT), normotensive patients with non-insulin- 
dependent diabetes mellitus (NIDDM) (DM 2 type), and hypertensive patients with NIDDM (DM 
2 type and HT). A clear increase may be observed in all the three pathologic groups, which is more 
evident in hypertensive patients with NIDDM.  Right: collagen to elastin ratio (measured with 
electronic microscopy in the different groups. An increase was observed in essential hypertensive 
patients and in hypertensive patients with NIDDM. ***=p  <  0.001 vs. normotensive subjects; 
#p  <  0.05 vs essential hypertensive patients. Mean  ±  SEM (from reference 1, data from ref-
erence 11)

11.4.2  Capillaries

While small resistance arteries may undergo a remodeling process and fibrosis in 
pathological conditions, capillaries may undergo a functional or structural rarefac-
tion. In fact, microvascular rarefaction can be due to a reduced number of perfused 
vessels (functional rarefaction) or to a reduced number of vessels in the tissue 
(structural rarefaction) [22]. Structural loss of vessels may follow progressive non- 
perfusion. In patients with hypertension and T2DM, rarefaction has been frequently 
reported in the myocardial and skeletal muscle microcirculatory bed [23].

On the contrary, in other vascular districts such as the retina, microvascular pro-
liferation may be observed. In fact, diabetic retinopathy results either from capillary 
leakage or from new vessel formation (neovascularization, angiogenesis), caused by 
capillary closure and retinal ischemia. The capillaries leak lipid products and fluid 
in the area around the fovea and thicken the retina, which may lead to macular 
edema. Angiogenesis is the result of retinal ischemia, and retinal hemorrhages are 
the consequence of the fragility of neovessels. The hemorrhage can enter the 
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Fig. 11.2 Media cross-sectional area in subcutaneous small resistance arteries from normotensive 
subjects (NT), essential hypertensive patients (HT), normotensive patients with non-insulin- 
dependent diabetes mellitus (NIDDM) (DM 2 type), and hypertensive patients with NIDDM (DM 
2 type and HT). An increase may be observed in the diabetic patients, which is more evident in 
normotensive patients with NIDDM. (*)p = 0.06, *p < 0.05 vs. normotensives. Mean ± SEM (from 
reference [1], data from reference [11])

vitreous and cause sudden loss of vision. Several mechanisms and metabolic abnor-
malities, acting alone or in concert with each other, may lead to capillary death, 
leakage, and occlusion and to the release of growth factors, finally resulting in new 
vessel formation and increase in vascular permeability. A relevant role is played by 
vascular endothelial growth factor (VEGF). Whereas VEGF is involved in vascular 
leakage and angiogenesis, growth hormones and the insulin-like growth factor-1 
(IGF-1) may be also involved, as mediators, in angiogenesis. At present, inhibitors 
of these growth factors are under investigation in clinical trials in patients with dia-
betic retinopathy.

11.5  Vascular Structural Alterations, End-Organ Damage, 
and Cardiovascular Events

As previously mentioned, the extent of structural alterations in small resistance ves-
sels is more pronounced in patients with both diabetes mellitus and hypertension, 
thus suggesting that clustering of risk factors may have synergistic deleterious 
effects on the vasculature [11, 12]. An important pathophysiological and clinical 
consequence of the presence of structural alterations in small resistance arteries and 
arterioles may be the impairment of vasodilator reserve [24]. In fact, remodeling of 
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small resistance arteries is characterized by a narrowing of the lumen, which leads 
to an increase of flow resistance even at full dilatation, i.e., in the absence of vascu-
lar tone. A significant correlation between coronary flow reserve and subcutaneous 
small resistance artery remodeling has been observed in essential hypertensive 
patients, suggesting that structural alterations in small resistance arteries may be 
present at the same time in different vascular districts, including those of paramount 
clinical importance, such as the coronary circulation [25]. An impaired microvascu-
lar hyperemic response (which may reflect an altered flow reserve) has been 
observed in children with diabetes mellitus [26] as well as in adult patients with 
T2DM [27]. Thus, alterations in the microcirculation may play an important role in 
the development of organ damage not only in hypertension but also in diabetes mel-
litus. In fact, a relevant prognostic role of an increased media to lumen ratio of 
subcutaneous small resistance arteries in a high-risk population (including normo-
tensive and hypertensive diabetic patients) has been previously demonstrated [28] 
(Fig. 11.3).

More recently, these data have been re-evaluated, taking into account also the 
characteristics of the vascular remodeling, i.e., eutrophic vs. hypertrophic remodel-
ing. For the same values of internal diameter, those subjects who suffered cardiovas-
cular events had a greater media cross-sectional area, in comparison with those 
without cardiovascular events [29]. Therefore, it seems that, for the same size of the 
vessels explored, a more consistent cell growth (hypertrophic remodeling, such as 
that observed in diabetic patients) means an even worse prognosis. It has been also 

Fig. 11.3 Media to lumen ratio in subcutaneous small resistance arteries from hypertensive 
patients with non-insulin-dependent diabetes mellitus (NIDDM), before and after 1-year treatment 
with the ACE inhibitor enalapril or the angiotensin II receptor blocker candesartan. A significant 
and similar reduction was observed with both drugs. BP Blood pressure **=p < 0.01 vs. basal 
(from reference [1], data from [36])
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suggested, as previously reported, that an impairment of myogenic response may 
have a relevant role in the development of hypertrophic remodeling in patients at 
high cardiovascular risk. In addition, an impaired myogenic response in small ves-
sels may also induce an increase of high blood pressure flow to target organs and a 
downstream increase in capillary pressure, with consequent increased permeability 
and capillary leakage. Fluid extravasation may induce organ damage. Some data 
support the presence of an increased capillary pressure in patients with diabetes 
mellitus [30], especially if they have increased blood pressure values [31], although 
at present time there is no general agreement about this issue. The increase in capil-
lary pressure seems to be related to the extent of clinical complications as well as to 
metabolic control [32]. Also vascular rarefaction may have important consequences 
in terms of tissue perfusion. In fact, it has been demonstrated that in patients with 
T2DM, the mechanisms through which insulin is able to increase total limb flow or 
achieve optimal microvascular perfusion are impaired [33].

11.6  Treatment

11.6.1  Effect of Antihypertensive Drugs

There is relatively few data about the effect of treatment on structural and functional 
alterations in the microcirculation of patients with diabetes mellitus. In the United 
Kingdom Prospective Diabetes Study (UKPDS), a large randomized controlled trial 
that included almost 5000 patients, it has been demonstrated that a tight hemody-
namic and metabolic control is associated with a lower incidence of microvascular 
disease [33] and, in general, of clinical endpoints related to microvascular dis-
ease [34].

Even fewer data are presently available about the effects of antihypertensive 
dugs on small artery structure in hypertensive diabetic patients. Despite effective 
antihypertensive treatment, resistance arteries from hypertensive diabetic patients 
showed marked remodeling, greater than that of vessels from untreated, nondia-
betic, hypertensive subjects, in agreement with the high cardiovascular risk of sub-
jects suffering from both diabetes and hypertension [35]. Recently, a study has 
compared the effects of 1-year treatment with the ACE inhibitor (enalapril) or the 
angiotensin II receptor blocker (candesartan), on subcutaneous small artery struc-
ture in hypertensive patients with T2DM [36]. The two drugs were equally effective 
in reducing media-to-lumen ratio of small arteries (Fig. 11.4); however, candesartan 
was more effective than enalapril in normalizing vascular collagen content, proba-
bly through a more pronounced stimulation of the local production of metallopro-
teinase 9 (a collagen-degrading enzyme). At variance to what is observed in the 
majority of studies in normoglycemic hypertensive patients, media-to-lumen ratio 
of small arteries in treated diabetic patients did not reach the values observed in 
normotensive controls, therefore suggesting that a complete regression of vascular 
hypertrophic remodeling is probably more difficult to obtain [35]. Angiotensin II 
receptor blockers seem to be effective in diabetic hypertensive patients also when 
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Fig. 11.4 Kaplan–Meier cum survival curves between normotensive and hypertensive diabetic 
patients with an M/L of subcutaneous small arteries below or above 0.11 (cutp2): log rank (Mantel–
Cox test P¼0.034, Breslow–Wilcoxon test P¼0.057, Tarone–Ware test P¼0.041). Reanalysis of 
data, Cum, cumulative; M/L, media-to-lumen ratio (From Agabiti-Rosei E, Rizzoni 
D. Microvascular structure as a prognostically relevant endpoint. J Hypertens 2017; 35:914-921)

given on top of an ACE inhibitor treatment [37]. In addition, angiotensin II receptor 
blockers seem to be also particularly effective in terms of improvement of endothe-
lial function in small resistance arteries [38]. Whether a regression of vascular struc-
tural or functional alterations in diabetic patients may be prognostically relevant, 
i.e., whether it is associated to a real protection from cardiovascular events, is not 
yet definitely established.

11.6.2  Effect of Antidiabetic Drugs

Experimental studies demonstrate early beneficial effects of DPP-4 inhibitors and 
GLP-1 agonists on diabetic microvascular complications; however clinical data 
are insufficient in this respect and need further studies for confirmation [39]. The 
SGLT-2 inhibitor dapagliflozin in a short-term study reduced retinal capillary flow 
and stabilized arteriolar structural remodeling [40]; however studies with other 
SGLT-2 inhibitors have given inconsistent results [39], and therefore additional 
studies are warranted to explore the effects of these drugs on the 
microcirculation.
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11.7  Conclusions

Alterations in the microcirculation represent a common finding, and microangiopathy 
is one of the most important mechanisms involved in the development of organ dam-
age as well as of clinical events in patients with diabetes mellitus. Both patients with 
essential hypertension and those with T2DM are characterized by alterations in the 
resistance vasculature, i.e., an increased media-to-lumen ratio, that in diabetics is the 
consequence of the the so-called hypertrophic remodeling. Structural alterations of 
small arteries are associated with an increased cardiovascular risk in hypertensive and 
diabetic patients, perhaps as a consequence of an impaired organ flow reserve in sev-
eral vascular districts, including the coronary vascular bed. In fact, it has been observed 
that the presence of an increased wall to lumen ratio in the subcutaneous resistance 
arteries is associated with a worse prognosis in high-risk patients. Hypertrophic 
remodeling, such as that observed in diabetic patients, seems to be associated with an 
even worse prognosis. Data about the effect of therapy on microvascular structure in 
diabetic patients are scarce; however, renin–angiotensin system blockade seems to be 
effective in regressing, at least in part, the microvascular structure, although we do not 
know whether this improvement is associated with a better clinical prognosis.
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12Endothelial Dysfunction and Large 
Artery Stiffness

Rachel E. D. Climie

12.1  Introduction

Common to both diabetes and hypertension are abnormalities in blood vessel struc-
ture and function. While individuals with type 1 diabetes display abnormalities in 
vascular structure and function compared to their healthy counterparts [1], this 
chapter will predominantly focus on those with type 2 diabetes (T2D) due to the 
common coexistence (and bidirectional relationship) with hypertension.

Arterial ageing commences in early life and is a normal ageing phenomenon in 
most populations. However, pathological arterial ageing, as evident in conditions 
such as hypertension and T2D, results in accelerated vascular changes related to 
atherosclerosis in the arterial intima and arteriosclerosis in the arterial media. 
Exposure to adverse environmental and genetic factors as early as during childhood 
or even during foetal life promotes the development and accumulation of subclini-
cal vascular changes that direct an individual towards a trajectory of early vascular 
ageing (EVA) [2]. Emerging evidence suggests that early life programming is also 
an important player in vascular remodelling mainly because the architecture of the 
vascular system is programmed in utero and elastin, the major structural component 
underlying arterial wall elasticity, is synthesised and deposited during this time. The 
EVA phenomenon is also evident among offspring with a positive family history of 
cardiovascular disease (CVD) or T2D [3, 4].

The ageing process affects the entire arterial wall and includes endothelial dys-
function, a decrease in nitric oxide (NO) production and local inflammation in the 
intima [5]; decreased levels of elastin and a relative increase in collagen content in 
the media [6]; and impairment of neuronal control, a loss of function of the vasa 
vasorum [7] and development of perivascular fat deposits that may increase local 
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inflammation and adversely impact vasodilation in the adventitia [8]. This leads to 
structural changes in the arterial wall which manifest as an increase in intima-media 
thickness (IMT) [9–12], accompanied by lumen enlargement [10–12] and increased 
stiffness (arteriosclerosis) in the large, proximal elastic arteries [13]. The ageing 
process involves the entire vascular system including remodelling of the small 
arteries.

Alterations in vascular structure and function have been observed in patients 
with prediabetes or impaired fasting glucose as well as overt T2D, suggesting that 
the abnormalities in carbohydrate metabolism form a continuum that progressively 
worsens vascular health. An early feature of this adverse sequence of events that 
leads to atherosclerosis is believed to be endothelial dysfunction. Individuals with 
hypertension and T2D also display accelerated large artery stiffness compared to 
healthy individuals, of which endothelial dysfunction may be a key contribu-
tor [14].

In this chapter, literature on the association between T2D and hypertension with 
a particular focus on the changes that occur in relation to the endothelium and large 
arteries are summarised. The haemodynamic and biomechanical pathways involved 
in the bidirectional relationship between hypertension and T2D are discussed.

12.2  Endothelial Function and Large Artery Stiffness 
in Health and Disease

The vascular endothelial cells play an important role in maintaining vascular 
homeostasis. The endothelium provides a physical barrier between the vessel wall 
and lumen and actively secretes several mediators that regulate platelet aggregation, 
coagulation, fibrinolysis and vascular tone. The endothelial cells secrete mediators 
that cause vasoconstriction (endothelin-1 and thromboxane A2) or vasodilation 
(NO, prostacyclin and endothelium-derived hyperpolarising factor). NO plays a 
major role in endothelium-dependent relaxation in conduit arteries, while hyperpo-
larising factor predominates in the smaller, resistance vessels.

Endothelial dysfunction is characterised by a shift towards reduced vasodilation 
and a proinflammatory and prothrombotic state. Free radicals disrupt the balance of 
NO, damaging the endothelium leaving it permeable to toxins [15]. When NO 
action is impaired, endothelial signal is also impaired, leading to several systemic 
diseases. Endothelial dysfunction is associated with hypertension, coronary artery 
disease, heart failure, peripheral vascular disease, diabetes, kidney dysfunction as 
well as severe viral infections including the recent SARS-CoV-2 infection [16]. A 
number of factors can contribute to increased free radicals including obesity, hyper-
glycaemia, smoking, sleep deprivation and infection.

While the structural components within the arterial wall of large arteries (i.e. the 
aorta) such as elastin and collagen influence wall stiffness, arterial smooth muscle 
and locally derived, circulating factors also contribute to the regulation of large 
artery stiffness [17]. Vasoconstrictors (such as noradrenaline or angiotensin II) 
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increase large artery stiffness, whereas vasodilators have an opposing effect [18]. In 
a healthy cardiovascular system, the compliant properties of the large arteries ensure 
that pulsations in pressure and flow generated by cyclic left ventricular contraction 
are dampened at the site of the ascending aorta into a continuous pressure (and flow) 
downstream at the site of arterioles. This allows for the delivery of a steady flow of 
blood during organ perfusion, and the microvasculature of target organs is protected 
from the damaging effects of pressure pulsatility [18]. The dampening of the pres-
sure/flow wave is achieved via the windkessel effect whereby the aorta expands 
during systole and temporarily stores a portion of the stroke volume, which is then 
propelled into the systemic circulation during diastole via recoil of the elastic arte-
rial wall. However, in response to ageing [19, 20], hypertension and other disease 
states such as diabetes mellitus [14, 21], arterial stiffening limits the buffering 
capacity of the elastic arteries. A reduction in NO availability may explain why 
patients with T2D demonstrate arterial stiffening before overt atherosclerosis is 
apparent.

The stiffness gradient between the proximal elastic arteries and distal muscular 
arteries leads to an impedance mismatch, generating backward pressure wave reflec-
tion (i.e. towards the heart) that reduces the forward transmission of pressure pulsa-
tility to the small arteries of target organs. In the healthy vasculature, most of the 
backward wave travels at a low velocity and does not superimpose on the incident 
pressure wave and central blood pressure (BP) remains normal. However with 
increasing arterial stiffening and due to a lack of age-induced stiffening in the mus-
cular arteries [22] , the stiffness gradient between the proximal and distal arteries is 
reduced, thus exposing the microvasculature to increased pulsatile stress [22, 23]. 
The backward travelling pulsatile energy travels at high velocity and superimposes 
on the incident pressure wave, increasing central systolic BP.

Arterial stiffening has a number of consequences for cardiovascular health. 
Firstly, the arterial pressure waveform is a composite of the forward and backward 
travelling pressure wave. In the case of stiff arteries, because the pressure wave 
propagation (i.e. pulse wave velocity, PWV) is high, the backward travelling wave 
arrives back at the central arteries sooner than if PWV was lower (i.e. in more com-
pliant vessels) adding to the forward wave, augmenting pressure pulsatility and sys-
tolic BP.  This results in isolated systolic hypertension at the central level and 
increased left ventricular afterload, ventricular remodelling, hypertrophy, dysfunc-
tion and failure [24, 25]. Secondly, arterial stiffening and the consequent loss of 
diastolic recoil and lower aortic diastolic BP reduce coronary perfusion pressure. 
Thirdly, the increased transmission of elevated pulsatile pressure/flow to the micro-
vasculature of target organs may be particularly harmful to high flow/low resistance 
organs such as the brain and kidney, damaging capillary networks and resulting in 
target organ damage [26–32]. Indeed, arterial stiffness per se is a mechanism induc-
ing cardiac, renal and brain microcirculatory damage, favouring CVD events [33]. 
Together, this may explain why the brain and kidney are more often affected by 
microvascular disease than are other organs in patients with both T2D and hyperten-
sion [34].
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12.3  The Interplay Between Hypertension, Type 2 Diabetes, 
Endothelial Function and Large Artery Stiffness

Vascular abnormalities are common to both T2D and hypertension. A number of 
studies have shown that compared to their nondiabetic counterparts, patients with 
T2D display endothelial dysfunction [35–37] and accelerated arterial stiffness 
[38–41]. In patients with T2D, endothelial dysfunction is a consistent finding as 
hyperglycaemia and T2D lead to an impairment in NO production and bioavail-
ability [42]. T2D exerts an additive deleterious effect on endothelial function, 
beyond other risk factors [43]. Individuals with both T2D and hypertension have 
elevated arterial stiffness compared to healthy controls or individuals with either 
T2D or hypertension alone [44]. In sub-Saharan populations, large artery abnor-
malities are significantly worse in those with coexistent T2D and hypertension but 
does not differ in those with either T2D or hypertension alone [45]. On the other 
hand, recent work has suggested that vascular changes may precede both T2D and 
hypertension [36, 46–54]. Thus, a bidirectional relationship between T2D and 
hypertension exists and is likely exacerbated by endothelial dysfunction and large 
artery stiffness [55] (Fig. 12.1). Importantly in people with T2D, large artery stiff-
ness is independently related to CVD risk, mortality and all-cause mortality [56–
58], and endothelial dysfunction is associated with adverse cardiovascular health 
and mortality [59–61].

Fig. 12.1 The bidirectional relationship between diabetes and hypertension, perpetuated by endo-
thelial dysfunction and large artery stiffness
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12.3.1  Hypertension and Endothelial Dysfunction

Given that NO and endothelins are major regulators of vascular tone, they play a 
significant role in regulating BP. In hypertension, the balance between vasodilators 
and constrictors is disturbed, resulting in a predominance of vasoconstrictors such 
as endothelin-1. In patients with hypertension, impairment in vasodilation in the 
small resistance vessels in response to acetylcholine has been observed [62], and 
impaired flow-mediated dilation (FMD, a measure of endothelial function) distin-
guishes patients with hypertension at increased risk of fatal and non-fatal cardiovas-
cular events [63]. Treatment with angiotensin-converting enzyme inhibitors, which 
act to increase NO bioavailability, improves endothelial function in patients with 
hypertension [64].

Whether endothelial dysfunction is a cause or a consequence of hypertension 
remains unclear [65]. Traditionally, it is believed that CVD risk factors including 
chronic inflammation, atherosclerosis, plaque instability and hypercoagulation pre-
ceded endothelial dysfunction. Normotensive offspring of parents with hyperten-
sion demonstrate impaired endothelial dysfunction [66], and the Cardiovascular 
Risk in Young Finns Study demonstrated that elevated BP in adolescence predicted 
future impaired endothelial function [67]. On the other hand, research in 952 post-
menopausal women free from hypertension and risk factors showed that after 
3.6 years of follow-up, there was a 5.77 increased risk of incident hypertension in 
those with the lowest flow-mediated dilation [68]. Interestingly, data from the 
Multi-Ethnic Study of Atherosclerosis cohort showed that FMD measured at base-
line was not related to incident hypertension after 4.8  years of follow-up [69]. 
Furthermore, endothelial NO deficiency can occur via a number of non- hypertension- 
related insults that increase oxidative stress, such as hypercholesterolaemia. In the 
apolipoprotein E knockout mouse, where endothelial dysfunction results due to a 
hypercholesterolaemic diet, BP is not elevated.

12.3.2  Hypertension and Large Artery Stiffness

Hypertension is related to increased stiffness of the aorta for any given level of BP 
[70]. The enlargement of large proximal arteries is suggested to be a compensating 
mechanism, ensuring that a certain level of arterial compliance is maintained [18, 
71, 72]. The effect of pulsatile mechanical load on arterial remodelling has been 
observed in large elastic arteries but not in more distal, muscular arteries (radial). 
The changes in the large arteries are generally due to the fracture of the load-bearing 
elastin fibres due to the fatiguing effect of both the steady and pulsatile tensile 
stress. Collagen replaces the loss of elastin, and advanced glycation end products 
(AGEs) formation is accelerated, promoting cross-linking of structural proteins 
[73]. Vascular smooth muscle cell (VSMC) growth and apoptosis may also be 
involved, as the cyclic, pulsatile strain on the vessels is also a determinant of gene 
expression and growth of VSMCs in vitro [74, 75]. The structural alterations associ-
ated with arterial stiffness may also impair the vasodilatory function and alter 
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pulsatile haemodynamics, blood flow pattern and shear stress resulting in decreased 
NO bioavailability. Under conditions of increased oxidative stress, increased pro-
duction of reactive oxygen species (ROS) leads to endothelial dysfunction and large 
elastic artery stiffening [76, 77]. Other molecular mechanisms associated with 
hypertension can also influence the stiffness of the arterial wall and are described in 
detail elsewhere [58]. Briefly, chronic activation of the renin-angiotensin system 
stimulates VSMC proliferation, low-grade inflammation, increased AGEs forma-
tion and collagen content which all promote arterial stiffening. Low-grade inflam-
mation can lead to increased infiltration of VSMC, macrophages and mononuclear 
cells, media calcifications and cellular infiltration around the vasa vasorum which 
may result in ischaemia. Finally, sympathetic nervous system overdrive which 
occurs in individuals with hypertension [63] is an additional mechanism linking 
hypertension and increased large artery stiffness [64].

Although arterial stiffness has traditionally been viewed as a consequence of 
hypertension, the reverse may also be true, as recent studies have shown that arterial 
stiffness may contribute to the pathogenesis of hypertension [25, 46–49]. In mice 
who were fed a high-fat, high-sucrose diet and developed characteristics mirroring 
metabolic disease (insulin resistance, chronic inflammation and oxidative stress), 
aortic PWV increased within 2 months by 2.4-fold, while BP remained unchanged 
and only increased after 4–6 months [46]. In the Framingham offspring cohort, arte-
rial stiffness (determined via carotid to femoral PWV) was associated with BP 
worsening and incident hypertension 4–10 years later [25]. Similarly, Zheng et al. 
[47] showed that after 27 months of follow-up, brachial to ankle PWV was associ-
ated with incident hypertension in Chinese adults, independent of traditional CVD 
risk factors. Furthermore, in young adults from the Young Finns Study, arterial stiff-
ness (aortic arch to popliteal PWV) was independently associated with incident 
hypertension 4 years later [78].

12.3.3  Type 2 Diabetes and Endothelial Dysfunction

Hyperglycaemia, insulin resistance, dyslipidaemia, hyperuricaemia, increased 
dietary fructose and fat all predispose to endothelial dysfunction. People with T2D 
are particularly susceptible to the detrimental effects of endothelial dysfunction 
[36, 60]. T2D impairs the vasodilating properties of the endothelium via a number 
of mechanisms such as formation of AGEs and increased oxidative stress. Indeed, 
in patients with diabetes, exposure to acetylcholine causes vasoconstriction rather 
than vasodilation [79]. T2D may also amplify the detrimental effect of endothelial 
dysfunction on atherothrombosis via overproduction of ROS, inflammation, 
increased procoagulant activity and platelet aggregation [80]. Similar mechanisms 
have also been observed in those with impaired glucose metabolism or insulin 
resistance. Studies [60, 81] have shown that endothelial dysfunction is most 
strongly associated with incident CVD events in those with T2D compared to those 
without, suggesting the co-occurrence of T2D and endothelial dysfunction exacer-
bates CVD risk.
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On the other hand, endothelial dysfunction exacerbates T2D by impairing the 
timely access of glucose and insulin in target tissues [54]. The Framingham Heart 
Study found that high levels of endothelial cell-derived Willebrand factor increased 
the risk of developing T2D, independently of other risk factors for T2D [81]. 
Similarly, in a large prospective study, higher levels of circulating E-selectin and 
intercellular adhesion molecule-1 (markers of endothelial dysfunction) were associ-
ated with increased risk of incident T2D after 5.9  years of follow-up [82]. 
Furthermore, hyperinsulinaemia and systemic insulin resistance stimulates the pro-
duction of endothelin-1 (a vasoconstrictor) and, therefore, has been suggested to be 
a mechanism linking insulin resistance to the development of T2D. The combina-
tion of systematic insulin resistance and T2D accelerates endothelial cell dysfunc-
tion, thereby setting up a vicious, bidirectional cycle that promotes CVD.

12.3.4  Type 2 Diabetes and Large Artery Stiffness

While increased arterial stiffness is commonly observed in those with T2D, indi-
viduals with prediabetes also display arterial stiffening. A population-based cohort 
study (the Hoorn Study) in 747 individuals showed that prediabetes was associated 
with increased local femoral and brachial artery stiffness, but not carotid stiffness 
[83]. Others have also observed increased arterial stiffness in patients with predia-
betes [41, 84] and accelerated progression of arterial stiffness over 4 years in non-
diabetics but with elevated glycated haemoglobin or markers of insulin resistance 
[85]. The relationship between hyperglycaemia and arterial stiffening appears to be 
stronger in older, compared to younger adults [86]. Interestingly, endothelial dys-
function is related to aortic stiffness in those with hypertension and T2D, but not 
those without T2D, suggesting that diabetes-related metabolic alterations combined 
with hypertension may contribute to increased stiffness of large arteries via reduced 
endothelial function, independently of other confounders [43].

Recent work suggests there may be a bidirectional relationship between large 
artery stiffening and T2D, whereby arterial stiffening may contribute to the develop-
ment of T2D. Indeed, Muhammad et al. [50] showed in 2450 individuals that after 
4.5 years of follow-up, there was a stepwise increase in incidence of T2D across 
increasing tertiles of arterial stiffness independent of traditional risk factors. Another 
study recently showed that arterial stiffness measured via brachial-ankle PWV pre-
ceded increases in fasting blood glucose status [51]. Other haemodynamic markers 
related to large artery stiffness (pulse pressure, central systolic BP and augmenta-
tion index) have also been associated with increased risk of T2D [52, 53]. The rela-
tionship between arterial stiffness and incident diabetes may be explained via an 
increase in transmission of pressure and flow pulsatility to the microvasculature of 
the pancreas [6], which has a relatively high flow [79] and may be susceptible to the 
damaging effects of arterial stiffness. However, this is yet to be determined.

There are a number of mechanisms that may contribute to arterial changes in 
T2D which are discussed in detail elsewhere [14]. Briefly, hyperglycaemia contrib-
utes to blood vessel alterations early on in the progression of the disease [34], even 
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prior to the diagnosis of T2D [87]. Hyperglycaemia modifies the structure of the 
vasa vasorum [88] and may stimulate VSMC proliferation, migration and altered 
reactivity. Hyperglycaemia also leads to various changes in the glycolytic pathway, 
the pentose phosphate pathway and tricarboxylic acid cycle, which all lead to the 
production of ROS and oxidative stress. Oxidative stress impairs endothelial NO 
synthase activation which reduces NO availability [89]. Chronic low-grade inflam-
mation also leads to a reduction in the bioavailability and activation of NO [90] as 
well as releasing vasoconstrictor prostanoids, which can result in endothelial dys-
function and increased arterial stiffness [91]. AGEs encourage inflammation, inhibit 
NO release and further promote oxidative stress [92]. Furthermore, hyperinsulinae-
mia has direct deleterious effects on VSMCs and endothelial cells and may also 
induce vascular alterations by inducing sympathetic activation [93].

12.4  Summary and Conclusion

T2D is associated with an increased risk of CVD, which is exaggerated by the coex-
istence with hypertension. Many of the underlying molecular mechanisms that con-
tribute to macrovascular and microvascular complications in patients with T2D such 
as oxidative stress, inflammation and fibrosis also cause vascular remodelling and 
dysfunction in hypertension. Endothelial dysfunction and large artery stiffening are 
key contributors to the bidirectional relationship between T2D and hypertension. 
While a genetic predisposition plays a critical role in the development of endothelial 
dysfunction and arterial stiffness, genetic markers do not seem to overlap between 
hypertension and T2D at least. Controlling hypertension in those with T2D and 
targeting strategies to promote vascular health may be especially important in 
reducing complications, CVD and premature death in patients with T2D.
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HF  Heart failure
HFpEF Heart failure with preserved ejection fraction
HFrEF Heart failure with reduced ejection fraction
IGFR-1 Insulin-like growth factor receptor I
IR  Insulin receptor
LA  Left atrium
LV  Left ventricle
LVH  Left ventricular hypertrophy
RAAS Renin-angiotensin-aldosterone system
SGLT2 Sodium glucose cotransporter-2
STE  Speckle tracking imaging
T2DM Type 2 diabetes mellitus

13.1  Introduction

Heart disease remains the most frequent complication of long-standing hyperten-
sion and diabetes [1]. When the two conditions co-exist, coupled with other cardio-
vascular risk factors such as older age and dyslipidaemia, the development of heart 
disease accelerates.

Cardiac complications primarily manifest in two ways: as coronary artery dis-
ease (CAD) or as heart failure, with hallmarks of myocardial fibrosis and hypertro-
phy [1]. Typically, both cardiac complications present in the later stages of the 
disease, with consequent morbidity and mortality. However, in recent times, with 
sensitive tools and wider availability of cardiac diagnostic testing, a paradigm shift 
has ensued towards early detection and management.

13.2  Epidemiology

Cardiovascular disease (CVD) is a common complication of long-term type 2 dia-
betes mellitus (T2DM), even in the absence of hypertension. In a systematic review 
of over 4 million patients with established T2DM, prevalence rates of CVD in males 
and females were reported at 32% [2]. Although the prevalence of CAD (21%) 
exceeds that of HF (15%) [2], the latter is likely to be underestimated – as indeed it 
is an underestimated CV outcome in clinical trials of diabetes.

In hypertension, CVD risk is associated with increasing blood pressure (BP). In 
younger individuals, it was shown that grade 2 hypertension had a significantly 
higher risk of CAD (HR 2.27 [95% CI 1.86–2.78]) and all-cause mortality (HR 2.01 
[95% CI 1.38–2.93]) than normal BP [3]. Similarly, the risk of developing HF 
increases in a direct relationship with rising BP [4].

In patients with both hypertension and T2DM, there is a significantly higher 
incidence of CV complications, such as stroke and acute myocardial infarction 
(AMI) than patients with hypertension but no T2DM (stroke RR 6.1 [95% CI 
1.3–27.7], p = 0.007; AMI RR 12.2 [95% CI 1.6–95], p = 0.002) [5]. Furthermore, 

A. Halabi and T. H. Marwick



197

Non-fatal AMI

110-119 mmHg

120-129 mmHg

130-139 mmHg

140-149 mmHg

150-159 mmHg

>160 mmHg

Heart Failure

110-119 mmHg

120-129 mmHg

130-139 mmHg

140-149 mmHg

150-159 mmHg

>160 mmHg

0.5 1 1.5 2

Hazard ratio
(95% CI)

Hazard ratio
(95% CI)

P
value

0.003

0.05

0.05

<0.001

0.04

0.71

0.11

<0.001

<0.001

0.69

0.76 (0.64 to 0.91)
0.90 (0.80 to 1.00)

1.02 (0.93 to 1.12)

1.12 (1.00 to 1.26)
1.22 (1.10 to 1.37)

1.20 (1.01 to 1.42)

1.02 (0.91 to 1.15)

1.09 (0.98 to 1.20)

1.27 (1.13 to 1.43)

1.40 (1.25 to 1.56)

1.00

1.00

Fig. 13.1 Hazard ratio of non-fatal acute myocardial infarction (AMI) and heart failure across 
different levels of systolic blood pressure in T2DM individuals. Adapted from Adamsson Eryd, 
S. et al. (2016). BMJ; 354:i4070 [6]
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Fig. 13.2 Adjusted rates and corresponding 95% confidence intervals for the endpoint of diabetes- 
related death at corresponding haemoglobin A1c (HbA1c) concentration. Adapted from Stratton, 
IM. et al. (2002). BMJ; 321(7258): 405–412 [8]

in a Swedish analysis of 187,106 individuals with T2DM, the incidence of AMI and 
HF was higher in individuals with systolic BP ≥160 mmHg (Fig. 13.1) [6]. Likewise 
diabetes-related deaths were 1.82 times more frequent in hypertensive compared to 
non-hypertensive individuals [7], and for every 1% decrease in haemoglobin A1c 
(HbA1c), diabetes-related deaths decrease by 21% (Fig. 13.2) [8].
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13.3  Mechanisms of Myocardial Dysfunction in Type 2 
Diabetes Mellitus and Hypertension

13.3.1  Type 2 Diabetes Mellitus

Type 2 diabetes mellitus is hallmarked by the development of insulin resistance, 
systemic inflammation and autonomic dysfunction ultimately leading to micro- and 
macrovascular end-organ damage (Fig. 13.3) [9].

Chronic low-grade inflammation is a key feature of T2DM [9]. Adipose tissue 
acts as a major source of inflammation, which fits with the prominence of central 
obesity in T2DM and its role as a CVD risk factor. Systemic inflammation is driven 
by macrophages that reside within adipose tissue, releasing inflammatory factors 
such as tumour necrosis factor (TNF) and other cytokines [9]. These macrophages 
are upregulated with increasing body weight [9]. Furthermore, hyperinsulinaemia 
and insulin resistance amplify inflammation by causing changes in energy utilisa-
tion and metabolism within adipocytes inducing the release of adipokines and free 
fatty acids [10]. The end result is a systemic inflammatory state that further propa-
gates insulin resistance within localised adipocyte tissue and other organs, such as 
the heart [10].

Cardiac autonomic neuropathy (CAN) is another complication of the diabetic 
state that likely contributes to CVD. CAN is often misconstrued as a late complica-
tion of DM, and its pathophysiology is poorly understood but is thought to result 
from the accumulation of glycated end products of protein, nucleic acids and lipids 
that cross-link with corresponding receptors [11]. This changes the intricate 
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extracellular matrix (ECM) leading to the neuropathy. Alterations in autonomic 
function create an imbalance in sympathetic and parasympathetic tone within the 
myocardium [11]. Over time, sympathetic tone is augmented primarily due to para-
sympathetic denervation leading to loss of heart rate variability, alterations in car-
diac contractility and vascular function [11].

13.3.2  Hypertension

Long-term hypertension is a major cause of CVD morbidity and mortality and is pri-
marily manifested in the heart as left ventricular hypertrophy (LVH) and diastolic 
dysfunction (DD) [12]. In older patients arterial stiffness, α-adrenoreceptor activity 
and release of endothelial agents, such as angiotensin and endothelin, cause an 
increase in systemic vascular resistance and vascular tone [12]. This promotes the 
accumulation of cytosolic calcium within vascular smooth muscle cells causing vaso-
constriction. Furthermore, due to aortic stiffening, pulse pressure within the LV shifts 
from early diastole to late systole resulting in decreased coronary perfusion [13]. 
These processes combined increase the afterload on the LV and result in LVH and DD.

13.4  Coronary Artery Disease in Hypertensive 
Diabetic Patients

T2DM and hypertension are well-known drivers of atherosclerosis. Prevalence esti-
mates of hypertension amongst T2DM patients are significantly higher than the 
general population (55% vs. 2–4%, respectively) [14]. Coupled with ‘silent isch-
aemia’ due to autonomic neuropathy, undetected events translate into elevated rates 
of mortality. Thus, understanding the pathogenesis of this higher CAD risk and 
providing earlier diagnosis are important.

13.4.1  Pathophysiology

Several key factors in T2DM promote the development of atherosclerosis. Insulin 
resistance, hyperglycaemia and inflammation alter metabolic pathways and energy 
handling increasing the atherogenic potential of coronary vasculature [15]. In the 
normal state, insulin receptor (IR) activation leads to the recruitment of phos-
phoinositide 3 (PI3)-kinase resulting in upregulation of 2-phophoinositide- 
dependent protein kinase 1 (PDK1). The end result is glycogen synthesis and protein 
translation [15]. In T2DM, the presence of insulin resistance and hyperinsulinaemia 
causes endothelial cells, vascular smooth muscle cells and macrophages to down-
regulate the IR and its downstream signalling pathway [15].

Atherogenesis is promoted by several changes. Within endothelial cells, insulin 
resistance causes reduced levels of endothelial nitric oxide synthetase (eNOS) caus-
ing vasoconstriction and adhesion of leucocytes [16]. Systemic and localised 

13 The Heart in Diabetic Hypertensive Patients



200

inflammation increases macrophage activity and atherosclerosis. Furthermore, 
increased flux of glucose through the aldose reductase/polyol pathway leads to 
accumulation of sorbitol and by-products that are pro-atherogenic [17]. Finally, 
increased glycation and formation of glycated end products alter cellular and extra-
cellular molecular function causing atherosclerosis [18].

In hypertension, atherosclerosis is promoted by increased pulse pressure of the 
LV resulting in reduced coronary perfusion [13]. Hypertension also induces and 
suppresses vasomotor activity of the arterial tree. This direct mechanical shear 
stress on the arterial wall can breach the endothelial lining promoting the accumula-
tion of low-density lipoproteins (LDL), oxidation by reactive oxygen species (ROS), 
leucocyte adhesion and the development of an atherosclerotic plaque [1]. Another 
key player is the renin-angiotensin-aldosterone system (RAAS) which through 
increased angiotensin-II activity causes vasoconstriction. RAAS is also pro- 
inflammatory by upregulating cytokines, chemokines and growth factors promoting 
recruitment of macrophages and other leucocytes into the plaque [19].

13.4.2  Clinical Features

The most typical manifestation of CAD is angina that limits exertion. Unfortunately, 
atypical anginal variants, sex differences and ‘silent’ myocardial ischaemia make 
the diagnosis challenging [20]. In a large prospective study, shoulder and arm pain 
occurred nearly twice as frequently in women than in men and shortness of breath 
was predictive of non-ACS in men [21].

13.4.3  Imaging Findings

Non-invasive testing should precede invasive testing in the assessment of suspected 
coronary disease, unless symptoms and clinical signs carry a high pre-test probabil-
ity warranting invasive coronary angiography as the first test.

Non-invasive coronary imaging incorporates several validated modalities in the 
assessment of CAD (Table  13.1). Technetium-99m single-photon emission com-
puted tomography (SPECT) is a commonly used modality to assess myocardial 
perfusion defects. Ischaemic defects have lesser degrees of hyperaemia (induced by 
exercise or pharmacologic stimuli such as adenosine) than normal segments. ‘Fixed 
defects’ (reduced regional perfusion at rest and stress) reflect infarcted myocardium 
(Fig. 13.4) [20]. Both exercise and adenosine SPECT carry a high sensitivity and 
specificity in the assessment of CAD [22], but it needs to be kept in mind that LVH 
and CAD influence coronary flow reserve, and as both DM and hypertension are 
drivers of LVH, this may be an important confounder.

Stress echocardiography is a widespread and readily available modality to assess 
CAD. Stress is induced via exercise or administration of dobutamine. Wall-motion 
abnormalities are evaluated in a 16- or 17-segment model, with induced or wors-
ened abnormalities reflecting CAD [23]. Diagnostic accuracy is improved with the 
administration of contrast (Fig. 13.5).
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Table 13.1 Predictive value of imaging modalities in the detection of coronary artery disease

Modality Sensitivity (%) Specificity (%) Reference
SPECT
   – Exercise 87 73 [22]
   – Adenosine 90 85
Stress echocardiography
   – Exercise 85 77 [29, 30]
   – Dobutamine 80 86
Stress perfusion MRI 90 81 [31]
64-slice CTCA 88 90 [27]

CTCA Computed tomography coronary angiography, MRI Magnetic resonance imaging, SPECT 
Single-positron emission computed tomography

a b

Fig. 13.4 Short-axis image of the left ventricle during SPECT imaging at rest (a) and after stress 
(b). A reversible perfusion defect is observed in the anterolateral wall (white arrow) indicative of 
coronary ischaemia. Reproduced from Ghersin et al. (2006). Circulation; 114:e237–239 [32]

a b

Fig. 13.5 Apical four-chamber view of the heart, illustrating trabeculations and poor endocardial 
definition of the left ventricle (a) which improves with administration of contrast agent (b)
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a b

Fig. 13.6 Short-axis images of the left ventricle during perfusion magnetic resonance at rest (a) 
and during stress (b) with a fixed anterior/septum wall defect seen (white arrows)

Myocardial perfusion by magnetic resonance imaging (MRI) is another com-
monly used technique. Pharmacological stress is most commonly administered by 
adenosine [24]. Both visual estimation of wall motion defects and perfusion abnor-
malities assessed by administration of gadolinium contrast enhance its ability to 
detect ischaemic defects (Fig. 13.6).

The traditional anatomical reference standard technique in the assessment of 
CAD is invasive coronary angiography, which has high spatial and temporal resolu-
tion. Accuracy in lesion characterisation is improved through the use of intravascu-
lar ultrasound [25]. Furthermore, fractional flow reserve (FFR) measures the 
trans-stenotic gradient at maximal hyperaemia with revascularisation recommended 
at FFR <0.8 [26].

Computed tomography coronary angiography (CTCA) has emerged as a reliable 
and safe imaging modality [27]. Coronary arteries are evaluated by the use of 
peripherally injected contrast and are reconstructed by multi-slice imaging of the 
LV. With increasing spatial resolution, CTCA has a high detection rate of athero-
sclerotic lesions (Table 13.1) [27]. However, high heart rate and ectopy can affect 
image quality. Nonetheless, this test is extremely helpful for the detection of nonob-
structive plaque, the recognition of which may lead to better control of risk factors, 
especially LDL cholesterol, with favourable impacts on outcomes [28]. Coronary 
flow reserve calculations are also possible with CT (Fig. 13.7).

13.4.4  Treatment

13.4.4.1  Lifestyle Modifications
Weight loss and dietary modifications are important in preventing and managing 
CAD in T2DM and hypertension. Obesity is a major driving factor of CVD, with 
weight loss correlating with improvements in insulin sensitivity and lipid profile 
[33]. In obese patients, metabolic surgery was associated with a 39% reduction in 
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a b

Fig. 13.7 CT coronary angiogram showing mixed (a) and calcified (b) atherosclerotic plaques

the primary endpoint of all-cause mortality, MI, stroke, HF, nephropathy and atrial 
fibrillation compared to nonsurgical patients (HR 0.61 [95% CI 0.55–0.69], 
p  <  0.001) [34]. Low salt, reduced fat, low carbohydrate and limiting red meat 
intake are the key messages in dietary modifications [33]. Physical activity, recom-
mended as 30 minutes of moderate intensity exercise at least five times a week, has 
been shown to reduce both HbA1c and waist circumference [33]. Finally, smoking 
cessation is paramount in reducing CVD risk.

13.4.4.2  Primary Prevention
Screening for atherosclerotic CAD is not recommended in asymptomatic T2DM. In 
the DIAD study, diabetic patients without prior CVD were randomised to screening 
with myocardial perfusion imaging or no screening [35]. There was no significant 
reduction in the primary outcome of cardiac death of non-fatal MI between the two 
groups (HR 0.88 [95% CI 0.44–1.88], p = 0.73).

The American Diabetes Association (ADA) recommends a fasting lipid profile 
upon diagnosis of T2DM [33]. Moderate-dose statin therapy is recommended in 
those with elevated cholesterol, aged 40–75 years. A weaker recommendation of 
high-dose statin is suggested for those with multiple CVD risk factors.

Low-dose aspirin therapy in T2DM patients with high CVD risk is also recom-
mended [33]. The ASCEND trial randomised T2DM patients without prior CVD to 
aspirin 100mg daily or placebo [36]. Aspirin reduced the primary endpoint of vas-
cular death, MI and stroke/transient ischaemic attack (TIA) by 12% (p  =  0.01). 
However, there was no difference in non-fatal MI between the two groups (RR 0.98 
[95% CI 0.80–1.19]), and there was higher rate major bleeding in the aspirin group 
(RR 1.29 [95% CI 1.09–1.52], p = 0.003).

A BP target of <140/90 mmHg is recommended in patients with T2DM [33]. 
However, those at high CVD risk are suggested to have tighter control at 
<130/80 mmHg. First-line agents recommended are angiotensin-converting enzyme 
inhibitors (ACEi) or angiotensin-II receptor blocker (ARB), particularly in those 
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with proteinuria. These agents reduce BP but also have anti-atherosclerotic proper-
ties through an anti-oxidant effect [37].

A HbA1c target of 6.5% is recommended; however a relaxed target of 7.5–8.0% 
is advised for the elderly and those with a limited life expectancy [38]. In patients 
without established or a high risk of CAD, the ADA recommends metformin as 
first-line therapy of hyperglycaemia [39]. Metformin is the most widely used anti-
diabetic drug, is relatively inexpensive and has few side effects. In the UKPDS 
10-year follow-up, metformin was associated with reduced CVD death and MI in 
T2DM patients without established CVD [40].

13.4.4.3  Secondary Prevention
In patients with established CAD, high-intensity statin therapy is recommended 
with emphasis on lowering LDL cholesterol by ≥50% from baseline [41]. 
Antiplatelet therapy is also recommended. Guideline recommendations for target 
BP in established CAD stand at <130/80 mmHg; however recent evidence suggests 
that intensive BP control might not be safe in T2DM and treatment targets need to 
be individualised [42].

Upfront combination antidiabetic therapy is recommended in T2DM patients 
deemed at high CVD risk or have established atherosclerotic CVD. Metformin in 
combination with either a glucagon-like protein-1 receptor agonist (GLP-1 RA) or 
sodium glucose co-transporter-2 (SGLT-2) inhibitor is suggested in this patient 
group [39].

GLP-1 is a component of the incretin hormonal system [43]. It enhances the 
release of insulin from the pancreas, delays gastric emptying and has beneficial 
effects on BP. The GLP-1 RA has shown to not only improve HbA1c levels but also 
has beneficial effects on weight and BP control. A meta-analysis showed that GLP-1 
RA reduced the outcomes of fatal or non-fatal myocardial infarction by 9% (HR 
0.91 [95% CI 0.84–1.00], p = 0.043) [44].

The SGLT2 inhibitors promote glucose excretion via the kidneys, by inhibiting 
its reuptake at the proximal convoluted tubules [45]. The SGLT2 inhibitors have 
beneficial effects on glycaemic control and weight. Furthermore, empagliflozin 
reduced both systolic and diastolic BP by 2.46 mmHg and 1.46 mmHg, respectively 
[46]. A meta-analysis of three major CV outcome trials of SGLT2 inhibitors showed 
a 14% reduction in the composite endpoint of MI, stroke and cardiovascular death 
(HR 0.86 [95% CI 0.90–0.93]) [45].

13.4.4.4  Invasive Management
There is a large evidence base comparing coronary artery bypass grafting (CABG) 
and percutaneous coronary intervention (PCI) in T2DM patients. In those with sta-
ble CAD, CABG compared to PCI is associated with lower rates of MI and repeat 
revascularisation months post-procedure [47]. Furthermore, in the FREEDOM fol-
low- on study with a median follow-up of 7.5 years, the PCI drug-eluting stent group 
had a higher rate of all-cause mortality compared to the CABG group (HR 1.36 
[95% CI 1.07–1.74], p = 0.01) [48].
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In the setting of ST-segment elevation MI (STEMI), guidelines clearly recom-
mend primary PCI as the revascularisation strategy of choice in all patients [47]. 
However, in patients with non-STEMI, controversy exists in which treatment is 
optimal in T2DM patients with multi-vessel disease (MVD). Current evidence sug-
gests that CABG is superior to PCI in reducing long-term major adverse cardiac 
outcomes and all-cause mortality [49].

13.5  Cardiomyopathy in Hypertensive Diabetic Patients

Heart failure is a well-documented complication of T2DM and hypertension. When 
the latter conditions occur simultaneously, the resultant cardiomyopathy often 
occurs earlier and is a severe phenotype [1]. With hypertension, both systolic and 
diastolic BP are associated with an increased risk of HF. In fact, there is a linear 
relationship between systolic BP and risk of HF in the elderly [4]. In T2DM, HF is 
the most common CV complication and occurs four times more frequently than in 
the general population [50]. Furthermore, sex differences were observed in the 
Framingham study, with the risk of HF in T2DM increasing by more than twofold 
in men and fivefold in women [51].

13.5.1  Pathophysiology

Diabetic cardiomyopathy refers to the development of HF in the absence of isch-
aemic CAD [50]. The systemic effects of T2DM influence metabolic pathways 
within the myocardium and extracellular matrix (ECM) resulting in the 
cardiomyopathy.

Myocardial stiffening in T2DM is caused by increased intracellular calcium 
[52]. This results from decreased activity of the calcium pump on the sarcoplasmic 
reticulum due to reductions in glucose uptake, glucose transporter type-4 (GLUT-4) 
expression on the plasma membrane and eNOS activity in the endothelium [52]. 
Cardiomyocyte hypertrophy due to activation of the insulin-like growth factor-1 
receptor is caused by hyperinsulinaemia [52]. Furthermore, intracellular and extra-
cellular fibrosis as a result collagen and fibrin deposition are classic pathological 
findings [53]. Fibrosis in T2DM is driven by activation of the RAAS and sympa-
thetic nervous systems, increase in advanced glycated end products, hyperinsulinae-
mia and altered degradation of the ECM [53].

Adenosine monophosphate-activated protein kinase (AMPK) is a ubiquitously 
expressed enzyme that acts as a master energy sensor [54]. In energy-depleted 
states, it is activated by AMP. In T2DM, in the presence of hyperglycaemia, lipid 
and amino acid accumulation, insulin resistance and inflammation, AMPK is inhib-
ited resulting in reduced glucose utilisation within cardiomyocytes and a switch to 
free fatty acids as the primary energy source. This causes impaired oxidative phos-
phorylation and an increase in the production of ROS by the mitochondria [54].
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In the cardiomyopathy associated with hypertensive diabetic subjects, the major 
pathological findings are myocardial fibrosis and hypertrophy. Fibrosis develops in 
response to the constant stress imposed on the myocardium by persistent hyperten-
sion [55]. It is initiated by the activation and transformation of cardiac fibroblasts to 
myofibroblasts increasing the deposition of proteins, fibrin and collagen and dis-
rupting ECM turnover. Furthermore, hypertension also enhances inflammation fur-
ther promoting ECM fibrosis [55].

LV remodelling is another key finding of hypertensive heart disease. Increased 
LV wall stress causes elevated cavity pressure and radius resulting in increased 
myocardial oxygen demand and impaired myocardial shortening; subsequently a 
compensatory hypertrophy develops. The increase in myocardial workload causes 
increased myocardial blood flow; however maximum flow is reduced [56]. This 
reduction in hyperaemic response is driven by external compression by fibrosis and 
coronary microvascular dysfunction. Impairment in coronary blood flow ultimately 
results in microvascular ischaemia further propagating cardiac fibrosis and dysfunc-
tion [56].

13.5.2  Clinical Features

The American College of Cardiology and American Heart Association define HF as 
a disease that progresses depending on clinical signs and evidence of structural 
heart disease (Table 13.2) [57]. Although it is a continuum, the number of people 
within each stage decreases as the severity increases. In fact, the prevalence of stage 
B HF is four times that of stage C and D [58]. Thus, risk factor management is key 
in preventing disease progression.

HF can present with a vast array of clinical signs and symptoms. Its diagnosis 
can be challenging particularly given that patients can present with non-specific 
symptoms [59]. Shortness of breath is the most sensitive symptom of HF; however, 
orthopnoea is more specific (Table 13.3). Physical examination findings can range 
from tachycardia to fluid overload, evidenced as elevated jugular venous pressure or 
crepitations on respiratory examination [59].

Table 13.2 The American College of Cardiology/American Heart Association stages of heart 
failure definitions. Adapted from Yancy et al. (2013). JACC; 62(16): e147–239 [57]

Stage Definition
A CVD risk factors for the development of HF

No symptoms or clinical signs of HF
No evidence of structural heart disease

B Presence of structural heart disease (e.g. LV systolic impairment, diastolic dysfunction)
No symptoms or clinical signs of HF

C Present or prior symptoms or signs of HF
Evidence of structural heart disease

D End-stage HF with refractory symptoms and signs despite maximal tolerate medical 
therapy
Require specialised treatment
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Table 13.3 Sensitivity and specificity of clinical signs and symptoms of HF. Reproduced from 
Watson et al. (2000). BMJ;320:236–239 [59]

Clinical feature Sensitivity (%) Specificity (%)
History
Shortness of breath 66 52
Orthopnoea 21 81
PND 33 76
Oedema 23 80
Examination
Tachycardia 7 99
Crepitations 13 91
Oedema 10 93
S3 heart sound 31 95
Elevated JVP 10 97

JVP Jugular venous pressure, PND Paroxysmal nocturnal dyspnoea

13.5.3  Imaging Findings

Echocardiography is the gold-standard imaging modality in diagnosing HF.  The 
primary goal is to assess LV function, which is dependent on both contractility of 
the myocardium and loading conditions which can be altered in T2DM, but particu-
larly in hypertension.

Clinically, stage B HF is hallmarked by subclinical LV dysfunction in the absence 
of HF symptoms. In hypertensive diabetic cardiomyopathy, changes in geometry 
and diastolic function are early manifestations of LV dysfunction. LVH can be iden-
tified on two-dimensional echocardiography and it is usually concentric [1]. It is 
indexed to body surface area (BSA); however BSA can underestimate LVH in obese 
patients [60]. Thus, other methods used for indexation are height1.7 or height2.7 [60]. 
Three-dimensional (3D) echocardiography has optimised the assessment of LV vol-
ume and mass.

A structural sign of diastolic dysfunction (DD) is left atrial (LA) enlargement 
measured as volume indexed to BSA [60]. Diastolic function is also evaluated with 
Doppler imaging which assesses movement based on frequency shifts in the ultra-
sound signal; therefore, it can study blood flow through structures of the heart. 
Transmitral Doppler flow is seen as an E- and A-wave, representing early passive 
and active LV filling by atrial contraction, respectively (Fig. 13.8). Early features of 
impaired relaxation are a reduced E-wave and elevated A-wave [60]. Tissue Doppler 
imaging (TDI) is a technique that quantifies velocity of blood through myocardial 
tissue and effectively measures motion through the cardiac cycle. Two key measure-
ments of velocity at the mitral valve annulus are e’ (early diastolic) and a’ (atrial 
contraction) (Fig. 13.9) [61]. The E/e’ ratio is derived and is a measure of LV filling 
pressure. Elevated LV filling pressure is suggested when E/e’ is greater than 14 [61].

Pulmonary vein (PV) flow is another modality used in the assessment of dia-
stolic function [60]. Normal PV flow has two positive deflections, the S- and 
D-components representing atrial relaxation and flow into the LA during LV 
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a b

Fig. 13.8 Transmitral flow with normal (a) and impaired relaxation (b)

a b

Fig. 13.9 Tissue Doppler imaging at the medial mitral valve annulus lateral showing normal veloc-
ity (a) and reduced velocity (b) through the cardiac cycle

diastole, respectively (Fig. 13.10). A negative deflection (A reversal) represents 
blood flow into the PV during atrial contraction. With rising LA pressure, the 
amplitude of the S-component is reduced and the D-component and duration of A 
are both increased [60].
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Fig. 13.10 Pulmonary vein flow hallmarked by the S-component (atrial relaxation), D-component 
(flow into the left atrium) and A (reversal of flow into the pulmonary vein due to atrial 
contraction)

LV systolic function can be measured in multiple ways. Ejection fraction (EF) is 
the most commonly used approach; however it lacks reproducibility, is insensitive 
to minor changes in LV function and has geometric assumptions [62]. Its measure-
ment can be improved with 3D echocardiography, but its limitations are not com-
pletely resolved. Speckle tracking echocardiography (STE) assesses myocardial 
deformation and LV strain. It is a dimensionless index that measures change in 
length between two points; thus, a negative number is derived due to myocardial 
shortening during systole (Fig. 13.11). Global longitudinal strain (GLS) is a repro-
ducible, sensitive and reliable measure of LV function. Compared to EF, GLS can 
detect early impairment of systolic function particularly in stage B HF [62].

The two primary manifestations of overt HF are defined by EF: either reduced 
(HFrEF) or preserved (HFpEF) [63]. HFpEF is defined as a normal EF coupled with 
diastolic impairment. However, implying normal systolic function can be mislead-
ing as GLS can be reduced despite a diagnosis of HFpEF [61].

Cardiac MRI is another imaging modality that can be used in the diagnosis of 
hypertensive diabetic cardiomyopathy [61]. It has greater temporal and spatial reso-
lution than echocardiography. Therefore, it is more accurate in the measurement of 
chamber size, LV mass, volume and ejection fraction. Tissue characterisation can be 
assessed with the use of T1- and T2-weighted imaging [61]. Administration of gad-
olinium contrast can be used to evaluate myocardial scarring patterns to differenti-
ate the cause of the cardiomyopathy. Furthermore, adenosine stress perfusion 
cardiac MRI is useful in the assessment of microvascular disease in diabetic cardio-
myopathy. Coronary flow reserve is reduced in this cohort and is related to increased 
major adverse cardiovascular outcomes [64].
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a

b

Fig. 13.11 Reduced global longitudinal strain (a) despite normal left ventricular ejection fraction 
(EF) (b) in an asymptomatic patient with type 2 diabetes mellitus and hypertension

13.5.4  Treatment

Many of the pillars of lifestyle and risk factor management discussed above hold 
true for the management of a hypertensive diabetic cardiomyopathy [1]. However, 
particular importance is directed towards a low-sodium diet and weight loss in this 
group of patients.
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13.5.4.1  Blood Pressure Management
Control of BP is important in managing LVH. Studies have shown that adequately 
controlled BP with the use of an ACEi/ARB or diuretic therapy can cause LV mass 
regression [65]. Furthermore, in the TOMHS study BP reduction with combination 
antihypertensive therapy coupled with weight loss showed LV mass regression at 4 
years [66].

13.5.4.2  Diabetes Management
In observational studies metformin has shown mortality benefits in diabetic HF 
patients and particularly in the HFpEF group [67]. In a study on progression of 
echocardiographic parameters over time, metformin had no effect on GLS, but dete-
rioration in E/e’ and e’ was avoided in the metformin group [68].

The SGLT2 inhibitors have shown benefit in HF in several randomised controlled 
trials. In a meta-analysis of the three seminal SGLT2 inhibitor CV outcome trials, in 
patients with atherosclerotic CVD, hospitalisation for HF and CV death was reduced 
by 24% (HR 0.76 [95% CI 0.69–0.84]) [45]. Furthermore, in the DAPA-HF trial, in 
patients with symptomatic HF with an LVEF <40%, dapagliflozin 10mg daily was 
shown to reduce the primary endpoint of hospitalisation from HF and CV death by 
26% (HR 0.74 [95% CI 0.65–0.85], p < 0.001) [69].

The use of GLP-1 RA in HF has been studied in three small randomised con-
trolled trials, all with patients with reduced ejection fraction. Results were neutral 
on HF outcomes [70]. However, these studies did show that GLP-1 RA is safe to use 
in HF patients. There is no study to date on the effects of GLP-1 RA in HFpEF.

13.5.4.3  Heart Failure Management
Management of stage B HF centralises around risk factor management; however, 
ACEi/ARB is recommended in those with reduced EF [57]. In established HFrEF, 
medications with a class I-A recommendation should be initiated to reduce morbid-
ity and mortality outcomes [63]. These are added sequentially and up-titrated to the 
maximal tolerated doses. Traditionally these include ACEi/ARB, cardio-selective 
beta blocker and aldosterone receptor agonists. Newer therapies such as sinoatrial 
node modulators (ivabradine) and angiotensin receptor-neprilysin inhibitors (ARNI) 
are also suggested but carry a recommendation level of IIa-B and I-B, respectively 
[63]. In HFpEF treatment options are limited; however symptom control with 
diuretic therapy and management of risk factors is advised [57].

13.6  Conclusions

Hypertension and T2DM are strong risk factors for heart disease. This is driven by 
several deranged mechanical, inflammatory and metabolic processes that alter the 
normal functioning of the myocardium and coronary arteries. When hypertension 
and T2DM co-exist, the development of heart disease is accelerated and more 
severe. Therefore, emphasis on early diagnosis and risk factor management is 
important in preventing the development of cardiac complications.
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14Cerebrovascular Structural Alterations/
Dysautonomic Disorders in Diabetes 
Mellitus

Damiano Rizzoni and Paolo Desenzani

14.1  Introduction

Diabetes mellitus has long been known to be able to determinate consequences on 
the structure and function of the brain. Since the early twentieth century, it has been 
observed that diabetic patients frequently complained of poor memory and attention 
[1]. In 1922, Miles and Root [2] showed that people with diabetes performed poorly 
on cognitive tasks, namely, those involving memory and attention. The term “dia-
betic encephalopathy” was proposed in the 1950s to describe central nervous 
system- related complications of diabetes [3]. Other terms like “functional cerebral 
impairment” and “central neuropathy” have also been proposed to describe diabetes- 
related cognitive impairment, and the term “diabetes-associated cognitive decline” 
was proposed to describe diabetes-related mild to moderate reductions in cognitive 
functions [4].

Since the prevalence of diabetes mellitus is growing rapidly throughout the 
world, diabetes-related cognitive dysfunction could have challenging future public 
health implications [5]. In this chapter we will cover available data concerning how 
diabetes affects the central nervous system, in particular brain function and struc-
ture. In addition, we will also address pathophysiologic characteristics of diabetic 
autonomic disorders.
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14.2  Cerebrovascular Structural Alterations

14.2.1  Atherosclerosis and Stroke

Atherosclerotic disease often involves the intracranial and extracranial arteries [6]. 
Age, hypertension, and diabetes mellitus are independent risk factors for intracra-
nial as well as extracranial atherosclerosis [6], which can result in thromboembo-
lism with or without hypoperfusion leading to transient or permanent cerebral 
ischemic events [7], thus possibly having functional consequences, including cogni-
tive decline, vascular dementia, and even depression [6, 8].

Diabetes is also a well-established independent risk factor for stroke. In the 
INTERSTROKE study, a 22-nation case-control study, the presence of diabetes 
increased the risk of stroke by 36% [9]. In the Framingham Study, diabetic males 
who were in their fifth and sixth decades of life had a fourfold increase in the inci-
dence of stroke, while females in the sixth decade had a fourfold increase and in the 
seventh decade a threefold increase [9]. In a large biracial population from the 
Cincinnati/Northern Kentucky area of the Unites States, there was a five- to 14-fold 
increased risk of stroke in diabetic subjects who were between the ages of 20 and 
65 years [9]. A prospective Japanese study showed that for both male and female 
diabetic subjects, there was two- to fourfold higher rate of all types of ischemic 
stroke without an association with intraparenchymal or subarachnoid hemorrhage 
[9]. In type 1 diabetes mellitus (T1DM), the increase in the incidence of stroke is 
even greater than in the type 2 diabetes mellitus (T2DM). In the prospective Nurses’ 
Study, those with T2DM had a 2.3-fold increase in the incidence of stroke, whereas 
those with T1DM had a 6.3-fold increase when compared with nondiabetic indi-
viduals [9]. Unlike T2DM, T1DM was associated with a 3.8-fold increased risk of 
hemorrhagic stroke. The major source of extracranial embolism causing an isch-
emic stroke in the diabetic patient is the extracranial portion of the internal carotid 
artery. Furthermore, diffuse atherosclerotic disease (multiple atherosclerotic lesions 
in the coronary, carotid, and iliofemoral arteries) is more prevalent in those subjects 
with T2DM who have a stroke, especially when atherosclerosis is accompanied by 
hypertension [9].

14.2.2  Imaging Studies on Diabetes and Brain Structure

Type 1 diabetes Structural magnetic resonance imaging (MRI) techniques are com-
monly used to examine the possible consequences of diabetes on the brain structure, 
in particular on total and regional brain volumes [5]. Structural MRI studies have 
shown lower gray and white volumes in subject with T1DM compared to nondia-
betic controls [5]. Diffusion tensor imaging (DTI) can identify white matter micro-
structural deficits by measuring the directionally restrained diffusion of water 
(anisotropy) within fiber tracts [5]. When fiber bundles are damaged, a reduction in 
fractional anisotropy (due to the loss of restriction of water movement) is to be 
expected. Kodl et  al. [10] reported white matter microstructural deficits in the 
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posterior corona radiata and the optic radiation in a DTI study in subjects who had 
diabetes for at least 15 years [9]; these changes correlated with lower performance 
in cognitive tests, probably as a consequence of an impairment of white matter func-
tion [5].

In vivo brain magnetic resonance spectroscopy may be used to noninvasively 
quantify concentration of various metabolites, and lower N-acetylaspartate (proba-
bly a marker of neuronal dysfunction) and glutamate concentration in gray matter- 
rich occipital lobe of patients with T1DM was observed [11].

Type 2 diabetes People with T2DM have also been shown to have brain atrophy 
[12] including lower total and regional white and gray matter volumes, as compared 
to nondiabetic controls [5]. Moran et al. [13] showed that subjects with T2DM had 
lower total gray, white, and hippocampal volumes; in the medial temporal, anterior 
cingulate, and medial frontal lobes, a loss of gray matter was clearly observed, 
while white matter loss was found mainly in the frontal and temporal regions [5, 
13]. In this study it was also observed that brain volume loss was associated with 
poor performance in cognitive testing [13]. Other studies have suggested that atro-
phy may be particularly pronounced in the hippocampal region [14]. In people with 
long-standing, less strictly controlled type 2 diabetes, white matter hyperintensity 
volumes were associated with decreased processing speed [15]. This suggests that 
cerebral small vessel disease may be a mechanism underlying cognitive dysfunction 
in these individuals [15].

In a systematic review of DTI studies, the presence of brain microstructural 
abnormalities in T2DM was confirmed [16]. Twenty-nine studies have demon-
strated widespread brain microstructural impairment and topological network disor-
ganization in patients with T2DM; microstructural abnormalities were correlated 
with pathological derangements in the endocrine profile as well as deficits in cogni-
tive performance in the domains of memory, information-processing speed, execu-
tive function, and attention [16]. Therefore, microvascular alterations and 
dysfunction may play a major role in the development of brain damage in diabetes 
mellitus and cardiometabolic disease [17, 18]. Also in T2DM altered brain metabo-
lites were detected, to be possibly regarded as noninvasive biomarkers for diabetes- 
induced brain metabolic changes during progression of the disease [19].

14.3  Cognitive Function

14.3.1  Type 1 Diabetes

A meta-analysis by Brands et al. [20] examined the nature and extent of cognitive 
impairment in T1DM. Thirty-three studies were included; participants were mostly 
less than 50 years of age. Compared to nondiabetic controls, patients with T1DM 
had mild to moderate declines in multiple domains, including intelligence, speed of 
information processing, psychomotor efficiency, attention, cognitive flexibility, and 
visual perception [5, 20]. This lower cognitive performance appeared to be associ-
ated with the presence of microvascular complications but not with the occurrence 
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of severe hypoglycemic episodes or with poor metabolic control [5, 20]. Also the 
pediatric setting was explored in this regard; in fact, Gaudieri et al. [21] preformed 
a meta-analysis including data from 19 studies in children with T1DM. A decre-
ment in a broad range of domains was found; however the magnitude of decrement 
was greater in children with an early diagnosis of diabetes (less than 7 years of age) 
[5, 21]. Therefore, early age of onset may be an important variable of cognitive 
dysfunction in children with T1DM [5]. In the Diabetes Control and Complications 
Trial (DCCT) and its follow-up Epidemiology of Diabetes Interventions and 
Complications (EDIC) study, it was demonstrated that T1DM patients with worse 
metabolic control (glycated hemoglobin values >8.8%) showed moderate declines 
in motor speed and psychomotor efficiency, but this was not the case for those with 
better control (glycated hemoglobin <7.4%) [22]. Frequency of severe hypoglyce-
mia was not associated with decline in any cognitive domain in this population [5]. 
Similar results were seen in the Stockholm Diabetes Intervention Study (SDIS), 
where at 10-year follow-up cognitive function was similar in both treatment groups 
and was not related to the number of severe hypoglycemic episodes [23].

In summary, T1DM seems to be associated with mild to modest decrements in 
cognitive function. Domains of psychomotor speed, mental flexibility, attention, 
and general intelligence are most commonly affected [5].

14.3.2  Type 2 Diabetes

Longitudinal and cross-sectional studies have consistently demonstrated an associa-
tion between T2DM and mild to moderate cognitive dysfunction, but less is known 
about the strength of association between T2DM and dementia [5].

Dementia due to both Alzheimer’s disease and vascular disease has also been 
linked to T2DM in longitudinal studies. In the ARIC (Atherosclerosis Risk in 
Communities) study cohort, Rawkings and colleagues [24] observed that diabetes in 
midlife was associated with a 19% greater cognitive decline over 20 years. Cognitive 
decline was noted primarily in the domains of processing speed and executive func-
tion and was associated with duration of diabetes [5, 24]. In the Rotterdam Study, a 
prospective population-based cohort study of more than 6000 elderly subjects, 
T2DM almost doubled the risk of dementia [25].

Investigators have also performed systematic reviews and meta-analyses to address 
in more details the problem of the possible association between T2DM and dementia. 
Biessels et al. [1] reported that risk of dementia was increased by 50–100% in people 
with T2DM relative to people without diabetes. Processing speed, attention, memory, 
and cognitive flexibility were the most commonly effected domains in subjects with 
T2DM [26]. Palta et al. [27] in a meta-analyses of data from 24 studies found small to 
moderate reductions in the domains of motor function executive function, processing 
speed verbal memory, and visual memory in people with T2DM.

T2DM or insulin resistance frequently co-occurs with bipolar disorders and is 
associated with negative psychiatric clinical outcomes and compromised brain 
health [8, 28].
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There are several pathophysiological mechanisms through which diabetes could 
influence the onset and progress of the various pathologies associated with demen-
tia. Some of these are common to Alzheimer’s and vascular dementia, as well as the 
aging process. In some people with diabetes, vascular damage may be predominant 
leading to the development of a form of dementia that can be clinically classified as 
“pure vascular dementia”; in other patients, on the other hand, the mechanisms 
associated with the formation of beta amyloid plaques predominate, which will lead 
to the development of a clinical picture that can be classified as “pure Alzheimer’s”. 
The majority of patients, on the other hand, present an intermediate clinical picture 
between these two forms of dementia that can be classified as “mixed.”

In synthesis, both T1DM and T2DM have been associated with reduced perfor-
mance on multiple domains of cognitive function and with evidence of abnormal 
structure and function of the brain [5, 29]. There are significant differences in the 
underlying pathophysiology of cognitive impairment between T1DM and 
T2DM. T1DM is usually diagnosed at an early age and may have effects on brain 
development [30]. Chronic hyperglycemia and microvascular complications [17, 
18] are important risk factors common to both T1DM and T2DM. T2DM is usually 
diagnosed at an older age and is commonly associated with obesity, insulin resis-
tance, hypertension, and dyslipidemia, all of which can have negative impact on the 
brain [18].

The pathophysiology underlying the cognitive decline and brain structural 
changes in subjects with diabetes is poorly understood [5]. Poor glycemic control, 
microvascular disease [31, 32], oxidative stress, genetic predisposition, insulin 
resistance, and amyloid disposition have been proposed as possible contributors [5, 
33]. Also blood-brain barrier injuries [34, 35] and changes in brain metabolism [36] 
have been advocated as contributors to the development of brain functional and 
structural damage and cognitive alterations. Another pathogenetic factor that could 
be involved in determining the presence of cognitive deficits in diabetes mellitus is 
the hyperglycemia-related production of advanced glycosylation terminal products, 
which may induce vascular and endothelial damage, inflammatory reactions, and 
deposition of amyloid. The detrimental effects of cerebral microvascular dysfunc-
tion in this regard are described in Fig. 14.1 [8].

Cognitive damage may also result from recurrent strokes or transient ischemic 
attacks that are, as previously mentioned, more frequent and with worse outcomes 
in the diabetic population [37]. Large longitudinal studies, especially in older peo-
ple with diabetes, are however needed to better understand the impact, progression, 
and risk factors that drive the development of diabetes-related cognitive dysfunc-
tions [5].

14.3.3  Depression

Observational studies strongly suggest that depression is more prevalent among 
adults with diabetes than among the general population. Patients with both T1DM 
and T2DM have a risk of developing a depressive disorder that is more than twice 
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Fig. 14.1 Detrimental effects of cerebral microvascular dysfunction. (a) Type 2 diabetes-related 
microvascular dysfunction is related to increased oxidative stress, inflammatory and immune 
responses, and increased blood-brain barrier permeability, resulting in leakage of proteins and 
other plasma constituents into the perivascular space. (b) Microvascular dysfunction might lead to 
perfusion defects, hypoxia, and increased angiogenesis. Angiogenesis is associated with formation 
of capillaries that are leaky and poorly perfused and have reduced pericyte support. (c) 
Microvascular dysfunction might contribute to impaired neurovascular coupling, leading to com-
promised neuronal function. Neurovascular coupling is the mechanism that links transient local 
neural activity to the subsequent increase in blood flow. (d) Microvascular dysfunction might 
impair cerebral autoregulation, leading to greater vulnerability of brain tissue to the harmful effects 
of blood pressure changes. With impaired autoregulation, the normal autoregulation curve that 
shows the relation between cerebral blood flow and mean blood pressure (black curve) might 
become more linear and steeper, with perfusion becoming pressure dependent (red curve). From 
Ref. [8]

that that of the healthy control population [38]. About 20–30% of diabetic patients 
experience depression; individuals withT2DMs have a doubled risk for depression, 
and individuals with depression have a one to five times increased risk of presenting 
a T2DM [38]. The reasons for these high prevalence rates of depression in diabetic 
patients are not yet fully understood. The two dominant hypotheses are the follow-
ing: depression may result from biochemical changes directly due to the illness or 
its treatment, or it may be explained by psychosocial demands or psychological 
factors related to the illness or its treatment [38]. This may contribute to explain the 
higher recurrence and longer duration of major depressive disorders and related 
symptoms. The link between diabetes and depression might also include shared risk 
factors (obesity, physical inactivity, or psychosocial stress related to any chronic 
disorder) and shared underlying mechanisms (inflammation, alterations in 
hypothalamic- pituitary-adrenal axis, vascular damage) [38]. The vascular depres-
sion hypothesis proposes that vascular damage in frontal and subcortical brain 
regions, which are involved in mood regulation, might lead to depression at least in 
some individuals [38]. Major depressive disorders in diabetic individuals represent, 
therefore, a multifaceted phenomenon, resulting from interactions between various 
biologic and psychosocial factors [38].

14.4  Dysautonomic Disorders

14.4.1  Definition

Diabetes mellitus represents the main cause of neuropathy [39, 40]. Being one of 
the major diabetic complications [41], it plays a relevant role in morbidity and mor-
tality in diabetic patients. Diabetic neuropathy may be defined as “the presence of 
symptoms and/or signs of peripheral nerve dysfunction in people with diabetes after 
the exclusion of other causes” [42]. Sensory, motor, or autonomic nerves can be 
involved, even at the same time [40]. Generalized symmetric polyneuropathies and 
focal/multifocal neuropathies may be present [40, 43]; diabetic autonomic 
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neuropathy (DAN) belongs to the first group. DAN was wrongly considered for a 
long time as a rare condition, while it should be regarded as a serious and often 
underestimated complication of diabetes, potentially affecting any part of the auto-
nomic nervous system [40], and possibly leading to a significant increase in morbid-
ity and mortality [40].

Early stages of DAN may be even asymptomatic, especially in young T1DM 
patients, and may represent, therefore, a diagnostic and therapeutic challenge. 
Subclinical DAN can occur within a year of diagnosis in T2DM and within 2 years 
in T1DM, while clinical symptoms may appear even after years [40].

14.4.2  Cardiovascular Autonomic Neuropathy

Cardiovascular autonomic neuropathy (the impairment of autonomic control of the 
cardiovascular system) [43] is the most common manifestation of DAN and may be 
associated with severe and even life-threatening complications (arrhythmias, silent 
myocardial ischemia, and sudden death) [40].

Cardiovascular autonomic neuropathy may be detected in the first years after 
diabetes onset mainly by means of cardiovascular reflex tests [44] supported recently 
by newer procedures [40].

Clinical indicators of cardiovascular autonomic neuropathy are reduced heart 
rate variability during deep breath, a prolongation of QT interval, temporally fol-
lowed by resting tachycardia, an impaired exercise tolerance, and a decreased baro-
reflex sensitivity with consequent abnormal blood pressure regulation and orthostatic 
hypotension [40, 45].

Cardiovascular autonomic neuropathy prevalence tends progressively to increase; 
however, diabetes duration is not a good predictor of its severity [46]. Initially, there 
is a relative increase of the sympathetic tone, since diabetic neuropathy firstly 
impairs longest fibers as those of the parasympathetic system (e.g., vagal fibers) 
[40]; the following stage is represented by sympathetic denervation [45].

14.4.3  Other Clinical Manifestations of DAN

DAN may affect the central control of breathing and the sympathetic bronchial 
innervation. Peripheral and central chemosensitivity to hypoxia may be altered, as 
well as the bronchomotor tone in the lung [40]. Sleep apnea syndrome is highly 
prevalent in diabetic patient [47], with consequent decrease in quality of life and to 
an increased risk of sudden death [48].

Also the enteric nervous system may be affected, with loss in inhibitory and 
increase in excitatory enteric neurons, and, therefore, gastrointestinal symptoms 
may appear, such as gastroparesis, esophageal dysmotility, constipation, diarrhea, 
fecal incontinence, or gallbladder atony [40, 49]. Gastroparesis correlates weakly 
with upper gastrointestinal autonomic symptoms (nausea, vomiting, early satiety, 
postprandial fullness, bloating, and abdominal pain) which are common in T1DM 
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and T2DM patients [40]. However, alterations in gastric motility may have an 
impact in acute glycemic control by delaying glucose absorption [50].

Sacral parasympathetic fibers may be damaged even in early stages of diabetes; 
thus genitourinary dysfunction may occur (impaired bladder sensation with increase 
in urine retention to dysuria, nicturia, incomplete bladder emptying, and urgency up 
to overflow incontinence due to the progressive involvement of motor sympathetic 
and somatic nerves) [40, 43]. Bladder dysfunction may predispose to recurrent uri-
nary tract infections. Also the sexual sphere may be affected: diabetic autonomic 
neuropathy together with other concomitant conditions including vascular altera-
tions, connective tissue damage, and psychological, endocrine, nutritional, and 
pharmacological factors may cause erectile dysfunction, retrograde ejaculation, and 
decreased sexual desire in female, dyspareunia, or inadequate lubrication [40].

DAN may have consequence on the eye: sympathetic predominance in pupil 
control decreases its diameter at rest [51]. A preserved pupil miotic reaction to 
accommodation convergence without the miotic reaction to light is named “Argyll 
Robertson pupil,” which is a clinical sign shared with neurosyphilis (40). Sudomotor 
function may be also affected: sweat gland denervation may result in skin dryness, 
which is a risk factor for the development of foot ulcerations [40, 52].

The prevalence of DAN is highly dependent on the criteria used to define auto-
nomic dysfunction (type of tests performed, application of age-related normative 
values, presence or absence of clinical signs and symptoms, different patient cohorts 
studied) [40]. A meta-analysis of adult patients including 15 studies from 1966 to 
2001 reported prevalence rates of cardiovascular autonomic neuropathy ranging 
from 1 to 90% [40, 53]. Similarly, Dimitropoulos reported prevalences between 1 
and 90% in patients with T1DM and 20–70% in patients with T2DM [54]. In a 
community-based population study, the prevalence of autonomic neuropathy, as 
defined by the presence of one or more abnormal heart rate variability test, was 
around 17% [40, 55].

Using other definitions, Ziegler et  al. reported prevalences of cardiovascular 
autonomic neuropathy in T1DM and T2DM patients of 25.3 and 34.3%, respec-
tively [40, 56]. Finally, using more conservative criteria (alterations of at least three 
of six autonomic function tests), the prevalence of cardiovascular autonomic neu-
ropathy was 16.8% in T1DM and 22.1% in T2DM [40, 53].

Dealing with the time of onset of DAN, it should be remarked that cardiovascular 
autonomic neuropathy may be detected in about 7% of both T1DM and T2DM at 
the time of diagnosis [40], and the yearly increase in its prevalence has been reported 
to be around 6% in T2DM and 2% in T1DM [40]. The incidence of the single symp-
toms related to DAN is highly variable, and indicative values are the following: 
delayed esophageal transit, 50%; gastroparesis, 40%; disordered small and large 
intestinal motility with diarrhea, 20% or constipation, 25% [40, 53]; erectile dys-
function, 35–90%; and retrograde ejaculation, 32% [40, 53]; bladder dysfunction 
may be present in 43–85% of patients with T1DM and in 25% of T2DM [40, 53].

Glycemic control and longer diabetes duration may be among the predictors of 
autonomic test abnormalities in young people [51]; however, only few studies have 
addressed the possible associations between DAN and other microvascular 
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complications, although some association with retinopathy and nephropathy seems 
to be present [51].

14.4.4  Pathogenesis

The genesis of DAN is probably multifactorial (Fig. 14.2). A key role is played by 
hyperglycemia, oxidative stress, and insulin resistance [40, 57]. In addition, the role 
of inflammation in the pathogenesis of DAN has increasingly been highlighted 
(Fig. 14.2) [40]. With reference to T1DM, the possible role of autoimmunity has 
also been postulated. Autoantibodies against sympathetic ganglia vagus nerve and 
adrenal medulla were found in T1DM patients [58]. Also nerve growth factors may 
be involved in the pathogenesis of DAN: insulin-like growth factor-1 and neuro-
trophin- 3 have been demonstrated, in an animal model, to be able to reverse diabetic 
neuropathy [59]. The role of hyperglycemia in the pathogenesis of diabetic auto-
nomic neuropathy as the cause of inflammation and oxidative stress is described in 
Fig. 14.2 [40].

C-peptide
deficiency

Dyslipidemia
Insulin

signaling

Genetics

Polyols

PKC

IL-6  TNFα
TLR-2  TNR-4

NF-κB
PARP

Hexosamine

RONSRONS

AGE-RAGE

Puberty

Hyper
glycemia

Inflammation
Oxidative

stress

Fig. 14.2 Pathogenesis of 
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14.4.5  Prevention and Treatment

Intensive glycemic control seems to be the most effective way to prevent or delay 
the onset and slow the progression of autonomic dysfunction in patients with T1DM 
[40, 53, 54]. Once DAN becomes clinically evident, there is no specific treatment 
which was proved to be able to stop or reverse it. The most recent studies confirmed 
the efficacy of intensive insulin therapy in slowing the progression of both diabetic 
peripheral neuropathy [60] and DAN [61].

14.5  Conclusions

According to existing scientific evidence, both T1DM and T2DM are associated 
with mild to modest decrements in cognitive function [5]. Domains of psychomotor 
speed, mental flexibility, attention, and general intelligence are those most fre-
quently affected [5]. Hypoglycemia is not usually risk factor for cognitive decline; 
however, this may not be true for children with young age at onset of diabetes [5]. 
Relevant risk factors for the development of cognitive decline are an early age of 
onset and the presence of microvascular complications. Since age and duration of 
diabetes are important contributors to the changes in cognitive function, we need 
longitudinal studies looking at cognitive function, especially in elderly subject with 
T1DM. In addition, more information is needed in order to better understand the 
clinical implications of these mild-moderate decrements in cognitive function, also 
in terms of impact on daily lives and habits. In addition, the underlying mechanism 
and the risk factors that may lead to the development of more severe cognitive dys-
function like dementia in some, but not all diabetic patients are not clear [5].

DAN represents a particular aspect of diabetic neuropathy, which may lead 
impairment of several organs, including the heart, both in T1DM and in T2DM 
patients. The pathogenesis of DAN is not entirely clear, but metabolic, genetic, and 
hormonal factors may be involved; however, the final pathway probably involves 
oxidative stress and inflammation caused by hyperglycemia [40]. Since no therapy 
was demonstrated to effectively reverse DAN, prevention with close glycemic con-
trol, multifactorial intervention, and lifestyle modification remain crucial [40].
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15Diabetic Nephropathy in Type 1 
Diabetes Mellitus

Peter Rossing

15.1  Epidemiology

The overall prevalence of microalbuminuria and macroalbuminuria is around 
30–35%. The cumulative incidence of persistent proteinuria in patients whose type 
1 diabetes was diagnosed before 1942 was about 40–50% after diabetes of 25 to 
30 years’ duration, but it declined to 15–30% in patients receiving a diagnosis of 
type 1 diabetes after 1953 [1]. The reason for the declining cumulative incidence of 
proteinuria in type 1 diabetic patients is unknown, but improved diabetes care and 
control, in addition to a decline in the prevalence of smoking and a general decline 
in nondiabetic glomerulopathies, have been suggested as factors.

Diabetic nephropathy rarely develops in patients with type 1 diabetes before 
10 years after diagnosis, whereas approximately 3% of patients with newly diag-
nosed type 2 diabetes already have overt nephropathy. The incidence peak (3% per 
year) is usually found in those who have had diabetes for 10–20 years, thereafter a 
progressive decline in incidence takes place. Thus, the risk of developing diabetic 
nephropathy is reduced for a normoalbuminuric patient who has had diabetes for 
longer than 30 years is reduced [2].

Studies have demonstrated impaired renal function (CKD stage 3: estimated 
GFR <60 mL/min/1.73 m2) in many patients with normoalbuminuria [3, 4]. It is 
being discussed if this is due to aging, rather than kidney disease, or if it is due to 
treatment-induced remission of albuminuria in patients with diabetic nephropathy, 
or even a non-albuminuric phenotype of diabetic nephropathy. In a 19-year follow-
 up of the Diabetes Control and Complications Study in type 1 diabetic patients, 
24% of patients developing eGFR below 60  mL/min/1.73  m2 had 
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normoalbuminuria on all prior measurements [5]. In a Finnish study of type 1 dia-
betes, non- albuminuric chronic kidney disease did not increase the risk of albumin-
uria (hazard ratio [HR] 2.0 [95% CI 0.9–4.4]) or end-stage renal disease (HR 6.4 
[0.8–53.0]) but did increase the risk of cardiovascular events (HR 2.0 [1.4–3.5]) and 
all-cause mortality (HR 2.4 [1.4–3.9]) [6].

The subpopulation of patients with type 1 diabetes who are at risk for nephropa-
thy may be identified fairly accurately by the detection of microalbuminuria [3]. 
Several longitudinal studies have shown that microalbuminuria strongly predicts the 
development of diabetic nephropathy in type 1 diabetic patients with a predictive 
power of 80%. It has been suggested that 58% of microalbuminuric patients revert 
to normoalbuminuria, but in contrast to treatment-induced regression, long-lasting 
spontaneous normalization is seen in 16% of microalbuminuric patients with type 1 
diabetes [4].

15.1.1  Prognosis of Microalbuminuria

Microalbuminuria is a strong predictor of total and cardiovascular mortality and car-
diovascular morbidity in diabetic patients. In the guideline from the Kidney Disease: 
Improving Global Outcomes for chronic kidney disease, elevated albuminuria was 
included as a marker of ESKD and death [7]. The Chronic Kidney Disease 
Epidemiology consortium also demonstrated that increase in albuminuria compared 
to normal albuminuria, conferred a similar increase in relative risk for death and 
ESKD in patients with and without diabetes. In people with diabetesic the risk is how-
ever at a higher level [8]. The mechanisms linking microalbuminuria to death from 
cardiovascular disease are poorly understood. Microalbuminuria has been proposed to 
be a marker of widespread endothelial dysfunction which might predispose to 
enhanced penetrations of atherogenic lipoprotein particles [9], into the arterial wall, as 
well as a marker of established cardiovascular disease. In addition, the cardio renal 
link is evident both for risk markers and for therapeutic targets [10]. Raised blood 
pressure, dyslipoproteinemia, increased platelet aggregability, endothelial dysfunc-
tion, insulin resistance, and hyperinsulinemia have all been demonstrated in microal-
buminuric diabetic patients. Autonomic neuropathy, which is also associated with 
microalbuminuria, predicts death (often sudden) from cardiovascular disease in dia-
betic patients [10]. Echocardiographic studies have revealed impaired diastolic func-
tion and cardiac hypertrophy in microalbuminuric patients with type 1 diabetes [11].

15.1.2  Prognosis of Diabetic Nephropathy

In three early studies that described the natural course of diabetic nephropathy 
patients with type 1 diabetes, the cumulative death rate 10 years after onset of 
nephropathy ranged from 50% to 77%. Studies have demonstrated how excess mor-
tality in type 1 diabetes compared to the background population is almost entirely 
seen in patients with elevated albumin excretion [12–14].
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The overall decrease in relative mortality in diabetes from 1933 to 1972 was 40% 
and is partly explained by the decrease in the cumulative incidence of proteinuria. 
ESKD was a major cause of mortality, accounting for 59–66% of all deaths, in type 
1 diabetic patients with nephropathy. The cumulative incidence of ESKD 10 years 
after onset of persistent proteinuria in type 1 diabetic patients was 50% but has been 
suggested to level off. In addition, the survival of diabetic patients with ESKD has 
been improved [15]. In addition to mortality related to ESKD, cardiovascular dis-
ease is a major cause of death (15–25%) in type 1 diabetic patients with nephropathy.

15.2  Clinical Course and Pathophysiology

15.2.1  Normoalbuminuria

Approximately one third of type 1 diabetic patients will have a GFR above the 
upper normal range for age-matched healthy nondiabetic subjects. The GFR eleva-
tion is particularly pronounced in patients with newly diagnosed diabetes and dur-
ing other intervals with poor metabolic control. Intensified insulin treatment and 
control to near-normal blood glucose levels reduces GFR toward normal levels after 
a period of days to weeks [16].

Longitudinal studies suggest that hyperfiltration is a risk factor for subsequent 
development of diabetic nephropathy in type 1 diabetic patients, but conflicting 
results have also been reported. A meta-analysis based on ten cohort studies follow-
ing 780 patients found a hazard ratio of 2.71 (95% confidence interval 
[CI] = 1.20–6.11) for progression to microalbuminuria in patients with hyperfiltra-
tion. These authors also found evidence of heterogeneity [17].

15.2.2  Microalbuminuria

The day-to-day variation in urinary albumin excretion is high, 30–50%. Persistent 
microalbuminuria is not detected in children with type 1 diabetes younger than 
12 years of age and, in general, is exceptional in the first 5 years of diabetes. Changes 
in tubular function take place early in diabetes and are related to the degree of gly-
cemic control. The proximal tubular reabsorption of fluid, sodium, and glucose is 
enhanced [18]. This process could diminish distal sodium delivery and thereby 
modify tubuloglomerular feedback signals, which would result in enhancement of 
GFR. A direct effect of insulin in increasing distal sodium reabsorption has also 
been demonstrated. The consequences of these alterations in tubular transport for 
overall kidney function are unknown but has been suggested to be important for the 
renal effect of SGLT2 inhibitors [19]. Markers of acute tubular damage have also 
been investigated in relation to prediction and progression of diabetic nephropa-
thy [20].

Several studies have demonstrated blood pressure elevation in children and 
adults with type 1 diabetes and microalbuminuria [21]. The prevalence of arterial 
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hypertension in adults with type 1 diabetes increases with urine albumin level, and 
prevalence rates are 42%, 52%, and 79% in individuals with normo-, micro-, and 
macroalbuminuria, respectively.

15.2.3  Diabetic Nephropathy

A close correlation between blood pressure and the rate of decline in GFR has been 
documented. This suggests that systemic blood pressure accelerates the progression 
of diabetic nephropathy. Previously, the adverse impact of systemic hypertension on 
renal function and structure was thought to be mediated through vasoconstriction 
and arteriolar nephrosclerosis. However, evidence from rat models shows that sys-
temic hypertension is transmitted to the single glomerulus, which results in increases 
in glomerular hydrostatic pressure in such a way as to lead to hyperperfusion and 
increased capillary pressure. Intraglomerular hypertension has also been docu-
mented directly in rats with streptozotocin-induced diabetes and has been estimated 
to prevail in human diabetic patients particularly those whose diabetes is compli-
cated by kidney disease. Impaired or abolished renal autoregulation of GFR and 
renal plasma flow as demonstrated in type 1 and type 2 diabetic patients with 
nephropathy increases vulnerability to hypertension or ischemic injury of glomeru-
lar capillaries [16].

Nocturnal blood pressure elevation (”nondipping”) occurs more frequently in 
patients with nephropathy [21]. Exaggerated blood pressure response to exercise 
has also been reported in patients with long-standing type 1 diabetes who have 
microangiopathy.

Several components of the RAAS are elevated and considered to contribute to 
the progression of diabetic nephropathy. Accordingly blocking the RAAS has been 
demonstrated to be reno-protective. Initially focus was on the damaging effect of 
angiotensin II. Aldosterone represents another component of the RAAS that should 
be considered important in the pathophysiology of diabetic nephropathy. Aldosterone 
is regulating electrolyte and fluid homeostasis and has widespread actions through 
genomic and nongenomic effects both in the kidney and in tissues not originally 
considered target tissue for aldosterone, such as the vasculature, central nervous 
system, and heart.

It has been suggested that uric acid level is related to hypertension, metabolic 
syndrome, and renal disease. Recently elevated serum uric acid was found to be a 
predictor of the development of diabetic nephropathy in type 1 diabetic patients [22, 
23], and a multicenter study was initiated to study if lowering uric acid with allopu-
rinol compared to placebo in 530 type 1 diabetes patients with early diabetic 
nephropathy would preserve renal function, but after 3 years there was no difference 
in decline in GFR(24).

Several gene variants have been investigated as candidate genes for risk factors 
for diabetic nephropathy. One of the initially studied is the insertion/deletion (I/D) 
polymorphism of the ACE gene (ACE/ID), which is strongly associated with the 
level of circulating ACE and increased risk of coronary heart disease in nondiabetic 
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and diabetic patients. Recently genome-wide association studies have been per-
formed in the search for genes linked to diabetic nephropathy, and although several 
areas of the genome have attracted attention, no major susceptibility genes have 
been identified [25, 26].

Urinary proteomic profiles characteristic for diabetic nephropathy have been 
identified [27]. These changes reflect extracellular matrix components and are partly 
normalized during renoprotective intervention. In plasma a profile related to inflam-
mation has been identified [28]. Furthermore the urinary proteomic-retinopathy was 
observed dubased profile was also able to identify normoalbuminuric patients with 
elevated risk for later development of diabetic nephropathy, independent of other 
risk factors [29].

15.3  Treatment

15.3.1  Glycemic Control

A meta-analysis documented a beneficial effect on the progression from normoalbu-
minuria to microalbuminuria in type 1 diabetes [30]. The odds ratio for progressing 
from normoalbuminuria to microalbuminuria ranged from 0.22 to 0.40 in the intensi-
fied treatment groups. A worsening of diabetic retinopathy was observed during the 
initial months of intensive therapy, but in the longer term the rate of deterioration was 
slower than it was in the type 1 diabetic patients receiving conventional treatment. 
Side effects are a major concern with intensive therapy, and the frequency of severe 
hypoglycemia and diabetic ketoacidosis was greater in several studies. In the Diabetes 
Control and Complications Trial (DCCT) [31], intensive therapy reduced the occur-
rence of microalbuminuria by 39% (95% CI = 21–52%) and that of albuminuria by 
54% (95% CI = 19–74%). With further follow up of the patients from DCCT, it was 
demonstrated that the reduction in development of microalbuminuria and albumin-
uria translated into a 50% (95% confidence interval, 18–69; P = 0.006) reduced risk 
of development of impaired renal function (eGFR <60) [32]. Despite this, 16% in the 
primary prevention cohort and 26% in the secondary prevention cohort developed 
microalbuminuria during the 9 years of intensive treatment.

15.3.1.1  Nephropathy
The impact of improved metabolic control on progression of kidney function in type 
1 diabetic patients with nephropathy has been disappointing. Studies have not found 
the rate of decline in GFR, and the rise in proteinuria and systemic blood pressure 
to be affected by improved glycemic control. However, it should be stressed that 
none of the trials was randomized and the number of patients included was small. It 
was demonstrated that insulin pump therapy compared to multiple insulin injections 
in an open randomized trial reduced progression of albuminuria over 12 months 
[33] in line with observational data [34] which were not explained by improvement 
in mean glycemic levels, but perhaps less glycemic variability, as increased time in 
optimal glucose range was associated with the improved albuminuria [35].
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15.3.2  Blood Pressure Control

15.3.2.1  Primary Prevention
Originally, Zatz et al. [36] showed that prevention of glomerular capillary hyperten-
sion in normotensive insulin-treated rats with streptozotocin-induced diabetes 
effectively protects against proteinuria and focal and segmental glomerular struc-
tural lesions. A randomized placebo-controlled trial in normotensive type 1 diabetes 
with normal AER has suggested a beneficial effect of ACE inhibitors on the devel-
opment of microalbuminuria [37].

The Renin Angiotensin System Study (RASS) compared, the effect of ACE inhi-
bition, angiotensin II receptor blockade, and placebo on the primary renal structural 
endpoint of mesangial volume fraction, in type 1 diabetic patients who were normo-
tensive (blood pressure of <135/85 mmHg) and normoalbuminuric. This 5-year ran-
domized controlled trial did not find any benefit of RAS blockade on the progression 
of nephropathy as measured in terms of the primary endpoint and other secondary 
renal structural parameters [38]. In contrast, the odds for progression of retinopathy 
were significantly reduced by 65–70% with the RAS blocking agents compared 
with placebo. The DIRECT study evaluated the effect of angiotensin II receptor 
blockade with candesartan versus placebo on the development or progression of 
retinopathy in a randomized controlled trial lasting 5 years involving 3326 patients 
with type 1 diabetes and 1905 patients type 2 diabetes. Most patients were normo-
tensive, and all had normoalbuminuria. In type 1 diabetic patients, the incidence of 
new retinopathy in patients without retinopathy was reduced by candesartan treat-
ment, but progression of established retinopathy was not affected. The study did not 
show any significant effect on the incidence of microalbuminuria [39].

In conclusion, RAS blockade has been effective in reducing the frequency of 
development of microalbuminuria in hypertensive normoalbuminuric patients, 
whereas the effect has not been significant in normotensive patients. The use of 
ACE inhibitors or other antihypertensive agents for primary prevention of nephrop-
athy in normotensive normoalbuminuric patients is not recommended in guide-
lines [40].

15.3.2.2  Secondary Prevention
A meta-analysis of 12 trials encompassing 698 type 1 diabetic patients with micro-
albuminuria who were followed for at least 1 year revealed that treatment with ACE 
inhibitors reduced the risk of progression to macroalbuminuria compared with pla-
cebo (odds ratio = 0.38; 95% CI = 0.25–0.57) [41]. At 2 years, the urinary AER was 
50% lower in patients taking ACE inhibitors than in those receiving placebo. 
Furthermore, the beneficial effect of ACE inhibitors in preventing progression from 
microalbuminuria to overt nephropathy is long-lasting (8 years), and, more impor-
tantly, it is associated with preservation of normal GFR [42].

Current guidelines recommend “Either ACE inhibitors or ARBs (but not both in 
combination) are recommended for the treatment of the nonpregnant patient with 
modestly elevated (30–299 mg/24 h) or higher levels (>300 mg/24 h) of urinary 
albumin excretion” [40].
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15.3.2.3  Nephropathy
In 1982, Mogensen described a beneficial effect of long-term antihypertensive treat-
ment in five hypertensive men with type 1 diabetes and nephropathy. A prospective 
study of nine patients initiated in 1976 demonstrated that early and aggressive anti-
hypertensive treatment reduces albuminuria and the rate of decline in GFR in young 
men and women with type 1 diabetes and nephropathy.

In 1992, Björck and colleagues suggested that the use of ACE inhibitors in 
patients with diabetic nephropathy confers renoprotection; that is, it has a beneficial 
effect on renal function and structure above and beyond that expected from the 
blood-pressure-lowering effect alone [43].

The first information regarding the effect of antihypertensive treatment on pro-
gression of nephropathy to come from a randomized, double-blind, placebo- 
controlled trial was presented by the Collaborative Study Group of 
Angiotensin-Converting Enzyme Inhibition, which examined the use of captopril in 
type 1 diabetic patients with diabetic nephropathy [44]. In this study which lasted 
on average 2.7 years, the risk of death or progression to dialysis or transplantation 
was reduced by 61% (95% CI  =  26–80%, P  =  0.002) in the subgroup of 102 
captopril- treated patients with a baseline serum creatinine concentration of more 
than 133 μmol/L and 46% (95% CI = 22–76%; P = 0.14) in the 307 patients with a 
baseline serum creatinine concentration below 133 μmol/L, compared with placebo- 
treated patients.

Short-term studies indicated that the combination of ACE inhibition and angio-
tensin II receptor blockade may offer additional renal and cardiovascular protection 
in diabetic patients with elevated AER. In a meta-analysis it was concluded that the 
combination reduced albuminuria approximately 25% more than monotherapy [45]. 
Subsequent studies have not been able to document long-term benefits and this is 
not recommended [40].

From a clinical point of view the ability to predict the long-term effect on kidney 
function of a recently initiated treatment modality (e.g., antihypertensive therapy) 
would be of great value because this could allow for early identification of patients 
in need of an intensified or alternative therapeutic regimen. Two prospective studies 
found that the initial reduction in albuminuria (surrogate endpoint) predicted a ben-
eficial long-term treatment effect on rate of decline in GFR (principal endpoint) in 
diabetic nephropathy [1]. These findings have been confirmed and extended in 
recent analyses of both observational and interventional studies [46, 47].

In recent years it has become clear that aldosterone should be considered a hor-
mone with widespread unfavorable effects on the vasculature, the heart, and the 
kidneys. It has been demonstrated that elevated plasma aldosterone level during 
long-term treatment with losartan is associated with an enhanced decline in GFR in 
type 1 diabetic patients with diabetic nephropathy [48]. Consequently, aldosterone 
blockade could be considered in patients with suboptimal renoprotection during 
conventional RAS blockade. Short-term studies in type 1 and type 2 proteinuric 
diabetic patients have demonstrated that spironolactone adds to the renal and car-
diovascular protective benefits of treatment with maximally recommended dosages 
of ACE inhibitors or ARBs by reducing albuminuria and blood pressure [49]. As 
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hyperkalemia has been a concern, this has not been tested in long-term studies, but 
with the recent development of selective non-steroidal mineralocorticoid receptor 
antagonists like finerenone, demonstrating long-term benefit on renal and cardiac 
outcome in type 2 diabetic CKD with manageable hyperkalemia, this will hopefully 
also be tested in type 1 diabetes [50].

Early studies describing the prognosis for overt diabetic nephropathy observed a 
median patient survival time of 5–7 years after the onset of persistent proteinuria. 
Fortunately, survival improved with implementation of antihypertensive therapy, a 
median survival time of 21 years after the onset of diabetic nephropathy was dem-
onstrated [51], and further with control of multiple risk factors a further 50% reduc-
tion in age-adjusted mortality was seen [15].

15.3.3  Lipid-Lowering Therapy

In albuminuric patients with diabetes, the risk of cardiovascular disease is enhanced. 
Consequently these patients should be treated with statins according to current 
guidelines for patients at high risk targeting all risk factors for progression of car-
diovascular disease [52]. The renoprotective effect of 3-hydroxy-3-methylglutaryl-
coenzyme A reductase inhibitors in patients with type 1 or type 2 diabetes who have 
microalbuminuria or macroalbuminuria appears to be highly variable [16].

15.3.4  Dietary Protein Restriction

Short-term studies in type 1 diabetic patients with normoalbuminuria, microalbu-
minuria, or macroalbuminuria have shown that low-protein diet (0.6–0.8 g/kg/day) 
reduces urinary albumin excretion and hyperfiltration, independently of changes in 
glucose control and blood pressure. A 4-year prospective randomized controlled 
trial with concealed randomization compared the effects of a low-protein diet with 
a usual-protein diet in 82 type 1 diabetic patients with progressive diabetic 
nephropathy. The endpoint of ESKD or death occurred in 27% of patients consum-
ing a usual-protein diet compared with 10% consuming a low-protein diet (log-
rank test, P  =  0.04) [53]. The relative risk of ESKD or death was 0.23 (95% 
CI = 0.07–0.72) for patients assigned to a low-protein diet, after an adjustment for 
the presence of cardiovascular disease at baseline. Currently a dietary protein 
intake of 0.8 g/kg body weight per day is recommended in guidelines for diabetes 
with CKD [52].

15.3.5  New Treatment Options

New options are needed to treat diabetic nephropathy despite the success of antihy-
pertensive therapies. There have been no successful studies with hard endpoints in 
diabetic kidney disease since the studies with ARBs in 2001 until recently, where 
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several studies have found positive effects in type 2 diabetes with CKD. Only few 
studies have been conducted in type 1 diabetes, and a rare example was the uric 
acid-lowering trial mentioned above [24]. It will briefly be discussed if these options 
could be relevant for diabetic nephropathy in type 1 diabetes.

Most positive data are in relation to the sodium glucose cotransporter 2 inhibi-
tors (SGLT2i) initially launched to treat type 2 diabetes by inducing glucosuria. 
This mechanism has also been tested in type 1 diabetes, and although the effect on 
hba1c is modest, there is benefit on glucose variability with a small but significant 
risk for ketoacidosis with normal glucose levels. In Europe this have led to approval 
of some SGLT2is for treatment of obese type 1 diabetes. The kidney benefit seems 
independent of the glucose effect, as it is seen even in low eGFR subjects with no 
benefit on glucose and also in nondiabetic CKD [54]. Although important patho-
physiological studies of SGLT2is suggesting a benefit via reduction of intraglo-
merular pressure were done in type 1 diabetes [19], we are lacking renal outcome 
studies in type 1. Post hoc analyses suggest that maybe there could be a bene-
fit [55].

Atrasentan is a selective endothelin receptor A antagonist with antiproteinuric 
effects. This was tested in the SONAR study in type 2 diabetes, and was stopped 
early because of low event rates, but turned out to have significant benefit on the 
primary renal outcome of progression of CKD or ESKD [56]. Whether this has a 
future in type 1 or 2 CKD is currently not known.

Fibrosis and inflammation is important for progression of nephropathy, and as 
mentioned aldosterone-mediated mineralocorticoid receptor (MR) overactivation is 
damaging. Blockade of MR overactivation with new agents like the non-steroidal 
mineralocorticoid receptor antagonist finerenone reduced progression of CKD in 
type 2 diabetes with significant reduction in the primary renal and secondary cardio-
vascular endpoints in FIDELIO DKD [50] and FIGARO-DKD [57].

Finally correction of the hyperglycemia with closed-loop insulin-glucose sensor 
systems, or insulin producing new beta cells with islet cells, stem cells, or whole 
pancreas transplantations, may become important.

After the seminal double transplantation by Lillehei [58] in Minneapolis, the 
results of simultaneous pancreas and kidney transplantation (SPK) remained disap-
pointing for a long time. The breakthrough came with the introduction of calcineu-
rin inhibitors and low-steroid protocols. The current regimens usually include initial 
induction therapy (anti-thymocyte globulin, alemtuzumab, or interleukin2 receptor 
antagonists) and mycophenolate mofetil, tacrolimus, and steroids. This regimen 
reduced acute rejections after combined kidney-pancreas transplantation from 30% 
to 18%. The graft survival has improved considerably and the 5-year survival was in 
2010 about 70% [16]. There are no controlled randomized studies, but some evalu-
ations suggest a benefit on diabetic complications after transplantation, but also 
risks [59].
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16Diabetic Chronic Kidney Disease in Type 
2 Diabetes Mellitus (Albuminuric/
Non- albuminuric)

Stefanos Roumeliotis, Francesca Mallamaci, 
and Carmine Zoccali

16.1  Overview of Clinical Epidemiology

The global diabetes prevalence has reached epidemic proportions and is projected 
to rise from 9.3% (463 million people) in 2019 to 10.9% (700 million people) by the 
year 2045 [1]. Approximately 40% of people with diabetes will eventually develop 
chronic kidney disease (CKD) over lifetime. Type 2 diabetes mellitus (T2DM) is the 
leading cause of end-stage kidney disease (ESKD) in the USA [2] and worldwide 
[1]. Since 33% of ESKD patients in the USA have received no prior nephrology 
care [3], and because renal biopsies in diabetics with ESKD are infrequently per-
formed, causation for T2DM is difficult to assess which makes difficult the true 
prevalence and incidence of ESKD by T2DM. Diabetic kidney disease (DKD) is 
associated with increased risks for all-cause and cardiovascular (CV) mortality, and 
it is well known that most DKD patients die before development of ESKD requiring 
dialysis. The annual incidence rates of ESKD attributed to DKD are gradually 
increasing worldwide and vary from 10 to 67 per million patients [2].

DKD is a heterogenous disease. The Developing Education on Microalbuminuria 
for Awareness of reNal and cardiovascular risk in Diabetes (DEMAND) study 
assessed the prevalence of DKD in 32,308 T2DM patients from 33 countries with-
out known kidney disease and found that the prevalence of albuminuria was 39% 
and that of reduced glomerular filtration rate (GFR) 22% [4]. This study reported a 
wide variation of albuminuria prevalence across different ethnic groups, with 
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Hispanic and Asian patients presenting a higher prevalence than Caucasians. A 
cross-sectional study of a representative sample of Chinese adults found a 5.5-fold 
higher prevalence of albuminuria (9.4%) than of impaired kidney function (1.7%) 
[5]. Over the past two decades the proportion of people with T2DM has increased 
by 4% in the USA, while the prevalence of DKD has reached a plateau of approxi-
mately 26–29% [6]. During this period the proportion of patients with albuminuria 
declined by 5%, whereas the prevalence of patients with decreased eGFR increased 
by 5% [6]. However, testing for albuminuria in high-risk populations remains low; 
in 2017, only 43% of patients with T2DM and hypertension in the USA were tested 
for albuminuria [2] (Box 16.1). The National Kidney Foundation’s Kidney Early 
Evaluation Program (KEEP) study enrolled patients with preserved GFR with and 
without albuminuria that were followed for a median of 4.8 years, with outcome 
the development of ESKD requiring dialysis. During the follow-up period, the 
crude incidence for developing kidney failure among T2DM patients was 11.5 
times higher in those with albuminuria, compared to those without albuminuria at 
baseline. Moreover, among non-albuminuric participants, compared to nondiabet-
ics, T2DM patients exhibited eight times higher risk for developing ESKD [7]. 
These findings changed the perspective that diabetic nephropathy is a process 
where albuminuria is an obligatory step preceding the eGFR decline. 
Microalbuminuria—urinary albumin to creatinine ratio (ACR) of 30–300  mg/g 
KDIGO stage A2—was long regarded to reflect an initial and potentially reversible 
stage of DKD. However, and it is now clear that the decline in eGFR might occur 
independently of albuminuria, and non-albuminuric nephropathy is considered as 
the main clinical phenotype underlying the global ESKD burden by DKD [8]. The 
Chronic Renal Insufficiency Cohort (CRIC) study showed that 28% of diabetic 
patients with CKD patients do not present albuminuria. Compared to albuminuric 
diabetics, these patients have a significant reduced risk for CKD progression and 
ESKD [9]. Similarly in the United Kingdom Prospective Diabetes Study (UKPDS), 
28% developed eGFR decline, 38% albuminuria, and 14% both conditions over a 
15-year follow-up [10]. Sixty- four percent of the diabetic patients who displayed 
albuminuria did not develop renal impairment, and 51% of patients that developed 
renal impairment over time remained normoalbuminuric. A high prevalence of 
non-albuminuric DKD was also observed in the Action in Diabetes and Vascular 
disease: preterAx and diamicroN- MR Controlled Evaluation (ADVANCE) study 
[11] and in the Renal Insufficiency And Cardiovascular Events (RIACE) Italian 
Multicenter Study [12] as well as in the National Evaluation of the Frequency of 
Renal Impairment cO-existing with Noninsulin-dependent diabetes mellitus 
(NEFRON) study [13].

In type 1 diabetes (T1DM), the absence of albuminuria is more common than in 
T2DM (about 50%) and carries a lower risk for CKD progression, but still 10% of 
non-albuminuric diabetics might present a more than 30% loss of eGFR after 
4 years of follow-up [14]. In disagreement with these findings, a cohort study in 600 
T2DM patients with hypertension and albuminuria below 200 μg/min reported sim-
ilar trends of eGFR decline among albuminuric and non-albuminuric patients, over 

S. Roumeliotis et al.



245

a median follow-up period of 4  years [15]. A longitudinal cohort study in 1984 
T2DM patients showed that non-albuminuric T2DM patients might also manifest 
pathological eGFR loss and even progression to ESKD. In this study the authors 
reported that the presence and degree of albuminuria affects the eGFR loss rate, 
with macroalbuminuric patients displaying the steepest eGFR decline, during the 
follow-up. However, the normoalbuminuric group still experienced rates of renal 
function loss above the anticipated age-related eGFR decline, and about 20% of the 
patients who developed ESKD did not manifest transition to macroalbuminuria 
[16]. Data from the large Joslin Kidney studies also suggest that a 20% of T2DM 
normoalbuminuric patients might manifest an early, progressive loss of renal func-
tion [17]. Therefore, it is important to screen for both albuminuria and eGFR trajec-
tories in T2DM patients.

It was hypothesized that the high prevalence of non-albuminuric DKD might 
reflect the changes in therapeutic agents and treatment and the use of angiotensin- 
converting enzyme inhibitors (ACEi) or angiotensin receptor blockers. However, 
data from the CRIC study and two small studies in T2DM patients [18, 19] suggest 
that the shift of the DKD clinical course to non-albuminuric pattern cannot be attrib-
uted to treatment with these agents. In the study by Vistisen et al., it was shown that 
in T2DM patients developing CKD3 stage, the annual loss rate of eGFR across 
categories of albuminuria (normo-, micro-, and macroalbuminuria) was 1.9, 2.1, 
and 3.0 ml/min, even after adjustment for treatment with renin-angiotensin system 
(RAS) inhibitors [16]. In this cohort of normoalbuminuric T2DM patients, the vast 
majority (90%) manifested the classical initial increase in renal function, followed 
by a progressive linear decrease in eGFR, whereas the rest (10%) presented an 
accelerated eGFR decline, followed by a small increase. This progression pattern 
was associated with significant less treatment with RAS inhibitors and other antihy-
pertensive agents.

Box 16.1
• T2DM is the leading cause of ESKD worldwide.
• The annual incidence rates of ESKD attributed to DKD are gradually 

increasing worldwide and vary from 10 to 67 per million patients.
• Among T2DM patients, the prevalence of albuminuria is higher than the 

prevalence of reduced eGFR.
• In the USA, during the past 20 years, the prevalence of DKD has reached 

a plateau of approximately 26–29%.
• During this period the proportion of patients with albuminuria declined by 

5%, whereas the prevalence of patients with decreased eGFR 
increased by 5%.

• Non-albuminuric nephropathy is considered as the main clinical pheno-
type underlying the global ESKD burden by DKD.
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16.2  Pathophysiology, Risk Factors, and Novel Biomarkers

Risk factors for DKD and DKD progression do not coincide in albuminuric and 
non-albuminuric patients. First and foremost, albuminuria per se induces kidney 
damage [20], and this phenomenon in large part accounts for the much slower 
progression toward kidney failure in non-albuminuric patients as compared to 
albuminuric ones. In albuminuric T2DM patients, the prevalence of diabetic reti-
nopathy increases progressively across CKD stages, while in non-albuminuric 
patients, the prevalence of low ankle-brachial index (an indicator of macrovascu-
lar disease) goes along with the eGFR decline [21]. These observations suggest 
that the main mechanism that drives progression in non-albuminuric DKD indi-
viduals might be macroangiopathy, as opposed to microangiopathy in albumin-
uric individuals. Repeated episodes of acute kidney injury of various severities 
have also been suspected as responsible for the evolution of non-albuminuric 
DKD toward renal failure [22]. In line with this hypothesis, a nonlinear eGFR 
decline pattern is more frequent among DKD patients than in nondiabetic CKD 
patients [23]. Urinary concentration tumor necrosis factor alpha (TNF-a), an 
inflammatory mediator implicated in the progression of DKD, was strictly asso-
ciated with the ACR in the whole population of patients with DKD and was much 
lower among non-albuminuric T2DM patients [24] than among albuminuric dia-
betics pointing to different degrees of inflammation among the two clinical phe-
notypes of DKD.

Non-albuminuric DKD is more prevalent in T2DM women than in men, 
probably due to the action of estrogens [10, 12, 25]. Even at late CKD stages 
(stage 4), despite the low eGFR, female gender has been independently associ-
ated with preservation of normoalbuminuria [26]. Data from the Swedish 
National Diabetes Register [25] showed that advanced age, increased systolic 
blood pressure (BP), low body mass index (BMI), poor glycemic control, and 
high triglycerides are independently associated with both decline of renal func-
tion and development of albuminuria, whereas female gender was an indepen-
dent predictor of the eGFR decline only. In the Atherosclerosis Risk in 
Communities (ARIC) Study, high glycated hemoglobin (HbA1c) predicted inci-
dent CKD (defined as a eGFR < 60 ml/min/1.73 m2) and this relationship was 
independent of albuminuria [27]. In a diverse high-risk population of T2DM 
patients with preserved renal function, higher systolic BP and black race were 
risk factors for developing treated ESKD, irrespective of the degree of albumin-
uria [7]. In the UK Prospective Diabetes Study, development of incident CKD 
or albuminuria was independently associated with Indian- Asian race and high 
systolic BP, whereas female sex, smoking, and decreased waist circumference 
predicted renal dysfunction independently of albuminuria. Therefore, these risk 
factors for CKD apply to both, albuminuric and non-albuminuric DKD patients 
[10]. Overall, high HbA1c and high systolic BP appear to be coherent risk fac-
tors for non-albuminuric DKD.
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Several biological pathways may induce and promote the progression of 
DKD.  Hyperglycemia is central to renal damage both in albuminuric and non- 
albuminuric DKD, and this applies to both, type 1 and 2 diabetes. The hyperglycemia- 
derived glycolysis triggers several metabolic pathways in DKD, including 
production of advanced glycation end products (AGEs), reactive oxygen species 
(ROS), activation of protein kinase C (PKC), and stimulation of the hexosamine and 
polyol pathway (Box 16.2).

16.2.1  Hyperglycemia, AGEs, Asymmetric Dimethyl Arginine, 
and the PKC Pathway

Glucose causes slow, non-enzymatic glycation of protein and the products are com-
pounds characterized by an imine (C=N) bond (Schiff bases). Further molecular 
arrangements of these bases generate reversible production of Amadori compounds 
that can undergo oxidation, dehydration, cyclization, and condensation reactions 
that produce protein-bound compounds, the AGEs. This process is slow at normal 
glucose levels, but it is much accelerated in hyperglycemia, like in diabetes. AGEs 
typically alter the structure and function of cytosolic molecules and intracellular 
proteins and upregulate several signaling genes and proinflammatory and profi-
brotic pathways. High levels of AGEs induce dose-dependent increases of fibronec-
tin, collagen, vascular endothelial growth factor (VEGF), and the inflammatory 
mediators, transforming growth factor beta 1 (TGF-β1) and TΝF-a. VEGF associ-
ates with alterations in the capillary permeability and intrarenal blood flow and 
contributes to the development of albuminuria [28, 29].

Box 16.2
• The main mechanism that drives progression of non-albuminuric DKD is 

macroangiopathy, as opposed to microangiopathy in albuminuric DKD.
• High HbA1c and high systolic BP appear to be coherent risk factors for 

non-albuminuric DKD.
• The biological pathways that promote progression of DKD include the 

following:
 – Production of advanced glycation end products (AGEs).
 – Reactive oxygen species (ROS).
 – Activation of protein kinase C (PKC).
 – Stimulation of the hexosamine and polyol pathway.
 – Systemic hypertension and alterations in renal hemodynamics.
 – Autophagy.
 – SGLT and cell hypoxia.
 – Urinary microRNAs and the mitochondria.
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In the early stages of experimental diabetic nephropathy, hyperglycemia upregu-
lates the activity of nitric oxide (NO) synthase, and the resulting increase in NO 
bioavailability at kidney level dilatates the afferent arteriole and magnifies angioten-
sin II effects on the efferent arteriole [30]. On the other hand, the diabetic milieu in 
the kidney decreases the activity of dimethylarginine dimethylaminohydrolase 
(DDAH), an enzyme which metabolizes asymmetric dimethylarginine (ADMA), 
thereby increasing the levels ADMA at kidney level. This effect contributes to 
inflammation, oxidative stress (OS), and albuminuria and can be reversed by intra-
renal injection of DDAH-1 [31]. At more advanced stages of nephropathy, accumu-
lation of the endogenous inhibitor of NO, ADMA, reduces NO bioavailability 
triggering eGFR decline, severe albuminuria, and hypertension [32].

Hyperglycemia also upregulates the PKC pathway and by this pathway stimu-
lates the expression of VEGF, fibronectin, collagen, and TGF-β, all effects leading 
to accumulation of extracellular matrix (ECM) and thickening of the basal 
membrane.

16.2.2  Phosphofructokinase and the Hexosamine Pathway

Glucose is fundamental for the production of energy in the cell. This normally 
occurs by phosphorylation of this molecule by the enzyme hexokinase. However, in 
the presence of sustained hyperglycemia, hexokinase is overwhelmed and excess 
glucose is diverted to the polyol pathway where it is converted to sorbitol by aldose 
reductase and then to fructose by sorbitol dehydrogenase. Fructose is then metabo-
lized by fructokinase, a reaction triggering ATP depletion, proinflammatory cyto-
kine expression, and OS.  Wild-type mice with streptozotocin-induced diabetes 
exhibit high renal expression of aldose reductase; high levels of sorbitol, fructose, 
and uric acid; and low levels of ATP, all changes pointing to activation of the fruc-
tokinase pathway. Experimental data in mice indicate that enhanced fructokinase 
activity is toxic to the proximal tubule, triggering kidney injury and proteinuria and 
kidney dysfunction which are in large part prevented in fructokinase-deficient 
mice [33].

The hexosamine pathway is activated by the third step of glycolysis (phosphory-
lation of fructose-6-phosphate, catalyzed by the enzyme phosphofructokinase, see 
above) and produces sugar molecules in which a hydroxyl group is replaced by an 
amine group (amino sugars), and the most abundant of these sugars is N-acetyl-d- 
glucosamine. In this pathway, fructose-6-phosphate is converted to glucosamine- 6- 
phosphate (GlucNAc-6-P) by the rate-limiting enzyme 
glutamine: fructose-6-phosphate aminotransferase (GFAT), which uses glutamine 
as an amino donor. GlucNAc-6-P is further converted in a rapid manner to uridine- 5- 
diphosphate-N-acetylglucosamine (UDP-GlucNAc), the precursor for all other 
amino sugars that are necessary for the biosynthesis of glycoproteins, glycolipids, 
proteoglycans, and glycosaminoglycans. Because glucosamine levels of extracel-
lular fluids are below the limit of detection (i.e., <0.02 mmol/L), cellular uptake of 
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glucosamine is negligible under physiologic conditions. However, in the presence 
of excess glucosamine, this compound is avidly taken up by the glucose transporter 
and phosphorylated by hexokinase yielding GlucNAc-6-P, thereby bypassing the 
rate-limiting enzyme GFAT. The activation of the hexosamine pathway upregulates 
the transcription and expression of TGF-β1 and TΝF-a associated with endothelial 
apoptosis, thickening of the basement membrane, and kidney injury [34, 35]. The 
causal role of TGF-β1 in diabetic nephropathy in experimental models is supported 
by the observation that the administration of a neutralizing anti-TGF-β prevents 
renal damage in the same models [36].

16.2.3  Systemic Hypertension and Alterations 
in Renal Hemodynamics

Systemic hypertension is a risk factor of primary importance for the risk of CKD in 
the diabetic population. In newly diagnosed T2DM patients, every 10  mm Hg 
increase in systolic BP portends a 15% risk excess for the incidence DKD and albu-
minuria [10].

The hyperglycemic environment activates the RAS and several other metabolic 
and hormonal mediators, resulting in kidney hypertrophy and glomerular hyperfil-
tration both at single nephron and whole kidney level. Vasodilators, such as nitric 
oxide, cyclooxygenase-2 (COX-2) prostanoids, and atrial natriuretic peptide, reduce 
vascular renal resistances and dilate the afferent arteriole [37]. On the other hand, 
the role of angiotensin II, an efferent arteriole vasoconstrictor, in renal hemodynam-
ics is of paramount importance [38]. Other glomerular vasoconstrictors with a pre-
vailing action on the efferent side of the microcirculation of the kidney such as 
thromboxane A2 and endothelin-1 (ET-1) contribute to increase the GFR in experi-
mental models and in human disease [37]. In type 1 normoalbuminuric and normo-
tensive diabetic adolescents, the renal hemodynamic response to hyperglycemia is 
gender dependent [39]. Indeed, in a Canadian study testing the effect of hypergly-
cemia on renal hemodynamics, during clamped euglycemia, effective renal plasma 
flow (ERPF) and renal blood flow (RBF) were higher and renal vascular resistance 
(RVR) lower in males than in females. During clamped hyperglycemia, females 
presented increases in RVR and the filtration fraction (FF) and reductions in RBF 
and ERPF, whereas no significant renal hemodynamic changes occurred in males. 
Furthermore, in the face of similar changes in blood pressure after ACE inhibition, 
this intervention reduced the eGFR and the filtration fraction only in females [39]. 
Thus, females exhibit an unfavorable renal response to hyperglycemia but a protec-
tive renal hemodynamic response to ACE inhibition.

Like angiotensin II, also ET-1 promotes efferent arteriolar vasoconstriction as 
well as inflammation, fibrosis, endothelial dysfunction, and hypertension in kidney 
diseases. Moreover, this autacoid triggers mesangial hypertrophy and ECM accu-
mulation and increases glomerular permeability, thus resulting in increased albu-
minuria and deterioration of kidney function [40].
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The prevalence of glomerular hyperfiltration is largely dependent on the duration 
of hyperglycemia. Probably due to advanced age, hypertension-induced glomerulo-
sclerosis, and age-dependent kidney senescence, the prevalence of hyperfiltration 
among T2DM patients is lower than that in T1DM (6–23% and 34–67%, respec-
tively) [37]. Glomerular hyperfiltration has been repeatedly associated with subse-
quent eGFR reduction and albuminuria worsening. Among T2DM patients with 
hyperfiltration at baseline, those who maintained hyperfiltration after treatment with 
ACE inhibitors presented a higher risk for developing albuminuria and an acceler-
ated eGFR loss (5.2 ml/min and 2.4 respectively) as compared to those in whom 
hyperfiltration was corrected by ACE inhibition [15]. Thus, early correction of 
whole kidney hyperfiltration mitigates the progression of DKD.

16.2.4  Autophagy

Autophagy is a regulated biological process in which a special type of newly formed 
vesicles, the autophagosomes, phagocytize and degrade cytoplasmic content. This 
phenomenon is important for cell biology because it serves to eliminate aging cells 
and long-lived proteins and damaged organelles. The optimal level of cell autoph-
agy depends on tissues, age, and contingent physiology needs. To maintain their 
homeostasis, podocytes have an increased basal autophagy level. Exposure of podo-
cytes to hyperglycemia leads to decreased autophagy and induces severe podocyte 
injury, and studies in obese T2DM patients documented defective autophagy in 
proximal tubular cells in these patients. This alteration has long been implicated in 
podocyte injury and death and in the progression of DKD [41, 42]. Impaired tubular 
autophagy in patients with DKD triggers tubular hypertrophy, inflammation, and 
fibrosis, through the pathway of p53/microRNA-214 [43].The causal role of dis-
turbed autophagy is supported by the observation in experimental models with 
T2DM that dietary restriction exerts anti-inflammatory effects and restores both 
autophagy and kidney injury [44]. However, a recent biopsy study in T1DM, 
10  years after pancreas transplantation and restoration of euglycemia, showed a 
significant reversal of DKD (assessed by reduction in basal membrane width and 
ECM accumulation) despite the fact that the injury of podocytes remained unchanged 
or even deteriorated [45].

16.2.5  Sodium Glucose Cotransporter (SGLT) and Cell Hypoxia

Due to enhanced proximal sodium reabsorption mainly mediated by the SGLT2, 
sodium delivery to the macula densa is reduced in diabetic patients. This causes a 
reflex reduction of afferent arteriole resistance and glomerular hyperfiltration. 
SGLT2 inhibition reduces proximal glucose reabsorption and glomerular 
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hyperfiltration and mitigates OS and fibrosis in the kidney [46]. Along with the 
hypothesis that the macula densa is key to the hemodynamic alterations induced by 
hyperglycemia, randomized controlled trials testing the effect of SGLT2 on renal 
function coherently detected a small, initial eGFR decrease followed by a substan-
tial attenuation of DKD progression in the long term [47, 48]. In this regard, it 
should be noted that among T2DM patients with eGFR below 45 ml/min, the long-
term renoprotective effects of SGLT2 inhibitors occur without causing the early 
short-term eGFR decline, thus suggesting that the mechanisms affected by SGLT2 
inhibition might be other than hyperfiltration [49].

Chronic cell hypoxia has been suggested to be a primary driver of DKD. T2DM 
causes oxygen imbalance by compromising oxygen delivery (due to diabetes- 
induced microvascular injury) in the face of a high oxygen demand by enhanced 
kidney sodium reabsorption coupled with glucose reabsorption, a process mainly 
mediated by SGLT2. The hyperglycemia-associated hypoxic damage mediates 
capillary injury, inflammation, fibrosis, and nephron loss in diabetes [50], and the 
renoprotective effect of SGLT2 inhibitors might be at least partially attributed to 
improvement of kidney hypoxic status allowed by these drugs.

16.2.6  Urinary microRNAs and the Mitochondria

In recent years, urinary microRNAs (miRNAs) have been associated with clinical 
and histopathologic parameters in DKD and are now implicated in the progression 
of this disease. In both non-albuminuric and albuminuric T2DM patients, urinary 
miRNA-192 is strongly associated with the expression of TGF-β, and the degree of 
albuminuria [51] and urinary exosomal miRNA-29 is a marker of kidney fibrosis 
[52]. Moreover, in diabetic animals, the increase of miRNA-451-5p levels in urine 
exosomes precedes albuminuria and kidney fibrosis and is a potential biomarker of 
early DKD [53]. miRNA dysregulation in diabetes is extensive, and two recent 
meta-analyses reported that seven miRNAs (miR-21-5p, miR-29a-3p, miR-126-3p, 
miR-192-5p, miR-214-3p, miR-342-3p, and the hsa-miR-770 family) are substan-
tially dysregulated in blood or urine from DKD patients compared to controls 
[54, 55].

The mitochondria are considered the powerhouse of the cell because these cell 
organelles generate most of the cell’s supply of ATP which is used as a source of 
chemical energy. Interestingly, increased mitochondrial oxidation might be both 
the cause and the effect of hyperglycemia, and, once established, such an altera-
tion activates proinflammatory, profibrotic, and apoptotic mediators. 
Mitochondrial DNA changes have been detected in blood, urine, and other tis-
sues of DKD patients. Monitoring the molecular alterations in mitochondrial 
DNA might predict incident DKD and might also serve as a potential therapeutic 
target [56], an issue intensively investigated in experimental studies. Figure 16.1 
summarizes the main and novel pathophysiologic mechanisms underlying devel-
opment of DKD.
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Fig. 16.1 Main and novel pathophysiologic mechanisms underlying development of DKD

16.3  Novel Biomarkers of DKD

Both albuminuria (which is believed to be the first sign of DKD) and eGFR are 
characterized by significant variability and lack of accuracy in the detection and 
prediction of DKD progression. This is attributed to the fact that these two biomark-
ers are not linked to the molecular alterations responsible for DKD but are the actual 
result of kidney injury. Developing novel biomarkers that reflect pathophysiologic 
alterations at a preclinical stage is now perceived as an unmet clinical need. To 
improve the prediction of DKD, “omics” studies identified novel proteins and 
metabolites that may predict the course of this disease. Among those, the CKD273 
urinary proteome-based classifier that consists of collagen fragments and proteins 
involved in inflammation and fibrosis is now considered the most accurate predictor 
of DKD progression in longitudinal and cross-sectional studies [57]. In a longitudi-
nal study of T2DM patients, the CKD273 classifier was a stronger and more accu-
rate predictor of macroalbuminuria (AUC, area under the curve, = 0.93) as compared 
to microalbuminuria (AUC = 0.67). Moreover, this classifier predicted the occur-
rence of macroalbuminuria 4.9 years before the actual occurrence of this alteration, 
compared with only 3.4 years for microalbuminuria [58]. The Proteomic prediction 
and Renin angiotensin aldosterone system Inhibition prevention Of early diabetic 
nephRopathy In TYpe 2 diabetic patients with normoalbuminuria (PRIORITY) 
study showed that various clinical risk factors for DKD were associated with the 
CKD273 score, including old age, male gender, longer duration of T2DM, lower 
eGFR, and higher albuminuria [59]. A post hoc analysis of the Diabetic Retinopathy 
Candesartan Trials (DIRECT-Protect 2 study) in T2DM patients showed that this 
classifier predicts the development of microalbuminuria independently of age, gen-
der, albuminuria, eGFR, and HBA1c, with hazard ratio of 2.5 and AUC of 0.79 [60]. 
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Both in type 1 and 2 diabetes, the CKD273 identifies patients who experience a 
decline of eGFR to below 60 mL/min, even in the absence of albuminuria [61]. 
Since the CKD273 classifier is thought to predict the response of mineralo-receptor 
blockade in T2DM, the ongoing PRIORITY trial [62] will use this score to stratify 
treatment response (spironolactone-derived prevention of albuminuria). Thus, the 
potential of urinary “omics” markers like the CKD273 classifier in DKD extends 
from the early detection of DKD to progression, prognosis, and prediction of 
response to treatment (Box 16.3).

16.4  Therapeutic Advancements

Diabetic subjects without renal dysfunction and without albuminuria do not exhibit 
any excess risk for renal function loss over time as compared to individuals in the 
general population matched for age and gender. The question whether the lack of 
albuminuria may afford the same protection in diabetic individuals with established 
renal dysfunction (CKD stage 3) was examined by Vistisen in 935 persons with 
T1DM and 1984 with T2DM during up to 16  years of follow-up at the Steno 
Diabetes Center in Copenhagen [16]. In this study, the yearly eGFR loss over the 
following 10 years was dose-dependently associated with the presence and the mag-
nitude of albuminuria both in T1DM (normoalbuminuria 1.9  ml/min/1.73  m2, 
microalbuminuria 2.3 ml/min/1.73m2, and 3.3 mL/min/1.73 m2 for macroalbumin-
uria) and T2DM (1.9 ml/min/1.73m2, 2.1 ml/min/1.73m2, and 3.0 ml/min/1.73m2). 
The 14% of T1DM and the 10% of T2DM individuals with CKD and normoalbu-
minuria developed an early decline in the eGFR. These subgroups were character-
ized by a lower use of lipid-lowering drugs, RAS blockers, and other antihypertensive 
treatment suggesting that these interventions may slow CKD progression in non- 
albuminuric DKD. Remarkably, in this contemporary cohort the rate of eGFR loss 
in micro- and macroalbuminuric T1DM and T2DM patients (between 2.1 and 
3.3 mL/min/1.73 m2 per year) was substantially less than in historical cohorts in 
Denmark [63, 64] and in England [65] which was in the 10–20 mL/min/1.73 m2 per 
year range. This spectacular improvement in kidney outcomes underlines the 
achievements of primary and secondary prevention of DKD of the last three decades.

As to primary prevention of DKD, a trial of caloric restriction in non- 
albuminuric obese individuals with T2DM and high or normal eGFR showed that 

Box 16.3
• CKD273 classifier is a novel biomarker of DKD.
• It includes several collagen fragments and proteins involved in inflamma-

tion and fibrosis.
• It predicts macroalbuminuria more accurately, as compared to 

microalbuminuria.
• CKD273 score correlates with old age, male gender, long duration of 

T2DM, low eGFR, and high albuminuria.
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this intervention reduced the high eGFR in hyperfiltering patients, improved insulin 
sensitivity, and reduced albuminuria even though this parameter was already within 
the normal range at baseline [66]. However, glomerular hyperfiltration per se, i.e., 
unassociated with albuminuria, is a surrogate of uncertain clinical relevance. 
Therefore, the renal effect of calorie restriction and other non-pharmacologic or 
pharmacologic interventions in these patients should be assessed in trials based on 
classical clinical endpoints like eGFR loss >50%, dialysis and transplantation, or by 
detailed studies of the rate of eGFR loss over time [67]. Given the very low rate of 
eGFR fall registered in normoalbuminuric individuals with diabetes without renal 
dysfunction, these trials should be done in normoalbuminuric patients with estab-
lished DKD, particularly in the subset of patients (about 10%, see above) manifest-
ing an early decline in eGFR.

Four drug trials, the BErgamo NEphrologic DIabetes Complications Trial 
(BENEDICT) [68], the Action in Diabetes and Vascular disease: preterAx and dia-
microN- MR Controlled Evaluation (ADVANCE) [69], the Randomized Olmesartan 
And Diabetes MicroAlbuminuria Prevention (ROADMAP) [70], and the DIabetic 
REtinopathy Candesartan Trial and the progression of retinopathy in type 2 diabetes- 
Prevent 2 (DIRECT Protect-2) [71], reported that ACEi like perindopril in 
BENEDICT and angiotensin II receptor blockers (ARBs) like olmesartan and can-
desartan in the other two trials prevent the onset of albuminuria in hypertensive, 
normoalbuminuric patients with T2DM. However, none of these trials were based 
on established clinical renal endpoints and/or the rate of the eGFR decline. 
Furthermore, olmesartan in ROADMAP was associated with increased mortality 
risk, despite albuminuria reduction. Overall, for the lack of studies based on clinical 
endpoints, ACEis and ARBs are not recommended for primary prevention of DKD 
in T2DM in the clinical practice guidelines by the American Diabetes Association 
current (11. Microvascular Complications and Foot Care: Standards of Medical 
Care in Diabetes 2019) which is in line with the recent recommendation by KDIGO 
(Kidney Disease: Improving Global Outcomes Diabetes Work Group, 2020).

As to secondary prevention of DKD, RAS inhibitors are established agents for 
the treatment of albuminuric DKD in T2DM. This is because of landmark trials 
published in 2001, the Irbesartan Diabetic Nephropathy Trial (IDNT) [72] and the 
Reduction of End Points in Non-Insulin-Dependent Diabetes with the Angiotensin 
II Antagonist Losartan (RENAAL) [73] in DKD patients with ACR over 300 mg/g. 
In both trials RAS blockade was associated with a reduction in the risk for the clas-
sical combined renal endpoint (serum creatinine doubling or progression to ESKD). 
However, the residual risk in these studies was still substantial, ranging from 6 to 
8/100 patient-years for individual outcomes and 11/100 patient-years for the com-
posite outcome. Given the global burden of diabetes in the world population, the 
search for novel therapies to prevent DKD progression is a public health priority. 
Over the last decade new antidiabetic agents (SGLT2 inhibitors, GLP-1RA, and 
DDP-4 inhibitors) and new antihypertensive agents with unique nephroprotective 
properties have enlarged the armamentarium applied to treat DKD. Furthermore, 
new K-binders allow a better control of hyperkalemia, a relevant side effect of RAS 
blockers and aldosterone antagonists.
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16.4.1  SGLT2 Inhibitors

SGLT2 inhibitors are glucose-lowering agents endowed with relevant protective 
effects for the kidney and the CV system. The Empagliflozin Cardiovascular 
Outcome Event Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG OUTCOME) 
was the first of a series of randomized controlled trials showing that treatment with 
a SGLT2 inhibitor, empaglifozin, improves CV outcomes and reduces DKD pro-
gression both in non-albuminuric and albuminuric patients [47, 74, 75]. In this trial, 
empagliflozin substantially reduced the eGFR decline across all albuminuria strata. 
In the same vein, the Canagliflozin and Renal Events in Diabetes with Established 
Nephropathy Clinical Evaluation (CREDENCE) trial showed that canagliflozin 
decreases the risks for doubling of serum creatinine, progression to ESKD, death 
from kidney causes, or CV disease in patients with DKD [76]. Importantly, these 
agents reduced proteinuria, and canagliflozin slowed DKD progression also in 
patients with severe DKD (eGFR  <  30  ml/min) [77]. In both, EMPA-REG and 
CREDENCE, initiation of treatment with these drugs was followed by an acute 
drop in eGFR in more than 50% of patients. However, the long-term clinical benefit 
of treatment was independent of this initial renal-hemodynamic effect [74, 78]. 
Besides nephroprotection, empaglifozin [79] and canagliflozin [80] stimulate eryth-
ropoiesis via increased erythropoietin levels. A third SGLT2 inhibitor, dapaglifozin 
(DAPA), exhibits the same cardioprotective and nephroprotective effects of empa-
glifozin and canagliflozin also in nondiabetic CKD patients. The Dapagliflozin and 
Prevention of Adverse Outcomes in Chronic Kidney Disease (DAPA-CKD) trial 
randomized 4304 patients with eGFR between 25 and 75 ml/min and ACR ranging 
from 200 to 5000 mg/g to either 10 mg per day of dapagliflozin or placebo. About 
1/3 of participants had nondiabetic CKD. After a median follow-up of 2.4 years, 
dapagliflozin significantly decreased total mortality, progression to ESKD, and the 
risk for a ≥ 50% reduction in baseline eGFR, in both DKD and nondiabetic CKD 
patients [81]. In patients with DKD stage 3b-4, dapagliflozin caused clinically sig-
nificant reductions in BP, albuminuria, and body weight, but failed to decrease 
HbA1c [49]. Therefore, the beneficial effects of this drug are independent of glyce-
mic control. Even though affording the same beneficial effects for renal and CV 
prevention of the previously discussed SGLT2 inhibitors, another drug of this class, 
sotagliflozin, increased the risk of volume depletion, diarrhea, and diabetic ketoaci-
dosis [82]. This trial, the Sotagliflozin in Patients with Diabetes and Chronic Kidney 
Disease (SCORED), was interrupted for the lack of funding after 14 months. Longer 
trials with sotagliflozin are still needed to evaluate the safety of this compound in 
patients with DKD.

The previously discussed large CV and renal outcome trials in patients with 
T2DM have shown that SGLT2 inhibitors improve CV and renal outcomes, and, in 
particular, they are quite effective for reducing the risk of hospitalization for heart 
failure [83–85]. Other trials with the same agents focusing on diabetic and nondia-
betic patients with heart failure have now shown that they are unquestionably ben-
eficial in this population. Indeed, a meta-analysis [86] of two large trials in 
nondiabetic and diabetic patients with heart failure, the Dapagliflozin and Prevention 
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of Adverse Outcomes in Heart Failure (DAPA-HF) [87] and the Empagliflozin 
Outcome Trial in Patients with Chronic Heart Failure and a Reduced Ejection 
Fraction (EMPEROR-Reduced) [88] showed that these drugs reduce the risk of CV 
death or hospitalization for heart failure (composite outcome). However, neither 
trial had sufficient power to assess the effects on all-cause or CV death or adverse 
renal events (secondary outcomes). Overall, based on the very positive effects of 
SGLT2 inhibitors for CV and renal protection, the new KDIGO guideline for the 
treatment of T2DM with DKD recommends SGLT2 inhibitors as first-line therapy 
[89] in patients with eGFR above 30 ml/min. Even though the previously mentioned 
post hoc analysis of the CREDENCE study by Bakris [77] demonstrated that cana-
gliflozin may prevent CKD progression in patients with eGFR < 30 ml/min/1.73m2, 
this analysis was based on 170 patients only. Ongoing studies, namely, the Effects 
of Dapagliflozin in Nondiabetic Patients with Proteinuria (DIAMOND) trial that 
recruited participants with eGFR down to 25 ml/min per 1.73 m2 [90] and the Study 
of Heart and Kidney Protection with Empagliflozin (EMPA-Kidney) trial [91] that 
includes patients with an eGFR down to 20 ml/min per 1.73 m2, will clarify whether 
the benefit of SGLT2 inhibition apply also to patients with eGFR  <  30   ml/
min/1.73m2.

A recent observational study based on electronic healthcare databases from 
seven Canadian provinces and the UK reported that, compared to dipeptidyl pepti-
dase 4 (DPP-4) inhibitors, SGLT2 inhibitors are associated with a 2.7-fold increased 
risk for incident diabetic ketoacidosis events [92]. Therefore, the use of SGLT2 
needs caution in patients with risk factors for diabetic ketoacidosis, such as alcohol-
ism, drug abuse, and pancreatic insufficiency. Other risks of SGLT2 inhibitors 
include volume depletion and genital mycotic infections.

16.4.2  GLP-1RA and DDP-4 Inhibitors

Glucagon-like peptide-1 receptor agonists (GLP-1 RA) or incretin mimetics are of 
proven value for the management of T2DM, because they can reduce body weight, 
appetite, and HbA1c while having a decreased risk of hypoglycemia. In patients 
with T2DM who were at high CV risk, the rate of CV death, nonfatal myocardial 
infarction, or nonfatal stroke was significantly lower among patients receiving 
semaglutide than among those receiving placebo in the Semaglutide and 
Cardiovascular Outcomes in Patients with Type 2 Diabetes (SUSTAIN) trial [93]. 
As for SGLT2 inhibitors, the benefit of this drug went beyond CV outcomes. The 
Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome 
Results (LEADER) trial was indeed the first of a series of GLP-1 analogues show-
ing that liraglutide reduces (−22% in this trial) the risk of new-onset persistent 
macroalbuminuria, serum creatinine doubling, progression to ESKD, or death [94]. 
Interestingly, the renoprotective effect of liraglutide was driven almost completely 
by a decrease in new-onset macroalbuminuria and not by effects on ESKD or dou-
bling serum creatinine. A recent meta-analysis of seven trials including 56,000 
T2DM patients [95] confirmed that diverse GLP-1RA (a class effect) causes a 17% 
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decrease in the same composite renal outcome, which was largely driven by a sig-
nificant decrease in macroalbuminuria (HR, 0.76, 95% CI 0.68–0.86, p = 0.003). 
However, GLP-1 RA failed to show any beneficial effect on microalbuminuria, 
eGFR decline, and progression of DKD toward kidney failure. On the other hand, 
post hoc analyses of the SUSTAIN-6 and the Peptide Innovation for Early Diabetes 
Treatment-6 (PIONEER-6), two large trials in T2DM patients at high CV risk, 
showed that semaglutide mitigated the reduction of the eGFR over time [96]. Of 
note, this renoprotective effect was documented in all patients and across different 
eGFR strata, and patients with baseline eGFR ranging from 30 to 60 ml/min were 
those who mostly benefited from the treatment. Based on these data, the recent 
KDIGO guidelines recommend use of GLP-1 RA in T2DM patients with DKD 
unable to achieve optimal glycemic control despite treatment with metformin or 
SGLT2 inhibitors or when these drugs are contraindicated [89].

DPP-4 inhibitors are hypoglycemic agents that stimulate the endogenous pro-
duction of GLP-1. Data from four randomized controlled trials—the Saxagliptin 
Assessment of Vascular Outcomes Recorded in Patients with Diabetes Mellitus 
(SAVOR)-Thrombolysis in Myocardial Infarction (TIMI) 53 (SAVOR-TIMI 53) 
[97], the Examination of Cardiovascular Outcomes with Alogliptin versus Standard 
of Care (EXAMINE) [98], the Trial Evaluating Cardiovascular Outcomes with 
Sitagliptin (TECOS) [99], and the Cardiovascular and Renal Microvascular 
Outcome Study With Linagliptin (CARMELINA) [100]—pointed that among 
T2DM patients with CV disease, DDP-4 inhibitors have just a minor effect in albu-
minuria reduction, but no effect on renal endpoints and eGFR decline. Compared to 
canagliflozin, semaglutide induces a more pronounced weight loss (−1.1 kg) and a 
greater decrease in HbA1c (−0.5% at 1  year) [101]. However, a recent network 
meta-analysis of trials comparing new antidiabetic agents showed that SGLT2 
inhibitors exhibit a much stronger renoprotective effect than GLP-1RA. Indeed, in 
this analysis dapagliflozin caused a 47% risk reduction of a composite kidney out-
come (kidney death and clinical end-stage kidney disease, represented by progres-
sion to kidney transplantation, initiation of maintenance dialysis, or an 
eGFR < 15 mL/min/1.73 m2 sustained for at least 30 days, and a third variable to 
represent marked worsening in kidney function, by any one or combination of new- 
onset macroalbuminuria, a pre-specified percent reduction in eGFR, and doubling 
of serum creatinine), followed by empagliflozin, canagliflozin, and then semaglu-
tide and liraglutide, whereas linagliptin failed to show a significant beneficial 
effect [102].

16.4.3  Endothelin-1 Antagonists

Evidence that antagonism of endothelin-1 has beneficial effects in experimental 
models of kidney diseases is well established [103]. The Avosentan on Time to 
Doubling of Serum Creatinine, End Stage Renal Disease or Death (ASCEND) trial 
demonstrated that this drug causes a dose-dependent reduction in albuminuria in 
patients with DKD [104]. However the trial was prematurely stopped due to an 
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excessive incidence of congestive heart failure in the treatment group, caused by 
fluid retention [105]. The Reducing Residual Albuminuria in T2DM patients Treated 
With the Maximum Tolerated Labeled Dose of a Renin Angiotensin System 
Inhibitor (RADAR) showed that addition of atrasentan to treatment with RAS 
inhibitors dose-dependently reduced residual albuminuria [106]. Although body 
weight, a surrogate marker of fluid retention, was significantly increased in the 
treatment group, there was no difference in the incidence of CV events among 
groups in this trial. Making treasure of the risk of heart failure triggered by fluid 
retention in ASCEND and RADAR, the atrasentan and renal events in patients with 
type 2 diabetes and chronic kidney disease (SONAR) adopted a special design and 
enrolled only patients exhibiting early reduction in albuminuria and no substantial 
fluid overload. This individualized approach excluded approximately 50% of the 
patients that were initially screened. In the patients that were finally included in the 
study, the addition of atrasentan to pre-existing treatment with a RAS inhibitor 
resulted in a 35% reduction of a composite renal outcome of serum creatinine dou-
bling or progression to ESKD [107] and reduced albuminuria status, independently 
of eGFR and hemoglobin levels [108]. Notwithstanding the strict preselection, 
edema and anemia, well-known side effects of ET-1, were more frequent in the 
treatment group but no excess risk for CV outcomes and hospitalizations due to 
heart failure.

16.4.4  Patiromer

International guidelines recommend the use of spironolactone as a fourth-line, add-
 on therapy in patients with uncontrolled resistant hypertension. Although the preva-
lence of resistant hypertension is much higher in advanced CKD (stages 3b-4) 
compared to the general hypertensive population, the use of spironolactone in CKD 
is limited by the risk of hyperkalemia. Potassium binding agents represent an inter-
esting means for mitigating hyperkalemia by aldosterone antagonists. In this regard, 
the Patiromer (a K-binder) versus placebo to enable spironolactone use in patients 
with resistant hypertension and chronic kidney disease (AMBER) trial [109] showed 
that among patients with uncontrolled resistant hypertension and advanced CKD 
(eGFR of 25–45 ml/min), the drug meaningfully reduced the risk of hyperkalemia 
and increased the proportion of patients who continued treatment with spironolac-
tone during a 12-week follow-up, an effect that was independent of diabetes sta-
tus [110].

16.4.5  Finerenone

Finerenone, a nonsteroidal, selective, oral mineralocorticoid receptor antagonist 
(MRA), has a better safety profile for the risk of hyperkalemia as compared to spi-
ronolactone. Furthermore, this drug maintains the beneficial properties of MRAs 
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Table 16.1 Summary of randomized controlled trials investigating the effects of novel therapeu-
tic agents for management of DKD

Drug Trial Study population Outcome Result
SGLT2
Empagliflozin EMPA-REG 

OUTCOME 
[75, 83]

4124 T2DM patients 
with eGFR ≥ 30 ml/
min

Progression to 
macroalbuminuria, 
doubling of the 
serum creatinine 
level, ESKD, or 
death from renal 
causes

6.1% reduction

Incident albuminuria No difference 
among groups

7020 T2DM with 
high CV risk

Death from CV 
event, nonfatal 
stroke, or nonfatal 
myocardial 
infarction

14% reduction

Hospitalization for 
unstable angina

35% reduction

EMPEROR- 
REDUCED 
[88]

3730 patients with 
heart failure and 
EF ≤ 40%

CV death or 
hospitalization for 
heart failure

25% reduction

(continued)

including suppression of fibrosis and inflammation. The minerAlocorticoid Receptor 
antagonist Tolerability Study (ARTS) trial in DKD patients showed that the addition 
of finerenone to standard treatment with a RAS inhibitor results in a significant, 
dose-dependent improvement in albuminuria [111]. However, in this study, there 
was no effect of finerenone in the secondary renal outcome (≥30% reduction on 
eGFR), which might have been due to the small power of this study for this out-
come. This issue was more recently addressed in the Finerenone in Reducing 
Kidney Failure and Disease Progression in Diabetic Kidney Disease (FIDELIO- 
DKD) trial. In this trial 5734 T2DM patients with DKD and moderately increased 
albuminuria (30–300  mg/g ACR) and diabetic retinopathy or severely increased 
albuminuria (300–5000 mg/g ACR), that were being treated with ACEi or ARBS, 
were randomized to either finerenone or placebo. Remarkably, patients in the finere-
none group presented a slower decline of eGFR rate, a lower rate of CV mortality 
and morbidity, and a nonsignificant reduction in mortality and progression to ESKD 
[112]. Until now no study focused on the possible additive beneficial effect of 
finerenone in DKD patients already treated with ACEi and SGLT2 inhibitors, which 
is a question of obvious importance for exploiting in full the new drugs which 
entered into the therapeutic scenario of DKD in the recent years (Table 16.1).
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Table 16.1 (continued)

Drug Trial Study population Outcome Result
Canagliflozin CREDENCE 

[76, 77, 80]
4401 T2DM patients 
with 
30 < eGFR < 90 ml/
min and UACR of 
>300–5000 mg/g 
treated with RASi

Major CV events, 
CV death

20% reduction

ESKD, doubling of 
serum creatinine, or 
death from renal or 
CV causes

Reduction

Anemia events or 
initiation of 
treatment for anemia

35% reduction

170 T2DM patients 
with eGFR < 30 ml/
min and UACR of 
>300–5000 mg/g 
treated with RASi

Rate of eGFR 
decline

66% reduction

AKI and kidney- 
related adverse 
events

No difference 
among groups

Dapagliflozin DAPA-CKD 
[49, 81]

4304 T2DM patients 
with 
25 < eGFR < 75 ml/
min and UACR of 
>200–5000 mg/g

ESKD, ≥50% eGFR 
reduction, or death 
from renal or CV 
causes

39% reduction

CV death or 
hospitalization for 
heart failure

29% reduction

DECLARE- 
TIMI 58 [47]

17,160 T2DM 
patients with 
atherosclerotic CV 
disease
OR
Multiple risk factors 
and eGFR > 60 mL/
min

ESKD, ≥40% eGFR 
reduction to less 
than 60 ml/min, 
kidney 
transplantation, or 
death from renal or 
CV causes

24% reduction, 
including 46% 
reduction in 
≥40% eGFR 
decline

DAPA-HF 
[87]

4744 patients with 
heart failure and 
EF ≤ 40%

CV death, 
hospitalizations/
urgent visits for 
heart failure 
resulting in 
intravenous therapy 
for heart failure

26% reduction

Sotagliflozin SCORED [82] 10,584 T2DM 
patients with 
25 < eGFR < 60 ml/
min

CV death, 
hospitalizations/
urgent visits for 
heart failure

26% reduction

Diarrhea, genital 
mycotic infections, 
volume depletion, 
and diabetic 
ketoacidosis

Increase
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Table 16.1 (continued)

Drug Trial Study population Outcome Result
GLP-1RA
Semaglutide SUSTAIN [93] 3297 T2DM patients, 

with 83% having 
pre-existing CV 
disease or CKD or 
both

Death from CV 
event, nonfatal 
stroke, or nonfatal 
myocardial 
infarction

Reduction

New onset of CKD 
or worsening 
pre-existing CKD

Reduction

Liraglutide LEADER [94] 9340 T2DM patients 
with
Age > 50 years and 
CV disease or CKD
OR
Age > 60 years and 
other specified risk 
factors of CV disease

New-onset persistent 
macroalbuminuria, 
doubling of the 
serum creatinine 
level, ESKD, or 
death from renal 
causes

22% reduction
(26% reduction 
in albuminuria, 
similar rates in 
doubling of the 
serum creatinine 
level, ESKD, or 
death from renal 
causes)

AKI No difference 
among groups

Semaglutide SUSTAIN-6 
PIONEER-6 
[96]

6480 T2DM Annual eGFR 
decline

Reduction by 
0.60 ml/min

DDP-4 inhibitors
Saxagliptin SAVOR-TIMI 

53 [97]
16,492 T2DM 
patients (58.8% with 
normoalbuminuria, 
26.8% with 
microalbuminuria,
9.9% with 
macroalbuminuria)

Doubling of serum 
creatinine, ESKD, 
renal transplantation, 
or serum creatinine 
>6.0 mg/dL

No difference 
among groups

eGFR No difference 
among groups

UACR Minor reduction 
in all categories 
of albuminuria

Alogliptin EXAMINE 
[98]

5380 T2DM patients 
with a recent acute 
coronary syndrome

Death from CV 
event, nonfatal 
stroke, or nonfatal 
myocardial 
infarction

No difference 
among groups

HbA1c Reduction
ESKD No difference 

among groups
Sitagliptin TECOS [99] 14,671 T2DM 

patients with 
pre-existing CV 
disease

CV events No difference 
among groups

eGFR decline No difference 
among groups

(continued)
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Table 16.1 (continued)

Drug Trial Study population Outcome Result
Linagliptin CARMELINA 

[100]
6991 T2DM patients 
type 2 diabetes, with 
a history of vascular 
disease and 
UACR > 30 mg/g
OR
45 < eGFR < 75 ml/
min and 
UACR > 200 mg/g
OR
15 < eGFR < 45 ml/
min

CV death, nonfatal 
myocardial 
infarction, or 
nonfatal stroke

No difference 
among groups

ESKD, ≥40% eGFR 
reduction or death 
from renal causes

No difference 
among groups

Endothelin-1 antagonists
Avosentan ASCEND 

[104, 105]
1392 DKD patients 
treated with RASi

UACR Dose-dependent 
reduction

CV events Increase (reason 
for premature 
termination of 
the study)

ESKD, doubling of 
serum creatinine, or 
death

No difference 
among groups

Atrasentan RADAR [106] 211 T2DM patients, 
with UACR of 
300–3500 mg/g, and 
30 < eGFR < 75 ml/
min treated with 
RASi

UACR Dose-dependent 
reduction

eGFR, office BP 
measurements, heart 
failure, peripheral 
edema, CV events

No difference 
among groups

24-h systolic and 
diastolic BP, LDL 
cholesterol, 
triglycerides

Reduction

Body weight Increase
Atrasentan SONAR [107, 

108]
2648 T2DM patients, 
with UACr of 
300–5000 mg/g, and 
25 < eGFR < 75 ml/
min treated with 
RASi

ESKD or doubling 
of serum creatinine 
or death from renal 
causes

35% reduction

UACR Reduction, 
independently 
of eGFR and Hb

Hospitalizations for 
heart failure

No difference 
among groups

Potassium binding agents
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Table 16.1 (continued)

Drug Trial Study population Outcome Result
Patiromer AMBER [109] 295 CKD with 

uncontrolled resistant 
hypertension and 
25 < eGFR < 45 ml/
min

Difference in the 
proportion of 
patients on 
spironolactone

Increase in 
treatment group 
(16% increase 
in patients with 
HF, 22.4% 
increase in 
patients without 
HF), 
independently 
of diabetes

Change in systolic 
AOBP

No difference 
among groups

Risk of 
hyperkalemia

Reduction

Mineralocorticoid receptor antagonist
Finerenone ARTS [111] 821 T2DM treated 

with RASi
UACR change Dose-dependent 

reduction
≥30% eGFR 
reduction

No difference 
among groups

Finerenone FIDELIO-
DKD [112]

5734 T2DM with 
DKD treated with 
RASi and
30–300 mg/g UACR, 
25 < eGFR < 60 ml/
min and diabetic 
retinopathy
OR
300–5000 mg/g 
UACR, 
25 < eGFR < 75 ml/
min

ESKD, ≥40% eGFR 
reduction, or death 
from renal causes

18% reduction

CV death, CV 
events, 
hospitalization for 
heart failure

14% reduction

T2DM type 2 diabetes mellitus, CV cardiovascular, ESKD end-stage kidney disease, EF ejection 
fracture, eGFR estimated glomerular filtration rate, UACR urinary albumin to creatinine ratio, 
RASi renin-angiotensin system inhibitors, AKI acute kidney injury, CKD chronic kidney disease, 
HBA1c glycated hemoglobin, BP blood pressure, LDL low-density lipoprotein, AOBP automated 
office blood pressure, DKD diabetic kidney disease
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17Diabetic Retinopathy

Andrea Grosso

17.1  Epidemiology

Diabetes mellitus (DM) is a global epidemic [1], and diabetic retinopathy (DR) is 
one of the major causes of visual impairment in working middle-aged adults [2–5]. 
As outlined by Prof. Tien Yin Wong during the Euretina Lecture “Improving aware-
ness and knowledge about the natural history of diabetes and the risk of complica-
tions, including diabetic retinopathy, is recognized as an important public health 
strategy. However, awareness of DR in diabetes patients continues to be subop-
timal [3].

Early detection of retinopathy in individuals with diabetes is critical for prevent-
ing visual loss. Nonproliferative diabetic retinopathy (NPDR) is an early stage of 
DR. Moreover, NPDR can be classified into mild, moderate, and severe based on 
extension and severity of retinal lesions and vascular abnormalities [6, 7]. Vision 
loss from DR can be prevented [8–10] with broad-level public health strategies, DR 
screening programs, and using cost-effective treatments for vision-threatening lev-
els of DR based on resource settings. The therapeutical armamentarium for ocular 
treatment was largely implemented in the last 10  years (laser, anti-VEGF, novel 
agents), and the ophthalmologists, particulary in high-income countries, have 
focused their efforts on tertiary prevention and have effective measures to treat the 
DR. However, the “weak rings” in the global strategy for tackling the epidemic of 
diabetic retinopathy are the primary and secondary prevention. In order to effec-
tively tackle DR at a global level, we agree that a major paradigm shift is necessary 
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from tertiary towards secondary and primary prevention measures, particularly in 
low- and middle-income countries [3, 4]. A strict collaboration between diabetolo-
gists, family physicians, and ophthalmologists is essential: for example, national 
diabetic registries may enhance this collaboration and the implementation of guide-
lines to improve the quality of diabetes care.

Noteworthy there is a particular population of patients with type 1 diabetes who 
are completely spared from diabetic retinal complications [11, 12].

17.2  Hypertension: The Risk Factor for Retinopathy 
in Diabetics

The achievement of near-good glycemia is the main goal of diabetes patients to 
prevent the onset of diabetic retinopathy; nevertheless multiple studies since the 
1980s have shown the crucial role of high blood pressure as a risk factor for reti-
nopathy in diabetics.

West et al. [13] did not find any correlations between blood pressure levels and 
incidence of diabetic retinopathy in type 2 diabetes when blood pressure levels were 
below 170 mmHg, but when this cutoff was overwhelmed the incidence of retinopa-
thy increased.

In Pima Indians Knowler et al. [14] demonstrated a clear association between 
blood pressure levels higher than 145 mmHg and the incidence of retinopathy.

In a population-based study in patients with type 1 diabetes, a bad control in 
blood pressure played a role in the severity of retinopathy [15].

Interestingly Rand et al. [16] demonstrated that diseases characterized by a low 
retinal flow, such as glaucoma, myopia, and chorioretinal scars, may delay the fea-
tures of retinopathy. All these conditions share as a common pathological mecha-
nism—a reduction in the perfusion as in the argon laser treatment.

High blood pressure is detrimental to each aspect of diabetic retinopathy, from 
microaneurysms to visual loss: the UKPDS 38 showed that a tight control of blood 
pressure in type 2 diabetics leads to a significant reduction in the diabetes-related 
mortality risk and a reduction in the progression of diabetic retinopathy. The good 
blood pressure control must be continued to maintain the benefits in terms of protec-
tion in the onset and progression of microvascular and macrovascular complications 
[17–20].

In 1998, the Euclid [21] study was the first to demonstrate a clear beneficial 
effect of lisinopril in the prevention of nephropathy and diabetic retinopathy: since 
the last 20 years we have known the pleiotropic effects of antihypertensive drug 
classes beyond their blood pressure-lowering effect.

Findings from the DIRECT [22] study showed that diabetic retinopathy regresses 
with control of hypertensive retinopathy, glucose, and lipids. Particularly renin- 
angiotensin blockade with candesartan may reduce diabetic retinopathy by 35% in 
type 2 diabetes mellitus with mild to moderate nonproliferative diabetic 
retinopathy.
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17.3  Similarities and Differences in Early Retinal Phenotypes 
in Diabetes and Hypertension

17.3.1  The Morphological Correlations

Ophthalmologists need to work in close collaboration with diabetologists and spe-
cialists in internal medicine because an early and sustained improvement in blood 
pressure levels may protect diabetic patients from diabetic retinopathy onset and 
progression [3, 4, 23].

Retinopathy, particularly at its early stage, shares a number of similar morpho-
logical features representing small vessel damage by hypertensive or diabetic pro-
cesses [23–28].

Further population-based studies have shown that approximately 5–10% of non-
diabetic persons may have retinopathy signs similar to diabetic persons with mild 
retinopathy [29–32].

Therefore, understanding the clinical meaning of the retinal vascular microvas-
cular abnormalities may provide insights into the microvasculature involved in sys-
temic vascular disease [27, 33].

What is still under investigation is the separate contribution of hypertension and 
diabetes in the pathophysiology of retinopathy [6, 28].

An acute raise in systemic blood pressure may induce retinal vascular changes 
that are very similar to the retinal vascular changes seen in moderate nonprolifera-
tive diabetic retinopathy [6, 28, 34–40] (Figs.17.1 and 17.2).

Fig. 17.1 The fundus 
retinal photograph shows 
retinal vascular 
abnormalities in a patient 
with acute rise in blood 
pressure (acute 
hypertensive retinopathy). 
(Courtesy of Centre for 
Eye Research Australia, 
Department of Retinal 
Imaging)
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Fig. 17.2 The fundus 
retinal photograph shows 
moderate hypertensive 
retinopathy. (Courtesy of 
Centre for Eye Research 
Australia, Department of 
Retinal Imaging)

Fig. 17.3 The fundus 
retinal photograph shows 
isolated retinal 
microaneurysm in 
association with focal 
vascular signs in a patient 
with systemic blood 
pressure. (Courtesy of 
Centre for Eye Research 
Australia, Department of 
Retinal Imaging)

The cotton-wool spots may be detected in people with diabetes or hypertension 
with no specific differences in number, size, or location and are more common when 
both conditions are associated [28].

However there are some retinal vascular changes with distinct morphological 
differences. For example, retinal arteriolar abnormalities, such as generalized or 
focal arteriolar narrowing and arteriovenous nicking, are preferentially seen in peo-
ple with hypertension, whereas these arteriolar changes are less commonly present 
in diabetic individuals without hypertension [28, 41–45].

Clustering of microaneurysms [46–48] may be a feature pointing more towards 
diabetes and has been shown to predict diabetic retinopathy progression (Fig. 17.2).

Isolated retinal microaneurysms may indicate hypertensive retinopathy [28] 
(Fig. 17.3) in association with focal arteriolar signs [49].
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Hemorrhagic signs may also demonstrate subtle morphological differences in 
hypertensive and diabetic retinopathy as retinal hemorrhages in diabetes are nor-
mally intra-retinal hemorrhages (Fig. 17.4), whereas retinal hemorrhages induced 
by hypertension are superficial or nerve fiber layer hemorrhages (Fig. 17.5) [28].

As retinopathy progresses, additional idiosyncratic signs may develop. Retinal 
swelling has been shown in both diabetic and hypertensive retinopathies, but macu-
lar edema is a hallmark of blood-retinal barrier impairment in diabetes. On the con-
trary, in hypertensive retinopathy optic disk swelling is a specific sign [28].

Driven by hypoperfusion the new vessel formation is a specific sign associated 
with chronic not well-compensated diabetes and is not seen in long-standing hyper-
tensive retinopathy [4, 5].

Fig. 17.4 The fundus 
retinal photograph shows 
intraretinal hemorrhages in 
a patient with moderate 
NPDR. (Courtesy of 
Centre for Eye Research 
Australia, Department of 
Retinal Imaging)

Fig. 17.5 The fundus 
retinal photograph shows 
retinal hemorrhages in a 
patient with systemic 
hypertension. (Courtesy of 
Centre for Eye Research 
Australia, Department of 
Retinal Imaging)
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17.3.2  The Pathophysiology

The internal blood-retinal barrier is impaired in both diabetes and hypertension; 
however the mechanistic stress signaling pathways are different [28, 50].

Retinal blood flow is steadily maintained by autoregulation. Incremental changes 
in blood pressure usually have little effects on retinal flow until mean arterial blood 
pressure is raised by 40%, when the retinal vascular autoregulation system is 
impaired. As a consequence, uncontrolled increase in retinal blood flow occurs and 
damages the endothelial cells through increased shear stress [51].

On the opposite side, diabetes exerts its deleterious effects by increasing the 
expression of permeabilizing molecules [4, 52–54].

Circulating macrophages, antibodies, inflammatory cytokines, and excitotoxic 
amino acids or fatty acids may enter into the retina and promote damage to the neu-
ral cells [55, 56].

Neurodegeneration leads to secretion of growth factors (e.g., VEGF) and loss of 
pro-barrier factors worsening this vascular injury process by capillary occlusion and 
permeability impairment [57–60].

17.4  Metabolic Memory: Reversibility, Inertia, 
and Irreversibility of Diabetic Retinopathy 
and Hypertensive Retinopathy

The term memory applied to the metabolism may appear misleading, but it is a core 
concept to understand the pathophysiology of early retinal changes in patients with 
diabetes and hypertension.

It is known that acute retinopathy signs induced by arterial hypertension may be 
generally reversible [28, 51, 61, 62], whereas retinal changes correlated to diabetes 
are generally progressive with time despite tight metabolic control [4, 5, 28, 63, 64].

Engerman and Kern showed that “diabetic retinopathy tends to resist arrest even 
in its incipient stages” in an animal model in 1987 [64]. Other experimental data in 
support of the concept of a sort of “memory” come from the research group headed 
by Renu Kowluru: “although hyperglycemia is the main initiator, progression of 
diabetic retinopathy continues even after re-institution of normal glycemic control 
in diabetic patients” [65].

The group headed by Mara Lorenzi in Harvard published in 1990 the first paper 
[66] to introduce the term memory to describe an abnormal gene expression among 
the mechanisms that might contribute to the poor reversibility of diabetic 
retinopathy.

We can distinguish two types of memory in the tissues that are targets of compli-
cations [28, 67]. One is the salutary memory of good glycemic control; the other is 
the damaging memory of hyperglycemia. The Edic Study [67, 68] showed that early 
implementation of good glycemic control may produce long-lasting protective 
effects on diabetic retinopathy, by slowing the rate of progression of vascular 
changes.
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The Diabetes Control and Complications Trial (DCCT) results and the UK 
Prospective Diabetes Study (UKPDS) and their follow-up studies [69–72] have 
documented that the duration of diabetes is a key factor in preventing retinopathy: 
when the glycemic control is started early in the course of diabetes, it is possible to 
obtain greater protection from retinopathy. These data support the concept that the 
progression of diabetic retinopathy incorporates memory of the years of hyperlgy-
cemia that preceded interventional near-normoglycemia [28].

The years of poor control in glycemia may have determined marks in multiple 
ways [73–75]. The effects of hyperglycemia induce changes in gene expression and 
cellular functions, and some of the changes persist when high glucose is removed, 
even in cells that have gone through rounds of replication [67, 73, 74].

Histone modifications may be one of the mechanisms for persistence of altered 
cellular phenotypes since they can be inherited during cell division [73, 74]. The 
investigation of molecular features and mechanisms that may account for appar-
ently irreversible marks left on tissues by hyperglycemia has been to date in short- 
term models. These models have documented that there is inertia in returning to 
the original state when hyperglycemia is corrected, but have not investigated iner-
tia versus irreversibility [28]. Failure to reverse retinal inflammatory mediators 
shown in the animal models by the group of Renu Kowluru emphasizes their 
important role in the resistance of retinopathy to arrest despite restitution of near- 
normoglycemia [76].

One point that needs to be addressed is the question of reversibility of retinal 
microvascular abnormalities: with the advent of new imaging technologies and 
computer-assisted fundus image analysis [77–79], the clinical interest is focused on 
the early subclinical vascular signs. In hypertensive retinopathy the hemodynamic 
changes are reversible at the early stages before developing the vascular remodel-
ing. The damage to the vascular cells, the apoptosis, and the deposition of extracel-
lular matrix lead to vascular remodeling and progress even when hypertension is 
improved with therapy [28, 80].

There is some indication that the type of antihypertensive medication has a role 
in the improvement of hypertensive retinopathy with clinical case series showing 
regression of some acute retinopathy signs (hemorrhages, cotton-wool spots, retinal 
edema) but not chronic (generalized arteriolar narrowing, arteriovenous nicking, 
increased wall-to-lumen ratio) with control of blood pressure [28, 61, 62, 80, 81].

Ongoing studies about bariatric surgery [82–87] and the analysis of the vascular 
effects after pancreas islet cell transplantation [88, 89] may better clarify the con-
cept of reversibility of diabetic retinopathy. Young age, male gender, high preopera-
tive HbA1c, and presence of preoperative retinopathy were the significant predictors 
of worsening postoperatively in patients who underwent bariatric surgery [83]. A 
meta-analysis of only controlled studies showed that bariatric surgery can prevent 
appearance of retinopathy, but is unable to prevent deterioration of pre-existing reti-
nopathy [90].

Another clinical scenario where it is possible to demonstrate the effects of the 
improvement of metabolic control to near-normoglycemia is represented by the 
clinical follow-up in patients who underwent islet transplantation. Islet 
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transplantation has been reported to restore normoglycemia and the overall meta-
bolic control in type 1 diabetes mellitus (DM) [88, 89, 91]. Clinical studies and 
laboratory investigations showed improvement or stabilization of the diabetic reti-
nopathy following islet transplantation. Further, the progression of diabetic reti-
nopathy was more likely to occur during medical therapy than after islet cell 
transplantation [89, 91–93].

In conclusion the cumulative glycemic exposure plays a critical role in the devel-
opment of micro- and macrovascular complications in diabetic patients. It is of fun-
damental importance to remind ophthalmologists that a prompt diagnosis and a 
prompt therapeutical management may save the sight in diabetic patients.

17.5  Diabetic Choroidopathy

The choroid plays a pivotal role in the retinal function by supplying continuous 
perfusion into the outer retina, crucial for the thermoregulation and the secretion of 
growth factors [94, 95].

The advent of indocyanine green (ICG) dye fluorescence in our clinical activity 
has demonstrated the early involvement of the choriocapillaris in diabetics patients 
with and without diabetic retinopathy [96].

The retinal imaging by ICG dye fluorescence was shown to allow a more precise 
quantification of the extension of abnormalities in the permeability of the capillary 
bed compared to traditional fluorescein angiography essential for tailored laser 
treatments [97–99].

The advancements in fundus imaging by structural optical coherence tomogra-
phy (OCT) and recently by Angio OCT (OCT-A) allowed a standardized classifica-
tion of early abnormalities of the choriocapillaris in diabetics without diabetic 
retinopathy [100–103].

We know the characteristics of the choroidal vasculopathy from previous histo-
logical studies, and they include basement membrane thickening, vascular luminal 
narrowing, periodic acid-Schiff-positive homogeneous acellular nodules similar to 
nodules described in Kimmelstiel-Wilson glomerulosclerosis, capillary dropout, 
aneurysmal changes, choroidal neovascularization with subretinal fibrovascular 
membranes, and leakage of proteinaceous fluid into the choroidal stroma [104–106].

In the recent literature the term “diabetic choroidopathy” was used to describe 
both the vascular and tissue abnormalities in the choroid in diabetic patients 
[107–111].

In patients with Stargardt disease and concomitant diabetic retinopathy, the early 
abnormalities in the choriocapillaris in patients with diabetes are clearly showed in 
the posterior pole (Figs. 17.6 and 17.7).

It is also known that hypertensive patients have abnormalities in choroidal flow: 
choroidal flow impairment was documented by luminal narrowing of the capillaries, 
capillary dropout, and focal scarring [112–114].

Although the early histopathological abnormalities in the choriocapillaris in dia-
betes and hypertension share many similarities, the choroidal changes secondary to 
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Fig. 17.6 The fundus 
retinal photograph 
documents the 
abnormalities in the 
choriocapillaris in the 
macular area: the macular 
atrophy creates a unique 
window beyond the retina 
layers in a patient with 
Stargardt disease. 
(Courtesy of Dr Eric 
Sigler, New York)

Fig. 17.7 The FFA shows 
choroidal abnormalities at 
the posterior pole in a 
patient with Stargardt 
disease and diabetic 
retinopathy: the window 
defects in the macular area 
clearly demonstrate the 
microvascular changes in 
the choriocapillaris. 
(Courtesy of Dr Eric 
Sigler, New York)

diabetes may be not reversible as we have discussed in the section focused to the 
concept of metabolic memory [28].

Studies from Prof. Gerard A. Lutty, at the Wilmer Ophthalmological Institute, 
Johns Hopkins Hospital, Baltimore show that diabetic choroidopathy is an inflam-
matory disease because there are many indicators of an inflammatory process: 
among them the leukocyte adhesion molecules are elevated in the choroidal vascu-
lature and polymorphonuclear neutrophils are often isolated in the nonperfusion 
areas [115, 116].

The analysis of the choroidal thickness in diabetic eyes without diabetic reti-
nopathy is not conclusive.

A recent meta-analysis [117] focused on this subject showed that diabetic eyes 
without diabetic retinopathy had significantly thinner choroidal thickness compared 
to control eyes. In addition, a sub-analysis of axial length, HbA1c, and duration of 
diabetes revealed that these were factors affecting choroid thickness.

In conclusion the diabetic choroidopathy (DC) should be considered in future 
clinical trials of drugs targeting DR because vascular changes similar to those in 
diabetic retinopathy are occurring in diabetic choroidopathy.
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17.6  The Role of Endothelial Dysfunction: A Journey 
from the Static Fundoscopy to the Dynamic 
Vessel Analysis

Computer-assisted fundus image analysis has allowed precise measurement of sub-
tle retinal vascular caliber changes in large populations [118]. It has been shown that 
changes in retinal vascular caliber are associated with the development of type 2 
diabetes [119–121] and vascular complications of both type 1 and 2 diabetes [122–
129]. In persons with diabetes, studies demonstrated that wider retinal arterioles are 
associated with risk of diabetic retinopathy [123–125], while wider retinal venules 
are associated with progression of retinopathy [128] and diabetic nephropathy 
[126, 127].

However, the underlying mechanisms for these relationships and why subtle 
changes in the caliber of the retinal vasculature are associated with both macro- and 
microvascular complications in diabetes remain unclear [42, 118].

Changes in retinal vascular caliber, as measured from fundus photographs and 
imaging techniques, may reflect underlying endothelial dysfunction in persons with 
diabetes [27, 28, 42]. Endothelial dysfunction has been suggested as a possible 
pathophysiogical mechanism in the pathogenesis of retinopathy beyond the well- 
described effects of hyperglycemia and other stress signaling pathways and the 
development of subsequent microvascular complications [130–133].

However clinical and epidemiological data have not found consistent associa-
tions of diabetic retinopathy with indirect serum markers of endothelial dysfunction 
[134–142].

In support of endothelial dysfunction in diabetic retinopathy [132, 143], there are 
studies showing relationships of diabetic retinopathy with cardiovascular diseases, 
including stroke, coronary heart disease, obesity, and heart failure, independent of 
traditional risk factors [144–148].

A major obstacle to clinical research of endothelial dysfunction is the difficulty 
in assessing its function level in vivo. Most measurements of endothelial function 
are time-consuming and require highly specialized personnel and equipment. In 
contrast, it is possible to analyze the behavior of retinal arterioles and venules non-
invasively through retinal imaging techniques [28, 77]. Blood flow in the retina is in 
large part regulated by the diameter of retinal vessels. These vessels are not supplied 
with autonomic innervation and their vascular tone is mostly regulated by endocrine 
and paracrine factors [132]. Retinal neuronal stimulation by flicker light results in 
retinal vessel dilation (neurovascular coupling) and may reflect endothelial function 
of the retinal circulation [149–151]. The evidence that the retinal circulatory 
response to diffuse flicker light is related to endothelial function [152] is based on 
the documented role of NO in flickering light-induced vasodilation [151–154]. In 
fact it has been showed that nitric oxide is released in the retinal vasculature when 
it is stimulated by flicker light [153]. In a study by Dorner et  al. [153], NG- 
monomethyl- L-arginine (LNMMA), an inhibitor of NO synthase, blunted this 
flicker-induced vasodilation in healthy individuals. Furthermore, impaired response 
to flicker-light stimulation in persons with hypertension could be restored by 
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angiotensin II subtype 1 receptor blockade [51], similar to a study which found 
improvement in the retinal arteriolar architecture with successful treatment of 
hypertension [155]. For example, it has been demonstrated previously that systemic 
administration of valsartan (angiotensin II type 1 receptor blockers) has little effect 
on the retinal blood flow in healthy humans [156], whereas treatment with either an 
angiotensin-converting enzyme inhibitor or an angiotensin II type 1 receptor blocker 
normalized retinal blood flow in diabetic rats [157].

It was showed that individuals with diabetes and diabetic retinopathy have 
reduced flicker-induced retinal vasodilation [158].

The research team headed by Prof. Tien Wong in Melbourne investigated among 
the firsts whether flicker light-induced vasodilation was impaired in patients with 
diabetes without diabetic retinopathy independent of major risk factors since 2006. 
The hypothesis was that a reduced vasodilation response (vasodilation reserve) in 
the retinal capillary bed in diabetic subjects was an early (trailing) indicator of 
subclinical retinal pathology and it was predictive (biomarker) of subsequent devel-
opment of retinopathy and other microvascular complications.

The assessment of flicker-induced vasodilation was made possible by a specific 
retinal imaging technology, the Dynamic Vessel AnalyzerR (DVA, IMEDOS, Jena, 
Germany): the DVA does not require much training, and the measurement can be 
performed noninvasively in less than 15 min. Thanh Nguyen and associates at the 
Melbourne University demonstrated that among patients with diabetes, those with 
reduced flicker induced-dilation were more likely to have diabetic retinopathy (ORs 
2.2 and 2.5, respectively, for arteriolar and venular dilation) [78, 159]. Similar 
results were found in other studies [160, 161]. However, the use of flickering light 
may be biased by a defective function of photorecpetors [132].

A different way to analyze the endothelial function is the drug delivery to the 
skin by iontophoresis accompanied by laser Doppler technology [162]. Responses 
of the skin microcirculation to sodium nitroprusside (SNP) and acetylcholine (ACh) 
are measures of endothelium-independent and endothelium-dependent responses, 
respectively: it is known that ACh stimulates nitric oxide (NO) production in endo-
thelial cells (endothelium-dependent vasodilation), and SNP is a NO donor to vas-
cular smooth muscle cells (endothelium-independent vasodilation). A reduction in 
vascular response in ACh with no concurrent reduction in SNP response would be 
indicative of endothelial dysfunction. The observation of reduction in responses to 
endothelial-dependent vasodilatation may therefore reflect endothelial dysfunction 
[163, 164].

Tien Wong, Thanh Nguyen, and associates at Melbourne University in collabora-
tion with the International Diabetes Institute examined the relationship of diabetic 
retinopathy (DR) with skin microvascular dysfunction as measured by iontophore-
sis and laser Doppler flowmetry in a clinical sample of patients with diabetes. The 
purpose of their analysis was to establish whether diabetic retinopathy was associ-
ated with systemic microvascular dysfunction evidenced in the skin and whether 
this was primarily driven by endothelial dysfunction. This clinical study demon-
strated that among patients with diabetes, those with DR had a reduction in the skin 
microvascular responses to iontophoresis of both SNP (endothelium-independent 
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response) andACh (endothelium-dependent response). Patients with a reduction in 
responses to SNP or ACh were two times more likely to have diabetic retinopathy, 
whereas those with a reduction in responses to both SNP and ACh were four times 
more likely to have diabetic retinopathy. These associations were independent of 
major risk factors for diabetes and cardiovascular diseases, including duration of 
diabetes, glycemia, and blood pressure. The findings of this study suggested that 
diabetic retinopathy is closely linked with systemic vascular disease processes, as 
evidenced in the skin, that reflect a combination of endothelium-dependent dysfunc-
tion and endothelium-independent mechanisms. The paper by Thanh Nguyen and 
colleagues was the first published paper that examined DR and changes in skin 
microcirculation, as measured by laser Doppler flowmetry in response to iontopho-
resis of SNP and Ach [164].

At the time time of that research, another consecutive interesting issue was to 
establish whether an impaired retinal vasodilation response in diabetic patients 
without retinopathy was associated with systemic microvascular dysfunction evi-
denced in the skin. In an unpublished study by Prof. Wong Tien and Dr. Thanh 
Nguyen at Melbourne University, the relationships of skin microvascular dysfunc-
tion, as measured by laser Doppler flowmetry in response to iontophoresis of SNP 
and ACh, to static retinal vessel diameter and dynamic flicker light-induced retinal 
vasodilation were measured in a sample of patients with diabetes. The hypothesis 
was that reduced skin microvascular responses to iontophoresis of both SNP and 
ACh were related to wider retinal venular diameter and a reduced dynamic vasodila-
tory response to flicker light. In their study, it was shown that diabetic patients with 
reduced responses to iontophoresis of both SNP and ACh have wider static retinal 
venules. These associations were independent of the major risk factors including 
duration of diabetes, glycemia, and blood pressure level. The strongest associations 
were seen with response to ACh, which suggest that wider static retinal venular 
diameter may be considered a measure of endothelial dysfunction. Flicker light- 
induced retinal vessel dilation was also reduced in those with reduced responses to 
SNP or ACh, although this was not significant. The association of wider retinal 
venules with a reduction to ACh responses provides an explanation for previously 
observed associations of wider venules with other systemic diabetic complications 
and cardiovascular disease [165, 166]. Nguyen and colleagues were unable to dem-
onstrate strong evidence of impaired responses to iontophoresis of SNP or ACh in 
those with reduced flicker-induced retinal vasodilation. Although it was previously 
demonstrated a correlation between the dynamic response of retinal circulation to 
flicker light and retinal vessel diameter in persons with diabetes [167], it was unclear 
then whether these associations were due to endothelial dysfunction or could also 
simply reflect a reduced “vasodilatory reservoir” or the inability of vessels to further 
dilate in already dilated retinal arterioles and venules in people with diabetes and 
diabetic retinopathy. In light of the lack of the association between flicker-induced 
vasodilation and responses to SNP and ACh, it was hypothesized that the previously 
observed correlation between dynamic and static vessel diameters [159, 164, 167] 
may reflect a reduced “vasodilatory reservoir” in persons with diabetes (Courtesy of 
Dr. Thanh T. Nguyen MBBS PhD, Melbourne University).
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17.7  Diabetic Retinopathy Seeing Beyond Glucose-Induced 
Microvascular Disease, New Imaging Technologies, 
and Digital Models of Care

All cell types in the retina are affected in diabetic retinopathy as shown by several 
experimental and clinical studies [168–176].

The clinical goal is to identify patients with diabetes mellitus before they develop 
diabetic retinopathy (DR). In the past 10  years computer-assisted fundus image 
analysis has allowed reliable measurements of subtle retinal vascular caliber 
changes in large populations and correlations with systemic micro- and macrovas-
cular complications [3, 27, 28, 77].

Recently, new imaging technologies have enabled early identification of retinal 
structural and functional changes, such as thinning of the inner retinal layers, even 
before DR is clinically evident [169]. Optical coherence tomography angiography 
(OCT-A), a noninvasive dye-free imaging modality, provides a highly detailed view 
of the retinal and choroidal vasculature. The multimodal imaging allows the physi-
cian to combine different techniques to increase the sensitivity in the detection of 
early retinal pathology (Fig. 17.8 and Table 17.1).

Optimized OCT-A algorithms may be used to detect early retinal and choriocap-
illaris (CC) microvascular flow alterations, which may be seen even before the DR 
presentation and may potentially result in irreversible retinal damage. The group of 
De Carlo et al. [184] showed OCT-A ability to detect foveal avascular zone (FAZ) 

Fig. 17.8 Infrared reflectance (first raw, first column), multicolor image (first raw, second col-
umn), short-wavelength fundus autofluorescence (first raw, third column), and horizontal and ver-
tical structural optical coherence tomography (second raw) of a patient affected by diabetic 
retinopathy. All images were acquired using Spectralis Heidelberg Retinal Angiograph + OCT 
(Heidelberg Engineering Inc., Heidelberg, Germany). Courtesy of Prof. Querques G and Dr. 
Sacconi R, Medical Retinal and Imaging Unit, San Raffaele Hospital, Milan, Italy
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Table 17.1 New imaging modalities (OCT-A, ultrawide field imaging): the combination of dif-
ferent imaging modalities increase the predictive value of the diagnostic tests in the detection of 
early retinal pathology

New 
imaging 
modalities Description Clinical interest Limitations
OCT-A A noninvasive dye-free imaging 

modality provides a highly 
detailed view of the retinal and 
choroidal vasculature

The OCT angiography may 
therefore predict the onset of 
diabetic retinopathy, and the 
changes in the radial 
peripapillary plexus may 
represent an early subclinical 
indicator of diabetic 
microvascular disease (vessel 
density, retinal capillary plexus) 
[177–181]

Feasible only 
in high 
resource 
settings

Ultrawide 
field 
imaging

Ultrawide field fluorescein 
angiography enables a 
simultaneous pole-to-periphery 
view of the retina. This allows 
the entire retinal vasculature to 
be imaged during the dye transit 
by a noncontact method and 
increase the rate of diabetic 
retinopathy detection [182, 183]

The ultrawide field imaging may 
be useful in diagnosing retinal 
pathology that may first present 
in the periphery of the retina, 
resulting in better patient 
outcomes and tailored laser 
treatments to residual peripheral 
hypoperfusion [4, 6, 8]

Feasible only 
in high 
resource 
settings

remodeling and retinal capillary nonperfusion in T1DM patients without 
DR.  Furthermore, both the group headed by Bandello and Querques [185] and 
Simonett et al. [186] reported a significantly decreased perfusion density (PD) in the 
deep retinal vascular complex (DVC) in T1DM patients without evidence of DR 
signs at fundus examination (Figs. 17.9 and 17.10).

Ultrawide field, ultrahigh-resolution fluorescein angiography enables a simulta-
neous pole-to-periphery view of the retina. This allows the entire retinal vasculature 
to be imaged during the dye transit by a noncontact method. This supports ophthal-
mologists in diagnosing retinal pathology that may first present in the periphery of 
the retina, resulting in better patient outcomes and tailored laser treatments to resid-
ual peripheral hypoperfusion [4, 6, 8] (Table 17.1 and Fig. 17.11).

Recently Stela Vujosevic et al. [177] have evaluated retinal capillary plexus in 
the most superficial layer (RPC) in the peripapillary region in healthy subjects and 
in patients with DM without DR and with mild nonproliferative DR using swept- 
source OCT-A: they found a significant decrease in vessel density, the number of 
branches. and length in total branches in the peripapillary area in patients with dia-
betes mellitus, even without clinical signs of diabetic retinopathy when compared 
with healthy subjects (Figs. 17.12, 17.13, 17.14, 17.15, 17.16, 17.17, and 17.18).

The OCT angiography may therefore predict the onset of diabetic retinopathy, 
and the changes in the radial peripapillary plexus may represent an early subclinical 
indicator of diabetic microvascular disease [177–181].

A. Grosso



285

Fig. 17.9 6  ×  6 en face optical coherence tomography angiography and corresponding cross- 
sectional b-scan with flow of superficial capillary plexus (first column), deep capillary plexus 
(second column), and choriocapillaris (third column) showing the reduction of vessels of a patient 
affected by diabetic retinopathy and diabetic macular edema. All images were acquired using 
swept-source OCT-A PLEX® Elite 9000 (Carl Zeiss Meditec Inc., Dublin, CA, USA). Courtesy of 
Prof. Querques G and Dr. Sacconi R, Medical Retinal and Imaging Unit, San Raffaele Hospital, 
Milan, Italy

Fig. 17.10 12 × 12 en face optical coherence tomography angiography and corresponding cross- 
sectional b-scan with flow of superficial capillary plexus (first column), deep capillary plexus 
(second column), and choriocapillaris (third column) showing the reduction of vessels of a patient 
affected by diabetic retinopathy and diabetic macular edema. All images were acquired using 
swept-source OCT-A PLEX® Elite 9000 (Carl Zeiss Meditec Inc., Dublin, CA, USA). Courtesy of 
Prof. Querques G and Dr. Sacconi R, Medical Retinal and Imaging Unit, San Raffaele Hospital, 
Milan, Italy
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Fig. 17.11 Ultrawide field fluorescein angiography of a patient affected by diabetic retinopathy. 
All images were acquired using Optos California (Optos PLC, Dunfermline, United Kingdom). 
Courtesy of Prof. Querques G and Dr. Sacconi R, Medical Retinal and Imaging Unit, San Raffaele 
Hospital, Milan, Italy

Fig. 17.12 ImageJ analysis of the radial peripapillary capillary plexus (RPC) image. OCT-A 
images were opened in ImageJ analysis software. All OCT-A images were converted into 8-bit files 
(320 × 320 pixels; one-pixel macula 9.375 × 9.375 lm2; one-pixel papilla 14.06 × 14.06 lm2). All 
images underwent automatic “default” threshold available in the ImageJ software to neutralize the 
background noise. The image was then converted into a binarized black-and-white image. RPC 
slab images were analyzed eliminating the optic disc from the analysis (the region of interest was 
manually delineated by twp evaluators and confirmed by the expert ophthalmologist) to remove the 
large vessels of the optic disc. This binary image was used to calculate PD (number of pixels of 
vessels/total pixels of the analyzed area) [177]. The binarized image was used to create a skeleton-
ized image to measure the statistical length of moving blood column, or VD [(number of pixels of 
vessels) × (scan width in mm/320) / (area in mm2)], as previously described [177, 187]. ImageJ 
binarization. Courtesy of Dr Vujosevic Stela, University Eye Clinic San Giuseppe Hospital 
(Director Prof. P. Nucci), IRCCS MultiMedica, Milan, Italy
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Fig. 17.13 ImageJ 
analysis of the radial 
peripapillary capillary 
plexus (RPC). Image 
skeletonization. Courtesy 
of Dr Vujosevic Stela, 
University Eye Clinic San 
Giuseppe Hospital 
(Director Prof. P. Nucci), 
IRCCS MultiMedica, 
Milan, Italy

Fig. 17.14 ImageJ- 
labeled skeletons. 
AnalyzeSkeleton analysis. 
Automatic analysis of 
skeletonized images. From 
this analysis the number of 
branches and branch’s 
length can be counted. 
Courtesy of Dr Vujosevic 
Stela, University Eye 
Clinic San Giuseppe 
Hospital (Director Prof. 
P. Nucci), IRCCS 
MultiMedica, Milan, Italy

As shown by the group of Midena and Vujosevic and the group of Wong and 
Nguyen, there is a coexistence between an early neuronal and microvascular dam-
age in patients with diabetes mellitus without diabetic retinopathy. We can define 
this interplay as neurovascular coupling: the retina can control local biochemical 
environment by an interdependent synergy between blood vessels and neural cells 
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Fig. 17.15 Output image 
of the shortest (magenta) 
and the longest (white) 
path. Courtesy of Dr 
Vujosevic Stela, University 
Eye Clinic San Giuseppe 
Hospital (Director Prof. 
P. Nucci), IRCCS 
MultiMedica, Milan, Italy

Fig. 17.16 Optic disc 
manually removed. 
Skeletonized image with 
removed optic disc region 
that was analyzed with 
plugin AnalyzeSkeleton. 
Courtesy of Dr Vujosevic 
Stela, University Eye 
Clinic San Giuseppe 
Hospital, IRCCS 
MultiMedica (Director 
Prof. P. Nucci), Milan, 
Italy
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Fig. 17.17 RPC stab 
image. Courtesy of Dr 
Vujosevic Stela, University 
Eye Clinic San Giuseppe 
Hospital, IRCCS 
MultiMedica (Director 
Prof. P. Nucci), Milan, 
Italy

Fig. 17.18 The plugin 
tagged pixels in the 
skeleton image (endpoint 
pixels are displayed in 
blue, slab pixels in orange, 
and junction pixels in 
purple). Courtesy of Dr 
Vujosevic Stela, University 
Eye Clinic San Giuseppe 
Hospital, IRCCS 
MultiMedica (Director 
Prof. P. Nucci), Milan, 
Italy

[27, 52, 54, 78, 132, 188]. The combination of hemodynamic changes secondary to 
hypertension and metabolic pathways related to diabetes induces maladaptive 
inflammatory responses that ultimately result in cumulative pathology seen in dia-
betic and hypertensive retinopathy [28, 56, 132]. The Dynamic Vessel Analyzer 
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(DVA) was a clinical tool useful to demonstrate the correlation between the micro-
vascular bed and neuronal cells [78, 159–161]. It is becoming increasingly clear that 
neuronal cells of the retina are also affected by diabetes, resulting in dysfunction 
and degeneration [174]. As retinal blood flow is coupled with neuronal activity 
[175], reduced flicker light-induced vasodilation can thus reflect neurodegeneration 
as well [159, 161, 164, 167]. Therefore in persons with diabetes, reduced flicker 
light-induced vasodilation may reflect damage to the neural tissues and the micro-
circulation in diabetes as well as impairment in the myogenic response to pos-
ture [132].

The fractal analysis in the eyes with diabetic retinopathy may provide ophthal-
mologists with new data: retinal vascular geometry measured from fundus photo-
graphs may predict the incidence and progression of diabetic retinopathy in adults 
with diabetes, beyond established risk factors [189–193].

We need to move towards a new paradigm of diabetic retinopathy that integrate 
also the neuronal damage into classification of diabetic retinal disease: develop-
ments of high-resolution structural optical coherence tomography technology have 
provided ophthalmologists with a reliable tool able to identify and monitor thinning 
of the inner retinal layers suggesting a gradual loss of neurons may occur, even in 
the absence of clinically visible signs of vascular retinopathy [3, 4, 169, 194–196].

A deep learning system (DLS) was demonstrated in multiethnic populations 
with diabetes to have high sensitivity and specificity for identifying diabetic reti-
nopathy and related eye diseases. Current diabetic retinopathy screening programs 
require manual grading of diabetic retinopathy which is not sustainable in the long 
run. Therefore there is potential for the use of artificial intelligence (IA) in diabetic 
retinopathy screening [3]. Further research is needed to understand the clinical 
applicability of the DLS and to verify the role of the DLS to improve vision out-
comes [197–201]. The clinical problem remains to identify diabetic patients int 
their preclinical asymptomatic phase of the diabetic retinopathy to prevent vision 
loss [3, 77, 118–127, 132, 159, 164, 181, 196, 202]. In the future, OCT angiogra-
phy and artificial intelligence could be used to predict the onset of diabetic 
retinopathy.

The traditional clinical practices operating through a traditional model of “brick- 
and- mortar” facilities and “face-to-face” patient-physician interaction are not suited 
for the Covid-19 pandemic and the post-pandemic “new normal.” It is important to 
reduce the non-urgent referrals and not urgent follow-up visits to eye centers. In the 
current climate of Covid-19, there is a need for digital models of care, such as tele-
medicine and “virtual clinics” [203–206]. We encourage telemedicine-based 
approach where digital retinal photographs taken with non-mydriatic cameras in a 
primary care setting by family physicians or technicians are then transmitted for 
remote interpretation by ophthalmologists. The peculiarity of ophthalmology is that 
the ocular examinations are mainly depending on visualization of ocular images 
(retinal photographs, OCT): in this direction several companies have made available 
specific softwares to store images in iCloud and ophthalmologists may have access 
to the images remotely [206]. Mobile device applications may allow teleconsulta-
tions and play a role in diabetes education, self-management, and prevention. 
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Retinal photograph-based artificial intelligence algorithms will help physicians to 
appropriately differentiate urgent cases from non-urgent cases, medical from surgi-
cal cases (“triaging”).

An effective alliance between family physicians, endocrinologists, community- 
based services, and eye centers is warranted. On the other hand, information tech-
nology infrastructure, Internet connectivity, and cybersecurity are key factors for 
these new digital solutions. The European Commission has proposed an ambitious 
program called the “Next Generation Internet Initiative” to implement an interoper-
able platform ecosystem between European countries digital-strategy.ec.europa.eu.
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18Blood Pressure-Lowering Treatment 
and Macrovascular Events

Costas Thomopoulos

18.1  Stating the Problem

Type 2 diabetes mellitus (DM) is associated with an increased risk of hypertension 
[1] and cardiovascular and renal disease [2, 3]. In addition, DM and hypertension 
are comorbid clinical conditions that interact to create an adverse vascular environ-
ment, increasing macrovascular disease risk [4]. In the late 1990s, the Hypertension 
Optimal Treatment trial [5], and subsequently the UK Prospective Diabetes Study 
(UKPDS) [6], showed that more intensive blood pressure (BP)-lowering treatment 
reduced fatal and non-fatal cardiovascular events in patients with DM. After that, 
most DM and hypertension guidelines published in the first decade of the current 
century recommended that antihypertensive treatment be initiated at a lower sys-
tolic BP threshold (i.e., 130 mmHg) in patients with, rather than without, DM (i.e., 
140 mmHg). Moreover, lower systolic BP targets should be attained by BP-lowering 
treatment in patients with DM compared to no-DM counterparts, i.e., less than 
130 mmHg vs less than 140 mmHg, respectively [7–10]. However, a critical reap-
praisal of the evidence [11] called attention to the fact that no direct trial evidence 
was available to support lower thresholds and targets for patients with DM. Therefore, 
all subsequent guidelines did not recommend a differential BP-lowering manage-
ment of hypertensive individuals by DM status [12–19]. The latest guidelines issued 
by the European Society of Cardiology and the European Society of Hypertension 
[17] recommend drug treatment initiation by any of the five classes in all hyperten-
sive patients with or without DM. However, in patients with DM starting antihyper-
tensive treatment with a renin-angiotensin system blocker may be reasonable 
because of specific protective effects on albuminuria and renal function [12–14, 17].

C. Thomopoulos (*) 
Department of Cardiology, Helena Venizelou Hospital, Athens, Greece
e-mail: thokos@otenet.gr

© Springer Nature Switzerland AG 2023
A. E. Berbari, G. Mancia (eds.), Blood Pressure Disorders in Diabetes Mellitus, 
Updates in Hypertension and Cardiovascular Protection, 
https://doi.org/10.1007/978-3-031-13009-0_18

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-13009-0_18&domain=pdf
mailto:thokos@otenet.gr
https://doi.org/10.1007/978-3-031-13009-0_18


306

In this chapter, we will focus on some relevant clinical questions about the effect 
of BP-lowering treatment on cardiovascular and renal outcomes in patients with 
DM by using data from previous specific outcome meta-analyses in the field [20, 
21], which have excluded (1) heart failure trials with reduced ejection fraction, (2) 
trials after acute coronary syndrome, (3) trials in hemodialysis patients, and (4) tri-
als with type 1 diabetes mellitus patients. The clinical questions to address are the 
following: (1) Is BP-lowering treatment accompanied by favorable effects on fatal 
and non-fatal outcomes in patients with DM? (2) Are the effects of BP-lowering 
treatment different between patients with or without DM? (3) Should BP thresholds 
for treatment initiation and BP targets to achieve during BP-lowering treatment be 
different between patients with or without DM? (4) Are different classes of 
BP-lowering drugs differently effective on the risk of cardiovascular and renal out-
comes in hypertensive patients with and without DM? Finally, (5) Is there any effect 
modification of BP-lowering treatment at higher levels of baseline cardiovascular 
risk in patients with DM?

18.2  BP-Lowering Treatment and Macrovascular 
Outcomes in DM

To date, the BP-lowering treatment effect on various outcomes was reported in 17 
entire trials and 24 subgroups of trials [5, 6, 22–60], including patients with DM 
(Table 18.1), for a total of 61,772 patients [20]. As shown in Fig. 18.1, BP-lowering 
treatment produced an averaged systolic/diastolic BP reduction of 5.8/2.6 mmHg, 
which was associated with a significant reduction of most outcomes except for car-
diovascular mortality. Notably, the extent of outcome reduction was similar for 
coronary heart disease (CHD) and stroke, while total mortality was reduced by 10% 
(95% confidence interval [CI], 4–16%). Furthermore, in an extensive meta-analysis 
of BP-lowering treatment, including trials or subgroups of trials in patients with 
DM, Edmin et al. reported the standardized risk estimates to a 10-mmHg systolic 
BP difference [61]. However, in the Edmin et al. analysis [61] and in another one by 
Brunström and Carlberg [62], DM patients after an acute coronary syndrome or 
systolic heart failure were not excluded, making inappropriate the comparability 
with meta-analyses limited to stable DM patients [20, 21].
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Outcome

Stroke
CHD
HF
Stroke + CHD
Stroke + CHD + HF
CV Death
All-cause Death

Trials
(n)

30
27
19
30
26
26
31

Difference
SBP/DBP
(mmHg)

-5.8/-2.6
-5.8/-2.6
-6.2/-2.7
-5.7/-2.6
-5.9/-2.6
-5.7/-2.6
-5.7/-2.6

Treated

1184/25989
1146/22547
866/19377

2180/24687
3761/23588
1020/23483
2074/24843

Controls

1342/25716
1292/22138
901/18501

2469/23709
4012/22738
1097/22463
2139/24277

Events
(n/patients) RR

(95% CI)

0.84 (0.77-0.92)
0.83 (0.76-0.89)
0.85 (0.77-0.95)
0.82 (0.77-0.87)
0.86 (0.81-0.90)
0.87 (0.74-1.01)
0.90 (0.84-0.96)

RR 
(95% CI)

I-squared
(Heterogeneity)

15%
0%
0%
0%
29%
50%
15%

Treated better Control better

0.3 0.7 1.0 1.2

Fig. 18.1 Effects of blood pressure lowering in trials or subgroup of trials in patients with type 2 
diabetes mellitus. CHD coronary heart disease, CI confidence interval, CV cardiovascular, DBP 
diastolic blood pressure, HF heart failure, n number, RR risk ratio, SBP systolic blood pressure. 
Modified from Thomopoulos et al. [20], by courtesy of Journal of Hypertension

18.3  Macrovascular Outcomes Following BP-Lowering 
Treatment in Patients With or Without DM

The same meta-analysis [20] compared the 41 trials (or subgroups of trials) [5, 6, 
22–60] of stable DM patients (n = 61,772) with 40 trials (or subgroups of trials) [5, 
24, 27, 31–33, 35–37, 39, 41, 43–46, 50–57, 63–77] of patients without DM 
(n = 191,772) (Table 18.1). At variance with DM patients, in patients without DM, 
all outcomes were reduced, including cardiovascular mortality. For a standard sys-
tolic/diastolic BP reduction of 10/5 mmHg in patients with DM compared to those 
without DM, the relative risk reduction was significantly larger for CHD events and 
all-cause death; however, it was significantly smaller for heart failure (Fig. 18.2). In 
addition, absolute risk reductions of CHD events, the composite of major cardiovas-
cular outcomes, cardiovascular death, and all-cause death were significantly higher 
in patients with than without DM.

The difference between the effects of BP-lowering in patients with and without 
DM could not be observed in two previous sets of meta-analyses that compared 
responses in the presence and absence of DM. The more recent analysis by Ettehad 
et al. [78] included 23 trials in patients with DM and 19 trials in patients without 
DM. A somewhat smaller reduction of major cardiovascular events in the presence 
than the absence of DM was shown; however, the more detailed data presented in 
the manuscript supplement [78] indicate that interaction did not attain significance 
for all other outcomes.
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P=0.039

P=0.003

P=0.79

P=0.15
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P=0.015

Fig. 18.2 Relative risk reduction of various outcomes in patients with or without type 2 diabetes 
mellitus. CHD coronary heart disease, CV cardiovascular, HF heart failure. Modified from 
Thomopoulos et al. [20], by courtesy of Journal of Hypertension

18.4  BP Thresholds and Macrovascular Outcomes 
in Patients with DM

The limited evidence in DM and pre-hypertension or grade 1 or grade 3 hyperten-
sion denies any reliable comparative evaluation between different BP threshold cat-
egories [20]. However, in ten trials (n = 6905 patients) of patients with DM belonging 
to grade 2 hypertension  – without or with a very-low baseline antihypertensive 
treatment  – the relative risk reduction, following systolic/diastolic BP-lowering 
treatment of −7/−3.5 mmHg on average, was 1) 37% (95% CI, 14–54%) for major 
cardiovascular events, 2) 42% (95% CI, 21–57%) for stroke, 3) 29% (95% CI, 
10–45%) for CHD events, 4) 51% (95% CI, 10–73%) for cardiovascular death, and 
5) 21% (95% CI, 5–35%) for all-cause death. For all outcomes, the test for interac-
tion between grade 2 hypertension trials of patients with (ten trials, 6905 patients) 
or without DM (11 trials, 67,748 individuals) never attained statistical significance, 
suggesting that treatment initiation at grade 2 hypertension was not different 
between DM and no-DM strata.

18.5  Systolic BP Targets and Macrovascular Outcomes 
in Patients with DM

Among trials providing data on hypertensive patients with DM [20], there were (1) 
13 trials in which systolic BP in the active or more actively treated group was low-
ered to values no less than 140 mmHg (average value 143.9 mmHg), (2) 19 trials in 
which systolic BP was lowered between 130 and 140  mmHg (average value 
135.2  mmHg), and (3) six trials in which systolic BP was reduced to less than 
130 mmHg (average value 123.3 mmHg). The relative risk reduction by a standard-
ized systolic/diastolic BP difference of 10/5 mmHg was progressively smaller, the 
lower was the systolic BP achieved on treatment, with a significant trend for CHD 
events, heart failure, composite events, and cardiovascular death (Table 18.2). A 
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Table 18.2 Relative risk reduction of fatal and non-fatal outcomes according to systolic BP val-
ues achieved in the groups of active (or more active) BP-lowering treatment in patients with or 
without DM

Outcomes
Diabetes 
statusa

Achieved SBP 
treated group 
(mmHg)

Trials 
(n)

Standardized RR 
(95% CI)

P-value 
for trend 
within 
each 
diabetes 
status 
group

P-interaction 
by diabetes 
status at each 
SBP treated 
group

Stroke DM

No-DM

≥140
130–140
<130
≥140
130–140
<130

11
13
4
9
13
6

0.52 (0.29–0.96)
0.76 (0.80–0.98)
0.74 (0.59–0.92)
0.68 (0.60–0.78)
0.62 (0.53–0.74)
0.78 (0.55–1.14)

0.13

0.37

SBP ≥140, 
0.14
SBP 130–140, 
0.071
SBP <130, 0.73

CHD DM

No-DM

≥140
130–140
<130
≥140
130–140
<130

10
12
3
6
13
6

0.41 (0.27–0.64)
0.72 (0.58–0.89)
0.86 (0.72–1.02)
0.84 (0.75–0.94)
0.88 (0.73–0.94)
0.66 (0.50–0.90)

0.007

0.055

SBP ≥140, 
0.001
SBP 130–140, 
0.11
SBP <130, 0.13

HF DM

No-DM

≥140
130–140
<130
≥140
130–140
<130

6
9
3
3
9
5

0.45 (0.24–0.81)
0.77 (0.58–1.02)
0.92 (0.75–1.14)
0.77 (0.59–0.99)
0.60 (0.45–0.79)
0.50 (0.34–0.77)

0.010

0.28

SBP ≥140, 
0.068
SBP 130–140, 
0.088
SBP <130, 0.11

Stroke +  
CHD

DM

No-DM

≥140
130–140
<130
≥140
130–140
<130

10
15
3
7
13
5

0.44 (0.32–0.71)
0.72 (0.61–0.83)
0.81 (0.70–0.94)
0.79 (0.73–0.86)
0.73 (0.68–0.80)
0.70 (0.56–0.90)

0.001

0.36

SBP ≥140, 
<0.001
SBP 130–140, 
0.83
SBP <130, 0.31

Stroke +  
CHD + HF

DM

No-DM

≥140
130–140
<130
≥140
130–140
<130

8
13
3
6
13
6

0.49 (0.32–0.71)
0.77 (0.65–0.91)
0.86 (0.75–0.99)
0.82 (0.74–0.91)
0.76 (0.68–0.85)
0.74 (0.58–0.96)

0.003

0.54

SBP ≥140, 
<0.001
SBP 130–140, 
0.85
SBP <130, 0.29

CV death DM

No-DM

≥140
130–140
<130
≥140
130–140
<130

8
13
4
5
10
7

0.56 (0.26–1.21)
0.67 (0.41–1.070
1.28 (0.87–1.89)
0.85 (0.75–0.96)
0.94 (0.78–1.14)
0.56 (0.37–0.89)

0.008

0.45

SBP ≥140, 
0.057
SBP 130–140, 
0.035
SBP <130, 
0.002
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similar trend was not observed for patients without DM (stratum systolic BP 
140 mmHg or more, ten trials, average value, 148.8 mmHg; stratum 130–140 mmHg, 
17 trials, average value 135.6 mmHg; stratum less than 130 mmHg ten trials, aver-
age value 126.2 mmHg). However, as illustrated in Table 18.2, in patients without 
DM, the risk of most outcomes was significantly reduced even at achieved systolic 
BP levels below 130 mmHg without a trend for the relative risk reduction to become 
smaller at lower systolic BP targets. Interaction analyses of risk reductions in 
patients with and without DM at different levels of achieved systolic BP indicated 
that (1) at achieved systolic BP no less than 140 mmHg, the relative risk reductions 
of most outcomes were greater in patients with DM, (2) at achieved systolic BP 
between 130 and 140 mmHg the relative risk reductions were mostly similar in DM 
and no-DM, and (3) at achieved systolic BP levels below 130 mmHg, the effects of 
BP-lowering treatment reversed with greater relative risk reductions of some out-
comes in patients without DM (Table 18.2). Although DM is often associated with 
high or very-high cardiovascular risk, among trials providing data on hypertensive 
patients with DM, only 29 trials or subgroups of trials, including 52,350 patients, 
had 10-year cardiovascular mortality of at least 5% (average 14.3%). The effects of 
stratification by achieved systolic BP levels in patients with DM at high or very- 
high cardiovascular risk (i.e., 10-year fatal cardiovascular event rate of 5% or more) 
are reported in Table 18.3. For most outcomes, especially for deaths, a standard 
systolic/diastolic BP reduction of 10/5 mmHg was accompanied by a significantly 
smaller risk ratio reduction at lower levels of attained systolic BP.

Outcomes
Diabetes 
statusa

Achieved SBP 
treated group 
(mmHg)

Trials 
(n)

Standardized RR 
(95% CI)

P-value 
for trend 
within 
each 
diabetes 
status 
group

P-interaction 
by diabetes 
status at each 
SBP treated 
group

All-cause 
death

DM

No-DM

≥140
130–140
<130
≥140
130–140
<130

10
15
4
7
13
7

0.79 (0.58–1.21)
0.71 (0.58–0.88)
1.08 (0.86–1.23)
0.95 (0.88–1.02)
0.93 (0.85–1.01)
0.71 (0.57–0.88)

0.090

0.030

SBP ≥140, 
0.022
SBP 130–140, 
<0.001
SBP <130, 
0.005

BP blood pressure, CHD coronary heart disease, CI confidence interval, CV cardiovascular, DM 
type 2 diabetes mellitus, HF heart failure, n number, RR risk ratio, SBP systolic blood pressure
Modified from Thomopoulos et al. [20] by courtesy of Journal of Hypertension
aTrials (or subgroups of trials) in patients with DM in which SBP in the active or more active group 
was lowered to values: no less than 140  mmHg (n  =  13, 13,566 patients), between 130 and 
140 mmHg (n = 19, 34,940 patients), and less than 130 mmHg (n = 6, 12,532 patients). Trials (or 
subgroups of trials) in patients without diabetes mellitus: no less than 140 mmHg (n = 10, 24,850 
patients), between 130 and 140 mmHg (n = 17, 11,487 patients), and less than 130 mmHg (n = 10, 
38,866 patients)

Table 18.2 (continued)
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18.6  Blood Pressure-Lowering Treatment and Renal Failure 
in Patients With or Without DM

In trials or subgroups of trials reporting data for incident end-stage renal disease in 
patients with DM (14 trials, 33,313 patients), BP-lowering treatment was associated 
with an attained systolic/diastolic BP reduction −6.1/−2.5 mmHg [20]. In such a 
case, the renal outcome was reduced by 12% (95% CI, 3–21%). However, in patients 
without DM (ten trials, 36,599 patients), BP-lowering treatment (attained systolic/
diastolic BP reduction −8.6/3.2 mmHg) was not accompanied by a risk reduction of 
end-stage renal disease (risk ratio 1.01, 95% CI, 0.85–1.19). For a standardized 
systolic/diastolic BP reduction of 10/5 mmHg, the relative risk reduction of end- 
stage renal disease was 21% (95% CI, 5–34%) in patients with DM, while no risk 
reduction was observed in patients without DM (risk ratio 1.01, 95% CI 0.82–1.24). 
Thus, for a standard BP reduction, the incidence of end-stage renal disease signifi-
cantly differed between patients with or without DM (P for interaction, 0.031).

Focusing on DM patients, at different targets of attained systolic BP, the effect of 
BP-lowering treatment on the end-stage renal disease was significantly different for 
a standard systolic/diastolic BP reduction of 10/5 mmHg (Fig. 18.3). Although a 
significant trend favoring more conservative BP targets (P = 0.015) occurred, point 
estimates in the lower attained systolic BP strata did not suggest an increased risk 
with more intense BP-lowering treatment.

Trials
(n)

5
6
3

Outcome:
End-stage renal disease

Achieved SBP (mmHg)

130-140
<130

Difference
SBP/DBP
(mmHg)

-3.5/-1.7
-6.7/-2.8

-13.2/-5.9

Standardized RR
(95% CI)

0.56 (0.37–0.83)
0.93 (0.56–1.57)
1.01 (0.78–1.30)

Standardized RR 
(95% CI)

Treated better Control better

1.0 2.0

Events (n/patients)

Treated

354/5153
117/9375
61/2667

Controls

318/4246
121/9308
60/2564

0.5

P-value
interaction

0.015

Fig. 18.3 Relative risk reduction of end-stage renal disease following blood pressure-lowering 
treatment across different systolic blood pressure targets in trials of patients with type 2 diabetes 
mellitus. CI confidence interval, DBP diastolic blood pressure, n number, RR risk ratio, SBP sys-
tolic blood pressure. Modified from Thomopoulos et al. [20], by courtesy of Journal of Hypertension
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18.7  BP-Lowering Treatment and Macrovascular Outcomes 
by Different Drug Classes in Patients With DM

The effect of BP-lowering treatment by separate drug classes is usually investigated 
by confronting each drug class with a placebo or no treatment [20]. The effects on 
composite outcomes or end-stage renal disease of different drug classes from trials 
or subgroups of trials of patients with DM are presented in Table 18.4. The effect of 
BP-lowering treatment on major cardiovascular events by diuretics and beta- blockers 
was rather scarce. On the other hand, angiotensin-converting enzyme inhibitors, cal-
cium channel blockers, and renin-angiotensin system blockers (i.e., angiotensin-con-
verting enzyme inhibitors and angiotensin receptor blockers considered together) 
significantly reduced major cardiovascular events on average by 20%, 19%, and 
17%, respectively (Table  18.4). Notably, angiotensin receptor blockers were not 
associated with a reduction of the composite endpoint of cardiovascular events.

Table 18.4 Effect of BP-lowering treatment by different drug classes (vs placebo) on major car-
diovascular events or end-stage renal disease in patients with DM

Drug 
class Outcome

Trials, 
n

SBP/DBP, 
mmHg

Events (n/patients)
Active drug placebo

RR 
(95% 
CI)

Diuretics Stroke + CHD 2 −10.8/−2.7 47/338 75/356 0.66 
(0.47–
0.92)

BB Stroke + CHD 1 – – – –
CCB Stroke + CHD + HF 6 −5.2/−2.8 312/2026 382/2189 0.81 

(0.66–
0.98)

ACEi Stroke + CHD
ESRD

7
3

−3.5/−1.2
−3.4/−1.0

622/6077
25/4651

775/6115
30/4628

0.80 
(0.73–
0.89)
0.83 
(0.49–
1.40)

ARB Stroke + CHD + HF
ESRD

6
4

−3.8/−2.0
−3.9/−1.7

1371/6081
308/2674

1481/6141
382/2674

0.92 
(0.84–
1.01)
0.81 
(0.71–
0.93)

RASb Stroke + CHD
ESRD

13
7

−3.6/−1.5
−3.6/−1.3

1057/11293
333/7322

1264/11290
412/7302

0.83 
(0.77–
0.90)
0.81 
(0.71–
0.92)

ACEi angiotensin-converting enzyme inhibitors, ARB angiotensin receptor blockers, BB beta- 
blockers, BP blood pressure, CCB calcium channel blockers, CHD coronary heart disease, CI 
confidence interval, DBP diastolic blood pressure, DM type 2 diabetes mellitus, ESRD end-stage 
renal disease, HF heart failure, n number, RAS renin-angiotensin system blockers (i.e., ACEi and 
ARB considered together), RR risk ratio, SBP systolic blood pressure
Modified from Thomopoulos et al. [20], by courtesy of Journal of Hypertension
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Regarding the effect of BP-lowering treatment on end-stage renal disease, the 
available data for angiotensin-converting enzyme inhibitors were quite limited. At 
the same time, a significant reduction was revealed by angiotensin receptor blockers 
or renin-angiotensin system blockers (Table 18.4). Overall, renin-angiotensin recep-
tor blockers might be considered an integrated class of agents yielding cardiovascu-
lar and renal protection in patients with DM.

18.8  BP-Lowering Independent Effects of Different Drug 
Classes on Major Cardiovascular Events 
in Patients With DM

Among 50 randomized controlled trials comparing different drug classes for the 
same (or almost the same) attained BP reduction [20], trials (or trial subgroups) 
with DM patients were identified. The comparison vs any other drug class of (1) 
diuretics (seven comparisons, 23,721 patients) [79–84], (2) beta-blockers (four 
comparisons, 13,490 patients) [85–88], (3) calcium channel blockers (21 compari-
sons, 49,620 patients) [22, 26, 27, 34, 38, 79, 80, 82, 83, 85, 86, 89–96], (4) 
angiotensin- converting enzyme inhibitors (17 comparisons, 26,113 patients) [22, 
26, 27, 34, 80, 81, 84, 88, 91–93, 95, 97–99], and (5) angiotensin receptor blockers 
(six comparisons, 16,435 patients) [38, 87, 89, 96, 98, 99] yielded similar effects for 
the composite outcome of major cardiovascular events in all comparisons. However, 
when renin-angiotensin system blockers (i.e., angiotensin-converting enzyme 
inhibitors and angiotensin receptor blockers) were considered together against all 
other drug classes, a relative risk reduction of 13% (3–21%) for major cardiovascu-
lar events was produced (Fig.  18.4). In the seven comparisons between renin- 
angiotensin system blockers and other drug classes, the end-stage renal disease 
incidence was not different (risk ratio, 0.90; 95% CI, 0.66–1.23).

Comparison

Diuretics vs other
BB vs other
CCB vs other
ACEi vs other
ARB vs other
RASb vs other

Trials
(n)

5
3
14
13
5
14

Difference
SBP/DBP
(mmHg)

-1.03/0.44
2.40/1.16

-1.02/-1.21
1.60/0.74
-0.05/0.22
1.57/0.88

Treated

1811/10327
591/3539

2256/14643
1916/9000
1326/7230
1763/8977

Controls

2144/11463
524/ 3551

3720/20769
3655/15355
1387/7187

3563/15289

Events
(n/patients) RR

(95% CI)

0.97 (0.93-1.02)
1.11 (0.90-1.36)
1.06 (0.97-1.15)
0.91 (0.82-1.01)
0.91 (0.78-1.06)
0.87 (0.79-0.97)

RR 
(95% CI)

I-squared
(Heterogeneity)

56%
68%
60%
64%
72%
69%

Outcome: fatal and non-fatal stroke, CHD and HF events

Treated better Control better

0.3 0.6 1.0 1.3

Fig. 18.4 Relative risk reduction of major cardiovascular events in head-to-head (comparison) 
trials of each drug class compared to any other drug class in patients with type 2 diabetes mellitus. 
ACEi angiotensin-converting enzyme inhibitors, ARB angiotensin receptor blockers, BB beta- 
blockers, CCB calcium channel blockers, CI confidence interval, DBP diastolic blood pressure, n 
number, RASb renin-angiotensin system blockers, RR risk ratio, SBP systolic blood pressure. 
Modified from Thomopoulos et al. [20], by courtesy of Journal of Hypertension
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18.9  Are the Independent BP-Lowering Effects of Various 
Drug Classes Different Between Patients 
With and Without DM?

From the same analysis [20], we also identified trials (or subgroups of trials) in 
patients without DM. The comparison vs any other drug class of (1) diuretics (12 
comparisons, 55,684 patients) [69, 70, 80–83, 100–103], (2) beta-blockers (ten 
comparisons, 57,248 patients) [63, 69, 70, 85–87, 99, 101, 103], (3) calcium chan-
nel blockers (18 comparisons, 108,561 patients) [27, 63, 79, 80, 82, 83, 85, 86, 89, 
90, 92, 94, 96, 102], (4) angiotensin-converting enzyme inhibitors (14 comparisons, 
54,661 patients) [27, 63, 80, 81, 92, 95, 97, 104–106], and (5) angiotensin receptor 
blockers (seven comparisons, 33,768 patients) [87, 89, 96, 99, 106–108] yielded 
similar effects for the composite outcome of major cardiovascular events in all com-
parisons except for beta-blockers where a 15% increase in relative risk was shown 
(95% CI, 5–26%). In addition, the end-stage renal disease incidence was not differ-
ent in the seven comparisons between renin-angiotensin system blockers and other 
classes (risk ratio, 1.19; 95% CI, 0.90–1.58). Figure 18.5 illustrates the relative risk 
of major cardiovascular events in head-to-head trials of one drug class with all other 
classes in patients with or without DM. No significant interaction was observed by 
DM status in all drug comparisons (Fig.  18.5) for the relative risk of major 

Trials
(n)

5
9

3
5

14
12

13
10

5
6

10
10

Comparison

Diuretics vs others 

BB vs other

CCB vs other

ACEi vs other

ARB vs other

RASb vs other

DM
status

DM
No-DM

DM
No-DM

DM
No-DM

DM
No-DM

DM
No-DM
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Fig. 18.5 Relative risk of major cardiovascular events in head-to-head (comparison) trials of one 
drug class vs all other classes in patients with or without type 2 diabetes mellitus. ACEi angiotensin- 
converting enzyme inhibitors, ARB angiotensin receptor blockers, BB beta-blockers, CCB calcium 
channel blockers, CI confidence interval, DM type 2 diabetes mellitus, n number, RASb renin- 
angiotensin system blockers, RR risk ratio. Modified from Thomopoulos et al. [20], by courtesy of 
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cardiovascular events. This finding was extended to end-stage renal disease for the 
comparison between renin-angiotensin system blocker and other drug classes 
(P = 0.17).

18.10  Conclusions

• BP-lowering treatment in patients with DM is associated with a relative risk 
reduction of all outcomes except for cardiovascular mortality. Notably, outcome 
reduction is almost identical for stroke and CHD events.

• Relative risk reductions of CHD events and all-cause mortality are greater in 
patients with than without DM.

• End-stage renal disease is the only outcome that BP-lowering treatment appears 
to reduce only in the presence of DM.

• In DM patients with at least a high baseline cardiovascular risk, a significantly 
smaller outcome benefit of a standardized systolic/diastolic BP reduction of 
10/5 mmHg was observed at lower attained BP targets.

• The effects of BP-lowering treatment differ between hypertensive patients with 
or without DM when trials are stratified according to the attained systolic BP. For 
attained systolic BP of more than 140 mmHg, reductions of most outcomes are 
significantly greater for patients with than without DM, whereas for achieved BP 
lower than 130 mmHg, the difference between the effects in patients with and 
without DM disappears or even reverses. A systolic BP target below 130 mmHg 
in patients with DM is associated with no additional benefit, although it never 
indicates significant harm.

• Calcium channel and renin-angiotensin system blockers are protective for fatal 
and non-fatal major cardiovascular events in patients with DM, as shown in the 
BP-lowering treatment trials against placebo. In addition, renin-angiotensin sys-
tem blockers, particularly angiotensin receptor blockers, are protective for end- 
stage renal disease.

• Head-to-head (i.e., comparison) trials aiming to investigate the BP-independent 
effects of different drug classes demonstrated no significant outcome differences 
in patients with or without DM. However, in patients with DM, renin-angiotensin 
system blockers appear more effective than all other drug classes in preventing 
major fatal and non-fatal cardiovascular events. Furthermore, for the same BP 
reduction obtained in head-to-head trials on DM, the prevention of end-stage 
renal disease of renin-angiotensin system blockers was similar to all other drugs.

The conclusions above from a comprehensive overview of randomized trials in 
patients with and without DM may give support to the following clinical recom-
mendations: (1) BP-lowering treatment is indicated to reduce the macrovascular 
risk of hypertensive patients with or without DM; (2) systolic BP targets may be less 
aggressive in patients with than without DM; although systolic BP reduction to less 
than 130  mmHg in patients with DM does not add further benefit, it does not 
increase cardiovascular risk also; (3) BP-lowering treatment in patients with DM 
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reduces the risk of end-stage renal disease, whereas most of the benefit occurs at a 
relatively high attained systolic BP; and (4) renin-angiotensin system blockers are 
more protective for cardiovascular events in patients with than without DM.
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19.1  Introduction

There is a worldwide epidemic of diabetes mellitus (DM). Four hundred sixty-three 
million adults have been diagnosed with diabetes around the world as of 2019 [1]. 
An estimated 700 million adults worldwide will have diabetes by 2045 [2]. Diabetes 
is associated with devastating macrovascular and microvascular complications 
including diabetic nephropathy, retinopathy, and neuropathy. Diabetic kidney dis-
ease is the number one cause of end-stage kidney disease (ESKD) leading to dialy-
sis and transplantation [3]. The physical and economic burden of diabetes and its 
complications is extensive [4–6]. Diabetics have two times the rate of hypertension 
compared with nondiabetics [7–9]. The role of intensive blood pressure control to 
treat the microvascular complications of diabetes has been well studied [10, 11]. In 
the general population, there is a continuous risk of BP elevations greater than 
115/70 and adverse outcomes [12, 13]. Similar risk has been reported in patients 
with type 2 diabetes. There is a debate on the optimal target blood pressure in 
patients with diabetes with some guidelines recommending <140/90 and others 
<130/80. The results of the Systolic Blood Pressure Intervention Trial (SPRINT) in 
nondiabetics have moved recent consensus guidelines toward lower BP targets 
[7, 14].
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19.2  Diabetic Neuropathy

Peripheral and autonomic neuropathies are the most common types of diabetic neu-
ropathy, and they typically coexist [15]. There is at least a 50% incidence of periph-
eral neuropathy among type 2 diabetes [16]. Hypertension and hyperglycemia can 
predispose to the development of a sensory peripheral neuropathy. Multiple studies 
support the association between hypertension and the development of diabetic neu-
ropathy. Hypertension was found to be associated with a 60% greater chance of 
sensory neuropathy in a cross-sectional study [17]. Jarmuzeska et al. [18] also found 
a strong link between hypertension and sensorimotor peripheral neuropathy in type 
2 diabetes. In a prospective cohort study, Forrest et al. [19] found hypertension was 
strongly associated with the onset of a distal sensory polyneuropathy in 463 chil-
dren with type 1 diabetes.

The mechanisms linking diabetic neuropathy with hypertension are unclear. 
Hypertensive rat models show a decrease in motor and sensory nerve conduction 
velocities and myelinated fiber density [20]. Reduction of blood flow and oxygen 
delivery to peripheral nerves may play an important role in leading to nerve injury 
[21]. Ischemia can lead to oxidative stress injury to nerves. Antihypertensive medi-
cations may help to increase blood flow to peripheral nerves and oxygenation [21]. 
In human studies, antihypertensive medications increased nerve conduction veloci-
ties and sensation to temperature and vibration [20]. The target blood pressure to 
prevent diabetic neuropathy is uncertain, but control to at least 130/80 or less is 
likely to be beneficial. It is unclear if there is a specific beneficial effect of one class 
of antihypertensive medication over another as there is for the development of dia-
betic nephropathy.

Didangelos et al. [15] evaluated the effect of quinapril on autonomic and periph-
eral neuropathy in 63 patients with DM (36 with type 2 DM and 27 with type 1 
DM). Quinapril 20 mg daily was given for 2 years, and the incidence of diabetic 
cardiovascular autonomic neuropathy and peripheral neuropathy was evaluated. 
Quinapril was found to improve diabetic cardiovascular autonomic neuropathy but 
had no impact on the indices of peripheral neuropathy. Additional studies are needed 
to determine the effect of RAAS blockade on the incidence and progression of dia-
betic neuropathy.

19.3  Diabetic Retinopathy

Diabetic retinopathy is associated with significant morbidity in patients with diabe-
tes and is the number one cause of blindness for diabetics between the ages of 
30–70 years old [22]. Diabetic retinopathy occurs from endothelial cell injury from 
hyperglycemia, breakdown of the blood-retina barrier, and hyperperfusion damage 
to the eyes [23]. It progresses from the mild nonproliferative phase to severe prolif-
erative forms. Treatment to slow progression of diabetic retinopathy includes glyce-
mic control. The results of the Diabetes Control and Complications Trial (DCCT) 
[24] and the United Kingdom Prospective Diabetes Study (UKPDS) [25] both 
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showed the benefit of tight glycemic control to reduce the incidence of diabetic reti-
nopathy [26]. Intensive blood pressure control can also prevent the development of 
diabetic retinopathy. Hypertension can lead to macroaneurysms and vascular occlu-
sion of the retina leading to ischemic optic neuropathy. It is possible that the hyper-
tensive effects on blood vessels will lead to retinopathy. However, there are mixed 
results on the impact of tight blood pressure control on the development of diabetic 
retinopathy. The UKPDS data demonstrated that higher systolic blood pressure lead 
to increased rates of retinopathy [25]. Patients in the baseline SBP range above 
140 mm Hg had a 2.8 times higher likelihood to develop retinopathy as compared 
with patients in the lowest tertile range of SBP < 125 mm Hg [26]. Diastolic blood 
pressure predicted onset of proliferative diabetic retinopathy in type 1 diabetes over 
a 14-year period in the Wisconsin Epidemiologic Study of Diabetic Retinopathy 
(WESDR) [26, 27]. However, systolic and diastolic blood pressure did not predict 
progression of retinopathy in type 2 diabetic patients. The Action to Control 
Cardiovascular Risk in Diabetes (ACCORD) study [28] found that tight blood pres-
sure reduction did not ameliorate the rate of diabetic retinopathy in subjects with 
type 2 diabetes.

In a meta-analysis of eight trials randomizing almost 7000 patients, intensive 
blood pressure control was associated with a 17% reduction in the incidence of 
diabetic retinopathy [29]. In another meta-analysis of 15 randomized controlled 
clinical trials that included 4157 type 1 and 9512 type 2 diabetes, there was a 12% 
decrease in risk of progression of diabetic retinopathy over 4–5 years with tighter 
blood pressure control among subjects with baseline retinopathy but no benefit 
among normotensive type 1 diabetes [30]. These meta-analyses should be inter-
preted with caution as they have inherent limitations including the heterogeneity of 
the clinical trials with different blood pressure targets, hba1c level, and the defini-
tion of diabetic retinopathy.

It is unclear if specific classes of antihypertensive agents will help to slow pro-
gression of diabetic retinopathy. Mauer et al. [31] evaluated 285 normotensive type 
1 diabetic patients without albuminuria and randomly assigned them to receive 
Losartan 100 mg daily, Enalapril 20 mg daily, or placebo with 5 years of follow-up. 
The risk of progressive diabetic retinopathy decreased by 65% in the Enalapril arm 
and 70% in the losartan group compared with the placebo arm. The effect of other 
antihypertensive medications on progressive diabetic retinopathy was not assessed 
in this study. Lin et  al. [32] evaluated type 2 diabetic patients with concomitant 
hypertension in the Longitudinal Health Insurance Database in 2005. Patients on 
beta blockers and calcium channel blockers (CCBs) had a lower risk of diabetic reti-
nopathy compared with those taking ACEIs or ARBs. The reason for the disparate 
results is unclear, but other confounders including blood pressure and glycemic 
control in the groups may have played a role.

The EUCLID study [33] evaluated the effect of lisinopril to reduce the rate of the 
development of diabetic retinopathy in normotensive patients. Patients taking lisin-
opril had a 50% decreased rate of progression of retinopathy over a 2-year period 
compared with patients not taking this medication. Proliferative retinopathy inci-
dence was decreased by 82% in those taking lisinopril compared with placebo. The 
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mechanism by which ACEI can prevent diabetic retinopathy is uncertain but may 
include favorable hemodynamic effects and increased nitric oxide levels. It is also 
possible that the antihypertensive effect of lisinopril may be beneficial at preventing 
onset of diabetic retinopathy even in patients that would otherwise be considered 
normotensive [26].

The degree of blood pressure control needed to prevent retinopathy is unclear. In 
the UKPDS trial [25], 1048 patients with hypertension received either “tight con-
trol” of blood pressure defined as <150/85 or more “liberalized control” of <180/105 
using atenolol or captopril. Patients randomized to blood pressure of less than 
150/85 had a 35% decrease rate of retinal photocoagulation. Over a 7.5 year follow-
 up period, there was a decrease in progression of retinopathy of approximately one- 
third, and almost 50 pct decrease in the decline in visual acuity. Atenolol and 
captopril were equivalent in decreasing risk of diabetic retinopathy. It should be 
noted that the definition of “tight” blood pressure control in this study would not 
meet the standard of care for hypertension management in 2021 where values of 
<130/80 are considered goal readings.

Another study evaluated the impact of diastolic blood pressure to a goal of 
75 mm Hg or 80–89 mm Hg on patients with hypertension and type 2 DM in the 
Appropriate Blood Pressure Control in Diabetes (ABCD) trial [34]. Patients 
received nisoldipine, enalapril, or placebo. Mean blood pressure was 132/78 in the 
DBP goal 75 mm Hg arm and 138/86 in the DBP goal 80–89 mm Hg arm. In this 
study, there was no difference in the progression to diabetic retinopathy over a 
5-year follow-up. The reasons for the disparate results may be related to the lower 
overall blood pressures in the ABCD trial compared with the UKPDS trial. Based 
on the results of the UKPDS and ABCD trials, blood pressure control to at least 
140/90 or less is essential.

19.4  Diabetic Nephropathy

There is a debate on the target blood pressure to prevent progression to diabetic 
nephropathy. Several clinical trials support the role of “tight” blood pressure con-
trol. In the MDRD study of 840 patients randomized to a mean arterial pressure of 
107 vs 92 mm Hg over a 2.2 year treatment duration, the group of patients with 
proteinuria above 1 g per day had a significant benefit to BP lowering to 126/77 
compared 134/80 in the standard arm [35]. In the African American Study of Kidney 
Disease and Hypertension (AASK) [36], 1094 African Americans without diabetes 
with hypertensive kidney disease and GFR between 20 and 65 were randomized to 
a mean arterial pressure of 102 mm Hg vs 107 mm Hg over a 3–6.4 year treatment 
follow-up; there was no differences between the two groups over the follow-up 
period. In follow-up over 8.8–12.2 years, patients in the tight BP control arm had a 
decrease in the number of renal events if they had a higher degree of proteinuria at 
baseline.

The ADVANCE trial [37] studied 11,140 type 2 diabetes and randomized patients 
to perindopril and indapamide or placebo to achieve a SBP of <135  mm Hg or 
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approximately 140 mm Hg. Patients in the SBP < 135 mm Hg arm had significantly 
lower rates of moderate albuminuria, dialysis, or need for kidney transplant. Patients 
with baseline CKD in this study also had improved outcomes with tighter BP con-
trol [38]. Patients with CKD and SBP < 135 mm Hg had a trend toward decreased 
incidence of cardiovascular events compared with patients who maintained 
SBP > 140 mm Hg while receiving antihypertensive medication [37].

The Irbesartan Diabetic Nephropathy Trial (IDNT) [39] studied 1590 type 2 dia-
betic patients with hypertension and diabetic nephropathy (mean serum creatinine 
of 1.7 mg/dl and 24 h urine protein of 1.9 g/day) to treatment with irbesartan vs 
amlodipine. In those patients with a systolic blood pressure above 149  mm Hg, 
there was a 2.2-fold higher risk of doubling of serum creatinine or ESKD compared 
with those patients with a systolic blood pressure of less than 134 mm Hg. The 
IDNT also showed that a decrease of >20 mm Hg in SBP was associated with an 
almost 50% decrease in the doubling of serum creatinine or development of 
ESKD [39].

The ONTARGET trial [40] showed that decreased SBP from 154 to 125 mm Hg 
led to a lower degree of proteinuria and higher rate of regression to normoalbumin-
uria. In the Appropriate Blood Pressure Control in Diabetes-Part 2 with Valsartan 
(ABCD-2 V) trial [41], a blood pressure of 118/75 (intensive arm) in the group with 
baseline microalbuminuria led to greater proteinuria lowering from 54.2 to 5.5 μg/
min. However, the microalbuminuria group randomized to (moderate control) a 
blood pressure of 124/80 saw an increase in proteinuria from 70.4 to 121.7 μg/min. 
Decreased blood pressures also led to a reduction in incident development of micro-
albuminuria and reduced risk of CVA although the number of CVA and microalbu-
minuria events were small leading to concerns that the study was under powered to 
assess this outcome. Reduction of proteinuria is strongly correlated with risk of 
developing ESKD and therefore is a crucial surrogate measure of outcomes in these 
clinical trials. In diabetic patients, there was a more pronounced effect of protein-
uria reduction compared with blood pressure reduction on the risk of progressive 
CKD [42, 43].

In meta-analyses, decreased BP has been shown to slow progression of CKD 
[44]. In one meta-analysis, an SBP < 120 mm Hg was associated with the lowest 
rate of CKD progression. In patients with diabetic kidney disease, a mean arterial 
pressure of 89 mm Hg or BP 120/75 was associated with the slowest rate of progres-
sive CKD [45]. Multiple clinical trials have also shown that there is a decreased risk 
of developing albuminuria in diabetic and nondiabetic patients with lower BPs 
especially to SBP < 120 mm Hg [46].

Not all studies support the beneficial effect of intensive blood pressure control to 
reduce diabetic nephropathy. The studies showing an improvement in outcomes 
were based on post hoc analyses and not from prospective randomized controlled 
trials. In the MDRD study [35], those randomized to a BP 126/77 vs 134/80 did not 
have a decrease in progression of CKD. There was also no difference in CKD pro-
gression in the AASK trial in those randomized to a BP 128/78 vs 141/85 [36]. In 
the ACCORD trial [28], progression of CKD to ESKD and cardiovascular events 
were not significantly different in patients who were randomized to SBP >130 mm 
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Hg or <120 mm Hg. Despite this difference, clinical studies consistently show that 
intensive blood pressure control will prevent development of moderate albuminuria 
and in many instances will lead to a regression in albuminuria stages.

Intensive blood pressure control is also not without risk. There is a higher risk of 
orthostatic hypotension in diabetic and elderly patients with autonomic neuropa-
thies [47–49]. Careful attention to postural changes in blood pressure should be 
monitored prior to further intensification of antihypertensive medication regimens. 
Hypotension also carries an increased risk for hemodynamically mediated AKI, 
which is typically reversible once renal autoregulation is restored.

Based on the results of randomized controlled clinical trials and guidelines, the 
BP goal in patients with severe albuminuria (macroalbuminuria) should be to 
<130/80 mmHg while balancing the risk of decreased coronary blood flow if BP is 
too low. There is a debate on the optimal target blood pressure in patients with mod-
erate albuminuria (microalbuminuria). RAAS inhibitors are recommended first line 
for the treatment of hypertension to prevent further microvascular complications in 
patients with diabetes.

19.5  Conclusion

Diabetes is associated with multiple complications including macrovascular and 
microvascular disease. Tight glycemic and blood pressure control may help to alle-
viate some of these deleterious effects. The exact target blood pressure to prevent 
microvascular complications is unclear, but control to at least <130/80 mmHg is 
reasonable for most patients except those with autonomic neuropathies. All patients 
should be placed on a RAAS inhibitor first line for blood pressure control unless 
contraindication such as angioedema reaction exists. Newer oral hypoglycemic 
agents including sodium–glucose cotransporter-2 inhibitors (SGLT2is) have the 
dual beneficial effect of reducing BP and controlling glucose and should also be 
considered if no contraindication exists. Further studies are needed to precisely 
define the appropriate target blood pressure and to identify those patients most at 
risk for the development of microvascular disease.
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20New Antidiabetic Agents: Relevance 
to Cardiovascular Outcomes

Reinhold Kreutz and Engi Abd El-Hady Algharably

20.1  Sodium Glucose Cotransporter Type 2 
(SGLT2) Inhibitors

20.1.1  Physiology of SGLT2 and Its Pharmacological Inhibition

Membrane-associated transport proteins responsible for renal glucose reabsorption 
include two classes of carrier proteins: the sodium–glucose cotransporters (SGLTs) 
and the glucose transporters (GLUTs) [1].

SGLTs belong to the human solute carrier family 5 (SLC5) and include, among 
others, SGLT1 and SGLT2 that are situated at the luminal surface of the proximal 
tubule epithelium [1].

SGLT2, situated at the S1 segment of the proximal tubule, is a low affinity high- 
capacity transporter that uses one sodium ion per glucose molecule while SGLT1, a 
high affinity but low capacity transporter, uses two sodium ions per glucose trans-
port. SGLT2 is selectively expressed in the kidney and accounts for almost all proxi-
mal tubular glucose reabsorption (∼97%) while the remaining (∼2–3%) filtered 
glucose is reabsorbed via SGLT-1 in the distal segments of the proximal tubules [2]. 
SGLT1 is also expressed in the small intestine to a greater extent than in the kidney 
and in the heart [3]. In normoglycemia and with normal renal function, up to 180 g 
of glucose are filtered and almost fully reabsorbed by the kidney daily. In diabetes, 
however, an increased tubular glucose load combined with higher expression of 
SGLT2 [4] enhances renal glucose reabsorption, hence becoming counterproductive 
and conserve hyperglycemia [5].
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Table 20.1 Pharmacology characteristics of SGLT2 inhibitors

Drug

Oral 
bioavailability 
(%)

Dose range 
(mg/day)

Half- 
life (h)

Renal 
elimination (%)

SGLT2/SGLT1 
selectivity

Canagliflozin 65 100–300 11–13 <2 ~250-fold
Dapagliflozin 78 5–10 13 <1 ~1200-fold
Empagliflozin 90 10–25 13 28.6 ~2500-fold
Ertugliflozin 70–90 5, 15 17 50 ~2000-fold
Ipragliflozina 90 50–100 15–16 ≤2 ~250-fold
Luseogliflozina 86 2.5–5 10-12 4 ~1770-fold
Sotagliflozinb 71 200– 400 21 57 ~20-fold
Tofogliflozin a 97.5 20 5–6 6.8 ~2930-fold

a Approved and available in Japan
bApproved and available in the European Union

The inhibition of SGLT2 prevents glucose and sodium reabsorption into the 
blood stream, promotes glucosuria, reduces blood glucose concentrations, and 
improves subsequently glycosylated hemoglobin (HbA1c) levels through an 
“insulin- independent” pathway [6]. SGLT1 plays a complementary but still relevant 
role beside SGLT2  in renal glucose reabsorption [2]. In addition to the kidney, 
SGLT1 is also abundantly expressed in the brush-border membrane of villi of the 
upper small intestine, where it takes part in the absorption of postprandial glucose 
or galactose from the gastrointestinal tract [3]. Therefore, enhanced transport of 
glucose in kidney and intestine mediated by SGLT1 may weaken the glucose- 
lowering effect of SGLT2 inhibitors [7]. The role of SGLT1 in both renal and intes-
tinal glucose reabsorption thus provides also a rationale for dual SGLT1/2 inhibitors 
use by means of achieving better glycemic control and improving cardiovascular 
(CV) outcomes further as compared with more selective SGLT2 inhibitors in 
patients with type 2 diabetes mellitus (T2DM). Pharmacology characteristics of 
SGLT2 inhibitors are shown in Table 20.1.

20.1.2  Effects of SGLT2 Inhibitors on CV Outcomes

The first three landmark CV outcome trials (CVOTs) with SGLT2 inhibitors were 
the EMPA-REG OUTCOME with empagliflozin [8], the Canagliflozin 
Cardiovascular Assessment Study (CANVAS) Program with canagliflozin (includ-
ing in fact two trials, namely, CANVAS [9] and Canagliflozin Cardiovascular 
Assessment Study-Renal (CANVAS-R) [10]), and the Dapagliflozin Effect on 
Cardiovascular Events (DECLARE-TIMI 58) with dapagliflozin [11]. These 
CVOTs yielded impressive positive results in terms of CV protection. All trials were 
multicentered, randomized, double-blind, and placebo-controlled and included 
patients with history of long-standing T2DM and established atherosclerotic CV 
disease (ASCVD) or at high CV risk. In addition, patients received a standard back-
ground therapy for T2DM and CV prevention. The primary outcome in EMPA-REG 
OUTCOME, CANVAS Program, and the DECLARE-TIMI 58 was the composite 
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of three major CV events (three-point MACE) defined as CV death, non-fatal myo-
cardial infarction (MI), or non-fatal stroke. Hospitalization for heart failure (HHF) 
was a prespecified secondary outcome in all trials and a co-primary composite out-
come in the DECLARE- TIMI 58 [11].

The EMPA-REG OUTCOME [8] trial was the first to identify a protective effect 
to reduce heart failure (HF) events and mortality of empagliflozin in patients with 
and without HF at baseline, while patients with HHF had a lower risk of death. 
Results were relatively consistent across the three trials with a risk reduction in the 
composite primary three-point MACE endpoint in EMPA-REG Outcome and in 
CANVAS with a 14% risk reduction in both studies compared with placebo [8, 12]. 
This effect was driven mainly by a 38% reduction in CV death (HR 0.62; 95% CI 
0.49–0.77; p < 0.001) in case of empagliflozin. Empagliflozin also reduced signifi-
cantly HHF (HR 0.65; 95% CI 0.50–0.85; p = 0.002) and reduced overall mortality 
(HR 0.68; 95% CI 0.57–0.82; p < 0.001). Furthermore, the cardioprotective effects 
were recognized within the first three months of treatment as shown by the early 
separation of placebo and empagliflozin curves in Kaplan-Meier analysis [8].

The CANVAS Program [12] combining data from two RCTs (CANVAS and 
CANVAS-R) reported for canagliflozin comparable results with a 33% reduction in 
HHF (HR 0.67; 95% CI 0.52–0.87).

The benefit of dapagliflozin with respect to CV death or HHF was revealed by 
DECLARE-TIMI 58 [11], the largest of the CVOTs 3 trials conducted so far. 
However, this study included a higher proportion of patients (59%) without evi-
dence of cardiovascular disease (CVD) as compared with EMPA-REG OUTCOME 
and CANVAS. Although no significant reduction in three-point MACE was found, 
dapagliflozin reduced the risk of the composite outcome of CV death plus HHF 
significantly by 17% (HR 0.83; 95% CI 0.73–0.95; p = 0.005), which was driven by 
a 27% lower rate of HHF (HR 0.73; 95% CI 0.61–0.88). Notably, DECLARE-TIMI 
58 excluded patients with a creatinine clearance <60 mL/min while EMPA-REG 
OUTCOME and CANVAS included patients with an estimated glomerular rate 
(eGFR) above 30 mL/min/1.73 m2. A meta-analysis of the three CVOTs pooling 
data from 34,322 patients (60.2% with established ASCVD) indicated a consistent 
reduction of three-point MACE by 11% in those patients with ASCVD and a reduc-
tion in the composite of HHF or CV death by 23% [13]. The latter effect was similar 
in patients with and without ASCVD and in those with and without a history of 
HF. SGLT2 inhibitors also reduced progression of kidney disease in either athero-
sclerotic patients or with a history of HF [13]. The CREDENCE trial with cana-
gliflozin, specifically dedicated to patients with T2DM and chronic kidney disease 
(CKD) as defined by an eGFR of 30–90 mL/min/1.73 m2 and albuminuria (urinary 
albumin-to-creatinine ratio 300–5000 mg/g), confirmed the results of the previous 
CVOTs by showing a reduction in three-point MACE (HR 0.80; 95% CI 0.67–0.95) 
and HHF (HR 0.61; 95% CI 0.47–0.80) [14]. This study included only 15% of the 
patients with a history of HF; however, the results of this study indicate that the 
cardioprotective benefits of canagliflozin may extend to high-risk patients with 
T2DM and CKD.
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The DAPA-HF was the first dedicated trial to investigate SGLT-2 inhibition 
exclusively in HF patients with reduced ejection fraction (HFrEF) irrespective of 
the presence of T2DM at baseline. Dapagliflozin reduced significantly the primary 
endpoint of CV death or worsening HF (HR 0.74; 95% CI 0.65–0.85) and CV mor-
tality (HR 0.82; 95% CI 0.69–0.98) demonstrating the beneficial role in the treat-
ment of HF independent from the presence of T2DM [15].

Ertugliflozin, another SGLT-2 inhibitor, was subsequently investigated in the 
VERTIS CV, a similar CVOT study that included patients with T2DM and estab-
lished CVD [16]. However, ertugliflozin did not significantly reduce the primary 
endpoint of three-point MACE [16]. Nevertheless, ertugliflozin reduced the risk of 
HHF especially for those with EF ≤ 45% at baseline (HR 0.48;95% CI 0.30–0.76) 
with greater benefits seen in patients with eGFR<60 mL/min/1.73 m2, albuminuria, 
and diuretic use. Furthermore, the events for total HHF and the combined outcome 
of HHF plus CV death were significantly reduced [17].

More recently, sotagliflozin, a combined SGLT-1 and SGLT-2 inhibitor [18], was 
evaluated in two trials: the SOLOIST-WHF [19] and the SCORED trials [20], both 
including T2DM patients and a fraction of patients with HF with preserved ejection 
fraction (HFpEF). The SOLOIST-WHF was the first to include patients with acute 
decompensated HF, recently hospitalized, but in stable condition. Sotagliflozin 
reduced the composite of total CV deaths, HHF, and urgent HF visits by 33%. Those 
benefits were shown as early as 1 month after therapy and were consistent among 
HF subgroups with either HF with reduced ejection fraction (HFrEF) or HFpEF [19].

In the SCORED trial, T2DM patients with HF and CKD at baseline were enrolled 
with a median eGFR of 44  mL/min/1.73  m2 including 7% of patients with an 
eGFR<30  mL/min/1.73  m2. Sotagliflozin exhibited cardioprotective effects and 
reduced significantly the same composite outcome as in SOLOIST-WHF by 26% 
[20]. However, both studies lost funding and were terminated early; hence, the stud-
ies had a shortened follow-up duration, and statistical power was limited to observe 
significant reductions in CV death or in kidney outcomes.

Furthermore, EMPEROR-Reduced [21] and EMPEROR-Preserved [22] using 
empagliflozin targeted specifically patients with HF with either HFrEF or HFpEF 
and included patients with or without T2DM at baseline.

In EMPEROR-Reduced, empagliflozin reduced the risk of the primary outcome 
of CV death or HHF in patients with and without diabetes (HR 0.72; 95% CI 
0.60–0.87 and 0.78; 95% CI 0.64–0.97, respectively). In EMPEROR-Preserved, the 
primary endpoint was a composite of CV death or HHF and was significantly 
reduced by empagliflozin (HR 0.73; 95% CI 0.61–0.88); this benefit was again 
independent from the presence or absence of diabetes.

20.1.3  Effects of SGLT2 Inhibitors on Renal Outcomes

The potential nephroprotection offered by SGLT-2 inhibition was already indicated 
by a reduction of albuminuria (on average about 25%) as compared with placebo or 
other antidiabetic agents in glycemic trials [23, 24]. This effect was enhanced in 
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patients with more severe albuminuria [25]. In those trials, renal outcomes were 
studied as secondary endpoints, but they were subsequently confirmed by the analy-
ses of renal endpoints that emerged from the large CVOTs including EMPA-REG 
OUTCOME [26], CANVAS program [12], DECLARE-TIMI 58 [11], and VERTIS 
CV [16].

In the EMPA-REG OUTCOME trial, T2DM patients treated with empagliflozin 
showed significantly higher reductions in the composite outcome of progression to 
macroalbuminuria, doubling of serum creatinine (SCr), initiation of renal replace-
ment therapy (RRT), or death from renal disease (HR 0.61; 95% CI 0.53–0.70) with 
similar reduction for the individual renal endpoints. Notably, about 26% of the 
patients had eGFR values <60 mL/min/1.73 m2 at baseline [26].

Similar benefits were demonstrated by the CANVAS program study where cana-
gliflozin reduced the composite outcome of sustained 40% reduction in eGFR, need 
for RRT, or death from renal causes compared with placebo (HR 0.60; 95% CI 
0.47–0.77). Furthermore, the reduction in renal composite endpoints was consistent 
in patients with and without CKD and across different eGFR levels (baseline eGFR 
≥90, 60 to <90, 45 to <60 and <45 mL/min/1.73 m2) [27]. However, only 20.1% of 
participants had an eGFR <60 mL/min/1.73 m2 at baseline.

In the DECLARE-TIMI 58 trial, dapagliflozin reduced the prespecified renal 
composite of ≥40% reduction in eGFR, end-stage kidney disease (ESKD), or death 
due to renal or CV causes (HR 0.76; 95% CI 0.67–0.87) [28]. A meta-analysis of the 
three trials showed that SGLT-2 inhibitors reduced the risk of worsening of renal 
function, ESKD or renal death by 45% (HR 0.55; 95% CI 0.48–0.64), with an iden-
tical effect in patients with and without ASCVD [13]. However, DECLARE- 
TIMI- 58, EMPA-REG OUTCOME, and CANVAS explored the renal benefits of 
SGLT2 inhibitors in patients with mostly preserved renal function (eGFR >60 mL/
min/1.73 m2). In the VERTIS CV study, although ertugliflozin exhibited trends for 
beneficial effect on renal outcomes in T2DM with established CVD, it did not sig-
nificantly reduce the secondary composite renal endpoint (death from renal causes, 
RRT, or doubling of SCr levels) (HR 0.81; 95% CI 0.63, p = 1.04) [16].

The Canagliflozin and Renal Events in Diabetes with Established Nephropathy 
Clinical Evaluation (CREDENCE) trial was the first dedicated trial to address 
patients with moderate to severe CKD as it was designed to explore the effect of 
SGLT2 inhibition in T2DM with high risk of kidney disease progression [14]. 
Credence included specifically patients with CKD and eGFR<60 mL/min/1.73 m2 
(60% of the study population) and with albuminuria defined by urinary albumin to 
creatinine ratio (UACR) of >300–5000 mg/g. Renoprotective effects were observed 
at all levels of kidney function, including participants with baseline eGFR of 
30–45 mL/min/1.73 m2 (HR 0.75; 95% CI 0.59–0.95) in whom these drugs were 
originally not approved for use in diabetes [14]. These findings are important given 
that these patients are at increased risk of rapid progression of CKD.  The 
CREDENCE trial also provided new information supporting the role of SGLT2 
inhibitors in advanced CKD. In this respect, the offered renal benefits are not com-
promised by low GFR since glycemic control resulting from SGLT2 inhibitors 
depends on GFR and renal glucose excretion. Therefore, despite the lower 
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reductions in HbA1C levels, renal protection persists suggesting that SGLT2 inhibi-
tors should be continued in patients with CKD and that their prescription in diabetic 
kidney disease should be separated from their use in T2DM with regard to glucose 
lowering.

In this regard, the more recent DAPA-CKD trial was important as it was the first 
to investigate the safety and renal outcomes in patients with CKD, both with and 
without T2DM [29]. The study had a more ambitious target of the composite of 
sustained decline in the eGFR (at least 50%), ESKD, or death from renal or CV 
causes. The HR for the primary endpoint was 0.61 (95% CI 0.51–0.72; p < 0.001) 
and was consistent in patients with and without T2DM. Like CREDENCE, DAPA- 
CKD provides further insight in the role of SGLT2 inhibitors in the progression of 
CKD and supports their use for the prevention of CV and renal complications 
among CKD patients including patients with glomerulonephritis [29]. An ongoing 
trial, the EMPA-KIDNEY (NCT03594110) designed specifically to evaluate the 
protective effect of empagliflozin on the CV and renal systems in patients with 
CKD, is yet to reveal more data.

20.1.4  Mechanisms of Cardiorenal Protection of SGLT2 Inhibitors

Being originally developed “only” as glucose lowering, i.e., antihyperglycemic, 
drugs for the treatment of T2DM, the profound protective cardiorenal effects 
appeared initially completely unexpected and could not be explained. Hence, the 
reduction in CV and renal events were not related to either baseline or achieved 
HbA1c levels in participants with diabetes. In the meantime, a veritable avalanche 
of experimental and clinical mechanistic studies has been triggered by the data 
obtained in randomized outcome trials identifying or at least postulating several 
mechanisms that contribute to cardiorenal protection by SGLT2 inhibition (as 
recently reviewed in [30, 31] and summarized in Fig. 20.1).

Kidney

Primary effects

Additional effects Additional effects Additional effects

Primary effects Primary effects

Circulation / Arteries Heart

•    Glucosuria ↑ •    Plasma volume ↓ •    LV load ↓
•    Blood plessure ↓

•    Glomerular plessure ↓
•    Hyperglycemia ↓ •    Oxidative stress ↓

•    NHE3 activity ↓
•    β-hydroxybutyrate oxidation ↑•    Sympathetic activity ↓

•    Insulin resistance ↓

•    Hematocrit/Hemoglobin ↓

•    Arterial stiffness ↓

•    Glucagon ↑
•    Ketones ↑

•    Tubular load ↓

•    Natriuresis ↑
•    Diuresis ↑

•    Erythropoietin ↑

•    Reset of TG feedback

Fig. 20.1 Primary and additional effects of SGLT2 inhibition in the kidney, systemic circulation/
arteries, and heart. LV left ventricle, NHE3 sodium-hydrogen exchanger, TG tubuloglomerular
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20.2  Glucagon-Like Peptide-1 Receptor Agonists (GLP-1RAs)

20.2.1  Physiology of GLP-1 and Pharmacological Activation 
of GLP-1 Receptors

Glucagon-like peptide-1 (GLP-1) is a natural incretin hormone synthesized and 
secreted from the neuroendocrine L cells localized in the distal ileum and ascending 
colon in response to glucose absorption [32]. GLP-1 secretion stimulates insulin 
release from pancreatic β cells (insulinotropic) in a glucose-dependent manner lim-
iting the risk of hypoglycemia. Simultaneously, GLP-1 suppresses glucagon secre-
tion from pancreatic α-cells, which is inappropriately elevated in T2DM.  These 
effects are primarily responsible for lowering the postprandial blood glucose excur-
sions. In addition, GLP-1 promotes proliferation of β cells and prevents their apop-
tosis and delays gastric emptying, resulting in regulation of glucose homeostasis 
[33, 34]. GLP-1 is also a physiological regulator of appetite and food intake by 
acting on the central GLP-1 receptors enhancing satiety and limiting food intake, 
thereby contributing to body weight regulation [34]. In diabetes, endogenous GLP-1 
effects on insulin secretion are suboptimal [35] compared with healthy individuals. 
However, they can be to a great extent restored by exogenous GLP-1 administration 
in supraphysiological doses. Thus, GLP-1 receptor stimulation is a suitable method 
for reducing blood glucose levels constituting a good therapeutic target for the treat-
ment of T2DM [36].

20.2.2  Characteristics of Available GLP-1RAs

The physiologic rapid proteolytic degradation of GLP-1 by endogenous dipeptidyl-
peptidase 4 (DPP4) activity precludes its therapeutic utility. Synthetic GLP-1 ana-
logues have been developed to activate the endogenous GLP-1 receptor, thus 
mimicking the effects of GLP-1 after subcutaneous application with a longer half- 
life and duration of action depending on the molecular design of the compound 
[37]. The currently approved GLP-1RAs include exenatide, liraglutide, lixisenatide, 
dulaglutide, and semaglutide, while another GLP-1 RA, i.e., albiglutide, was dis-
continued from global use in 2018. They are all applied by subcutaneous injection 
and are classified based on their pharmacokinetics and pharmacodynamics into 
short- or long-acting GLP-1RAs [38]. Short-acting GLP-1RAs have a half-life of 
2–4 h mandating once or twice daily administration while long-acting GLP-1RAs 
have a half-life >12 h up to more than 100 h, thereby allowing once daily or even 
once weekly dosing [38] (Table 20.2). Of interest, an oral formulation of semaglu-
tide was recently developed.
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Table 20.2 Pharmacology characteristics of GLP-1 receptor agonists

Drug

Molecular 
origin/
backbone Type Dosage

Half- 
life 
(h)

Protein 
binding 
(%) Elimination

Injectable
Exenatide Exendin-4 Short 

acting
5–10 μg 
twice daily

2.4 NA Mainly renal 
(80%)

Exenatidea 
extended 
release

Exendin-4 Long 
acting

2 mg weekly NA NA Mainly renal

Dulaglutide Human 
GLP-1

Long 
acting

0.75–1.5 mg 
weekly

120 NA Mainly proteolytic 
degradation

Liraglutide Human 
GLP-1

Long 
acting

0.6–1.8 mg 
once daily

13 >98 Mainly proteolytic 
degradation; renal 
(very low)

Lixisenatide Exendin-4 Short 
acting

10–20 μg 
once daily

3 55 Mainly renal

Semaglutide Human 
GLP-1

Long 
acting

0.25–1 mg 
weekly

168 >99 Proteolytic 
degradation; renal 
(3%)

Oral
Oral
Semaglutide

Human 
GLP-1

Long 
acting

3–14 mg 
once daily

168 >99% Mainly proteolytic 
degradation; renal 
(3%)

NA not available
Injectable preparations are available as prefilled pens
a Encapsulated in a biodegradable polymer of poly(lactic-co-glycolic acid) microspheres

20.2.3  Effects of GLP-1 RAs on CV Outcomes

Lixisenatide, liraglutide, semaglutide, oral semaglutide, exenatide, and dulaglutide 
have been tested in six CVOTs in patients with T2DM: ELIXA [39], LEADER [40], 
SUSTAIN-6 [41], PIONEER 6 [42], EXSCEL [43], and REWIND [44], respec-
tively. Albiglutide, a GLP-1RA that has been withdrawn from the market, was tested 
in the Harmony Outcomes trial [45]. Lixisenatide in the ELIXA trial was non- 
inferior to placebo, but did not significantly affect a 4-point MACE (the three-point 
MACE plus hospitalization for unstable angina) in patients with T2DM post-acute 
coronary syndrome [39]. Similarly, in the EXSCEL study, where 73% of partici-
pants had experienced a previous CV event, once weekly exenatide showed non- 
inferiority to placebo. The intention-to-treat analysis revealed a significant reduction 
in all-cause death by exenatide of 14% (p = 0.016) while subgroup analysis for CV 
disease patients revealed a significant 10% reduction for MACE (HR 0.90; 95% CI 
0.816–0.999) [43]. In the LEADER trial, however, with 81% of patients having 
previous CVD, positive results were shown as liraglutide significantly reduced the 
three-point MACE by 13% and CV death and total death by 22% and 15%, respec-
tively [40].

Semaglutide, in SUSTAIN-6, which had similar inclusion criteria as LEADER 
including patients with high CV risk, reduced the three-point MACE by 26% mainly 
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driven by a 39% significant reduction of nonfatal stroke [41]. The PIONEER-6 trial 
confirmed non-inferiority for CV safety of oral semaglutide compared with placebo 
with a significantly reduced risk for CV death (HR 0.49, p = 0.03) and all cause 
death (HR 0.51; p = 0.008) [42]. Once weekly albiglutide in the Harmony Outcomes 
trial significantly reduced three-point MACE by 22% and myocardial infarction by 
25% compared with placebo [45]. The REWIND, with the longest median follow-
 up of 5.4 years among these trials, showed a significant reduction of three-point 
MACE by once weekly dulaglutide vs. placebo (HR 0.88; 95% CI 0.79–0.99; 
p = 0.026) [44]. A recent meta-analysis of the seven trials showed that GLP-RAs 
reduce three-point MACE by 12% (HR 0.88; 95% CI 0.84–0.94; p < 0.001], all- 
cause mortality by 12% (HR 0.88; 95% CI 0.83–0.95; p = 0.001) and HHF by 9% 
(95% CI 0.91–0.99; p = 0.028) [46]. Moreover, the favorable effect on MACE was 
mainly consistent among subgroups stratified by history of CVD, body mass index, 
age, and kidney function at baseline [46]. Overall, these data underscore the protec-
tive CV effects of GLP-1RAs in addition to their positive effects on other CV risk 
factors, such as body weight and blood pressure (BP).

20.2.4  Effects of GLP-1 RAs on Renal Outcomes

GLP-1RA exhibited also a renoprotective potential, although less substantial as 
compared with those observed with SGLT2 inhibitors. The corresponding data 
come from the CVOTs in which renal outcomes were prespecified secondary end-
points [47]. The first trial reporting renal outcomes was the ELIXA trial in which a 
modest decrease in UACR in favor of lixisenatide was found [39].

In contrast to ELIXA, the LEADER and the SUSTAIN-6 trial had a prespecified 
renal outcome of new or worsening nephropathy defined as a composite of new- 
onset persistent macroalbuminuria, persistent doubling of serum creatinine and 
eGFR≤45  mL/min/1.73  m2, need for RRT, and renal death [40, 48]. Liraglutide 
reduced the composite by 22% (HR 0.78; 95% CI; 0.67–0.92; p = 0.003) driven by 
a reduction in persistent macroalbuminuria, with no evident effect on the harder 
renal outcomes. Notably, LEADER also reported a 2% slower decline in renal func-
tion (eGFR) with liraglutide versus placebo, which was stronger in patients with 
moderate or severe renal impairment at baseline [48]. Semaglutide in SUSTAIN-6 
reduced the renal composite outcome (HR 0.64; 95% CI 0.46–0.88; p = 0.005) [41], 
mainly caused by lower risk of albuminuria progression. Analysis of renal data from 
the EXCEL trial revealed that lixisenatide use caused a significant reduction in 
UACR (−39.18%, 95% CI −68.53 to −9.84; p = 0.007) in patients with macroalbu-
minuria compared with placebo and reduced new onset macroalbuminuria by 20% 
(HR 0.808; 95% CI 0.660–0.991; p = 0.0404) when adjusted for baseline HbA1c 
and other renal risk factors [49]. In REWIND, dulaglutide reduced the composite 
outcome of first occurrence of new macroalbuminuria (UACR >33.9 mg/mmol), a 
sustained decline in eGFR of ≥30% from baseline, or chronic RRT (HR 0.85; 95% 
CI 0.77–0.93; p = 0.0004) with a more evident effect for macroalbuminuria (HR 
0.77; 95% CI 0.68–0.87; p < 0.0001). Meta-analyses of trials with GLP-1 RA agents 
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indicated a statistically significant 17% reduction in the composite renal endpoint of 
new-onset macroalbuminuria, decline in eGFR, progression to ESKD, or death 
attributable to kidney causes (HR 0.83; 95% CI 0.78–0.89; p < 0.0001) with macro-
albuminuria acting as the main driver for renal outcome [46]. The most pertinent 
data for kidney protection beyond reducing risk of albuminuria come from the 
AWARD-7 trial. This trial compared once weekly dulaglutide in two doses to insu-
lin glargine including patients with moderate-to-severe CKD (mean eGFR: 38 mL/
min/1.73  m2) in which the secondary outcomes were eGFR and UACR [50]. 
Dulaglutide demonstrated a smaller decline in eGFR compared with glargine; the 
protective effect was greater in patients with baseline macroalbuminuria, who also 
had the greatest reduction in UACR [50]. Another trial with liraglutide conducted in 
patients with eGFR between 30 and 59 mL/min1.73 m2 demonstrated no significant 
changes on renal function with liraglutide use with only a numerical 17% reduction 
in UACR (HR 0.83; 95% CI 0.62–1.10; p = 0.1856) [51].

20.2.5  Potential Mechanisms of CV Protection

The mechanism by which GLP-1 RAs may reduce primarily CV atherosclerotic 
events is not yet clear. These benefits might be related to glycemic control, weight 
loss, small reductions in BP mainly systolic BP and arterial stiffness, and improve-
ment of lipid profiles, in addition to favorable effects on the kidney [52]. Their 
efficacy in lowering blood glucose, therefore reducing exposure to other antidia-
betic agents such as insulin or sulfonylureas with less benefits, besides, lower rates 
of hypoglycemia associated with GLP-1RAs use, might also contribute to their pro-
tective effects [53]. Direct vascular or cardiac effects of GLP-1RAs such as favor-
able effects on cardiac function, cardiac ischemia, and on inflammatory markers, 
resulting in the prevention or delay of the atherosclerotic processes, may contribute 
to the CV favorable outcomes [33]. Regarding renoprotection, the effects offered by 
GLP-1RA comprise mainly a reduction in the emergence and progression of albu-
minuria/proteinuria, with a marginal effect on eGFR decline and neutral effects on 
hard renal endpoints, e.g., need for RRT [47].

References

1. Wright EM, Loo DD, Hirayama BA. Biology of human sodium glucose transporters. Physiol 
Rev. 2011;91(2):733–94.

2. Vallon V, Platt KA, Cunard R, Schroth J, Whaley J, Thomson SC, et al. SGLT2 mediates glu-
cose reabsorption in the early proximal tubule. J Am Soc Nephrol. 2011;22(1):104–12.

3. Drozdowski LA, Thomson AB.  Intestinal sugar transport. World J Gastroenterol. 
2006;12(11):1657–70.

4. Rahmoune H, Thompson PW, Ward JM, Smith CD, Hong G, Brown J. Glucose transporters 
in human renal proximal tubular cells isolated from the urine of patients with non–insulin- 
dependent diabetes. Diabetes. 2005;54(12):3427–34.

5. Vallon V.  Glucose transporters in the kidney in health and disease. Pflügers Arch. 
2020;472:1345–70.

R. Kreutz and E. A. E.-H. Algharably

https://www.sciencedirect.com/topics/medicine-and-dentistry/arterial-stiffness
https://www.sciencedirect.com/topics/medicine-and-dentistry/sulfonylurea


347

6. Vasilakou D, Karagiannis T, Athanasiadou E, Mainou M, Liakos A, Bekiari E, et al. Sodium–
glucose cotransporter 2 inhibitors for type 2 diabetes: a systematic review and meta-analysis. 
Ann Intern Med. 2013;159(4):262–74.

7. Abdul-Ghani MA, DeFronzo RA, Norton L. Novel hypothesis to explain why SGLT2 inhibi-
tors inhibit only 30–50% of filtered glucose load in humans. Diabetes. 2013;62(10):3324–8.

8. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al. Empagliflozin, car-
diovascular outcomes, and mortality in type 2 diabetes. N Engl J Med. 2015;373(22):2117–28.

9. Neal B, Perkovic V, de Zeeuw D, Mahaffey KW, Fulcher G, Stein P, et al. Rationale, design, and 
baseline characteristics of the Canagliflozin Cardiovascular Assessment Study (CANVAS)—a 
randomized placebo-controlled trial. Am Heart J. 2013;166(2):217–23.e11.

10. Neal B, Perkovic V, Matthews DR, Mahaffey KW, Fulcher G, Meininger G, et al. Rationale, 
design and baseline characteristics of the CANagliflozin cardioVascular assessment 
study-renal (CANVAS-R): a randomized, placebo-controlled trial. Diabetes Obes Metab. 
2017;19(3):387–93.

11. Wiviott SD, Raz I, Bonaca MP, Mosenzon O, Kato ET, Cahn A, et al. Dapagliflozin and cardio-
vascular outcomes in type 2 diabetes. N Engl J Med. 2019;380(4):347–57.

12. Neal B, Perkovic V, Mahaffey KW, de Zeeuw D, Fulcher G, Erondu N, et al. Canagliflozin 
and cardiovascular and renal events in type 2 diabetes. N Engl J Med. 2017;377(7):644–57.

13. Zelniker TA, Wiviott SD, Raz I, Im K, Goodrich EL, Bonaca MP, et al. SGLT2 inhibitors 
for primary and secondary prevention of cardiovascular and renal outcomes in type 2 dia-
betes: a systematic review and meta-analysis of cardiovascular outcome trials. Lancet. 
2019;393(10166):31–9.

14. Perkovic V, Jardine MJ, Neal B, Bompoint S, Heerspink HJL, Charytan DM, et al. Canagliflozin 
and renal outcomes in type 2 diabetes and nephropathy. N Engl J Med. 2019;380(24):2295–306.

15. McMurray JJV, DeMets DL, Inzucchi SE, Køber L, Kosiborod MN, Langkilde AM, et al. A 
trial to evaluate the effect of the sodium-glucose co-transporter 2 inhibitor dapagliflozin on 
morbidity and mortality in patients with heart failure and reduced left ventricular ejection frac-
tion (DAPA-HF). Eur J Heart Fail. 2019;21(5):665–75.

16. Cannon CP, Pratley R, Dagogo-Jack S, Mancuso J, Huyck S, Masiukiewicz U, 
et  al. Cardiovascular outcomes with ertugliflozin in type 2 diabetes. N Engl J Med. 
2020;383(15):1425–35.

17. Cosentino F, Cannon CP, Cherney DZI, Masiukiewicz U, Pratley R, Dagogo-Jack S, et  al. 
Efficacy of ertugliflozin on heart failure-related events in patients with type 2 diabetes mel-
litus and established atherosclerotic cardiovascular disease: results of the VERTIS CV trial. 
Circulation. 2020;142(23):2205–15.

18. Rendell MS. Sotagliflozin: a combined SGLT1/SGLT2 inhibitor to treat diabetes. Expert Rev 
Endocrinol Metab. 2018;13(6):333–9.

19. Bhatt DL, Szarek M, Steg PG, Cannon CP, Leiter LA, McGuire DK, et al. Sotagliflozin in 
patients with diabetes and recent worsening heart failure. N Engl J Med. 2021;384(2):117–28.

20. Bhatt DL, Szarek M, Pitt B, Cannon CP, Leiter LA, McGuire DK, et al. Sotagliflozin in patients 
with diabetes and chronic kidney disease. N Engl J Med. 2021;384(2):129–39.

21. Packer M, Anker SD, Butler J, Filippatos G, Pocock SJ, Carson P, et al. Cardiovascular and 
renal outcomes with empagliflozin in heart failure. N Engl J Med. 2020;383(15):1413–24.

22. Anker SD, Butler J, Filippatos GS, Jamal W, Salsali A, Schnee J, et al. Evaluation of the effects 
of sodium-glucose co-transporter 2 inhibition with empagliflozin on morbidity and mortality 
in patients with chronic heart failure and a preserved ejection fraction: rationale for and design 
of the EMPEROR-preserved trial. Eur J Heart Fail. 2019;21(10):1279–87.

23. Ridderstråle M, Andersen KR, Zeller C, Kim G, Woerle HJ, Broedl UC.  Comparison of 
empagliflozin and glimepiride as add-on to metformin in patients with type 2 diabetes: a 104-
week randomised, active-controlled, double-blind, phase 3 trial. Lancet Diabetes Endocrinol. 
2014;2(9):691–700.

24. Roden M, Weng J, Eilbracht J, Delafont B, Kim G, Woerle HJ, et al. Empagliflozin monotherapy 
with sitagliptin as an active comparator in patients with type 2 diabetes: a randomised, double- 
blind, placebo-controlled, phase 3 trial. Lancet Diabetes Endocrinol. 2013;1(3):208–19.

20 New Antidiabetic Agents: Relevance to Cardiovascular Outcomes



348

25. Piperidou A, Sarafidis P, Boutou A, Thomopoulos C, Loutradis C, Alexandrou ME, et al. The 
effect of SGLT-2 inhibitors on albuminuria and proteinuria in diabetes mellitus: a systematic 
review and meta-analysis of randomized controlled trials. J Hypertens. 2019;37(7):1334–43.

26. Wanner C, Inzucchi SE, Lachin JM, Fitchett D, von Eynatten M, Mattheus M, et al. Empagliflozin 
and progression of kidney disease in type 2 diabetes. N Engl J Med. 2016;375(4):323–34.

27. Neuen BL, Ohkuma T, Neal B, Matthews DR, de Zeeuw D, Mahaffey KW, et al. Cardiovascular 
and renal outcomes with canagliflozin according to baseline kidney function. Circulation. 
2018;138(15):1537–50.

28. Mosenzon O, Wiviott SD, Cahn A, Rozenberg A, Yanuv I, Goodrich EL, et al. Effects of dapa-
gliflozin on development and progression of kidney disease in patients with type 2 diabe-
tes: an analysis from the DECLARE-TIMI 58 randomised trial. Lancet Diabetes Endocrinol. 
2019;7(8):606–17.

29. Heerspink HJL, Stefánsson BV, Correa-Rotter R, Chertow GM, Greene T, Hou FF, et  al. 
Dapagliflozin in patients with chronic kidney disease. N Engl J Med. 2020;383(15):1436–46.

30. Tuttle KR, Brosius FC 3rd, Cavender MA, Fioretto P, Fowler KJ, Heerspink HJL, et al. SGLT2 
inhibition for CKD and cardiovascular disease in type 2 diabetes: report of a scientific work-
shop sponsored by the national kidney foundation. Am J Kidney Dis. 2021;77(1):94–109.

31. Mohebi R, Januzzi JL. Cardiovascular benefit of SGLT2 inhibitors. Crit Rev Clin Lab Sci. 
2021:1–14.

32. Girard J. The incretins: from the concept to their use in the treatment of type 2 diabetes. Part A: 
incretins: concept and physiological functions. Diabetes Metab. 2008;34(6):550–9.

33. Drucker DJ. The biology of incretin hormones. Cell Metab. 2006;3(3):153–65.
34. Kim W, Egan JM.  The role of incretins in glucose homeostasis and diabetes treatment. 

Pharmacol Rev. 2008;60(4):470–512.
35. Muscelli E, Mari A, Casolaro A, Camastra S, Seghieri G, Gastaldelli A, et al. Separate impact 

of obesity and glucose tolerance on the incretin effect in normal subjects and type 2 diabetic 
patients. Diabetes. 2008;57(5):1340–8.

36. Heuvelman VD, Van Raalte DH, Smits MM. Cardiovascular effects of glucagon-like peptide 1 
receptor agonists: from mechanistic studies in humans to clinical outcomes. Cardiovasc Res. 
2020;116(5):916–30.

37. Gilbert MP, Pratley RE.  GLP-1 analogs and DPP-4 inhibitors in type 2 diabetes therapy: 
review of head-to-head clinical trials. Front Endocrinol (Lausanne). 2020;11:178.

38. Nauck MA, Quast DR, Wefers J, Meier JJ. GLP-1 receptor agonists in the treatment of type 2 
diabetes–state-of-the-art. Mol Metab. 2021;46:101102.

39. Pfeffer MA, Claggett B, Diaz R, Dickstein K, Gerstein HC, Køber LV, et  al. Lixisenatide 
in patients with type 2 diabetes and acute coronary syndrome. N Engl J Med. 
2015;373(23):2247–57.

40. Marso SP, Daniels GH, Brown-Frandsen K, Kristensen P, Mann JF, Nauck MA, et al. Liraglutide 
and cardiovascular outcomes in type 2 diabetes. N Engl J Med. 2016;375(4):311–22.

41. Marso SP, Bain SC, Consoli A, Eliaschewitz FG, Jódar E, Leiter LA, et al. Semaglutide and 
cardiovascular outcomes in patients with type 2 diabetes. N Engl J Med. 2016;375:1834–44.

42. Husain M, Birkenfeld AL, Donsmark M, Dungan K, Eliaschewitz FG, Franco DR, et al. Oral 
semaglutide and cardiovascular outcomes in patients with type 2 diabetes. N Engl J Med. 
2019;381(9):841–51.

43. Holman RR, Bethel MA, Mentz RJ, Thompson VP, Lokhnygina Y, Buse JB, et  al. Effects 
of once-weekly exenatide on cardiovascular outcomes in type 2 diabetes. N Engl J Med. 
2017;377(13):1228–39.

44. Gerstein HC, Colhoun HM, Dagenais GR, Diaz R, Lakshmanan M, Pais P, et al. Dulaglutide 
and cardiovascular outcomes in type 2 diabetes (REWIND): a double-blind, randomised 
placebo- controlled trial. Lancet. 2019;394(10193):121–30.

45. Hernandez AF, Green JB, Janmohamed S, D’Agostino RB Sr, Granger CB, Jones NP, et al. 
Albiglutide and cardiovascular outcomes in patients with type 2 diabetes and cardiovascu-
lar disease (harmony outcomes): a double-blind, randomised placebo-controlled trial. Lancet. 
2018;392(10157):1519–29.

R. Kreutz and E. A. E.-H. Algharably



349

46. Kristensen SL, Rørth R, Jhund PS, Docherty KF, Sattar N, Preiss D, et al. Cardiovascular, 
mortality, and kidney outcomes with GLP-1 receptor agonists in patients with type 2 diabe-
tes: a systematic review and meta-analysis of cardiovascular outcome trials. Lancet Diabetes 
Endocrinol. 2019;7(10):776–85.

47. Yin WL, Bain SC, Min T. The effect of glucagon-like peptide-1 receptor agonists on renal 
outcomes in type 2 diabetes. Diabetes Ther. 2020;11(4):835–44.

48. Mann JF, Ørsted DD, Brown-Frandsen K, Marso SP, Poulter NR, Rasmussen S, et  al. 
Liraglutide and renal outcomes in type 2 diabetes. N Engl J Med. 2017;377(9):839–48.

49. Muskiet MHA, Tonneijck L, Huang Y, Liu M, Saremi A, Heerspink HJL, et al. Lixisenatide 
and renal outcomes in patients with type 2 diabetes and acute coronary syndrome: an explor-
atory analysis of the ELIXA randomised, placebo-controlled trial. Lancet Diabetes Endocrinol. 
2018;6(11):859–69.

50. Tuttle KR, Lakshmanan MC, Rayner B, Busch RS, Zimmermann AG, Woodward DB, et al. 
Dulaglutide versus insulin glargine in patients with type 2 diabetes and moderate-to-severe 
chronic kidney disease (AWARD-7): a multicentre, open-label, randomised trial. Lancet 
Diabetes Endocrinol. 2018;6(8):605–17.

51. Davies MJ, Bain SC, Atkin SL, Rossing P, Scott D, Shamkhalova MS, et al. Efficacy and safety 
of liraglutide versus placebo as add-on to glucose-lowering therapy in patients with type 2 dia-
betes and moderate renal impairment (LIRA-RENAL): a randomized clinical trial. Diabetes 
Care. 2016;39(2):222–30.

52. Nauck MA, Meier JJ, Cavender MA. Abd El Aziz M, Drucker DJ. Cardiovascular actions and 
clinical outcomes with glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4 
inhibitors. Circulation. 2017;136(9):849–70.

53. Sattar N, Petrie MC, Zinman B, Januzzi JL. Novel diabetes drugs and the cardiovascular spe-
cialist. J Am Coll Cardiol. 2017;69(21):2646–56.

20 New Antidiabetic Agents: Relevance to Cardiovascular Outcomes



351

21Advances on Long-Term 
Antihypertensive Treatment 
and Diabetes

John Chalmers and Nelson Wang

21.1  Establishing Personalized Goals in the Treatment 
of Hypertension

There is strong evidence from randomized controlled trials that lowering systolic 
blood pressure (SBP) to <140  mmHg and diastolic blood pressure (DBP) to 
<90 mmHg in patients with diabetes reduces the risk of all-cause mortality, stroke, 
coronary artery disease, kidney disease, and retinopathy [1]. Stricter blood pressure 
targets with either treatment among patients with baseline SBP <140  mmHg or 
target SBP ≤130 mmHg, reduces the risk of stroke but not other diabetic complica-
tions [1, 2].

The 2017 American College of Cardiology/American Heart Association (ACC/
AHA) guidelines have the most positive treatment strategy, recommending the use 
of blood pressure-lowering medications for secondary prevention in all patients 
with clinical atherosclerotic cardiovascular disease (ASCVD) and blood pres-
sure ≥ 130/80 mmHg and for primary prevention in adults with blood pressures 
≥130/80 mmHg and estimated 10-year ASCVD risk ≥10% [3]. These guidelines go 
on to outline that patients with diabetes fit within the high-risk category of 10-year 
ASCVD risk ≥10%, placing them in the group requiring initiation of antihyperten-
sive therapy when blood pressure is ≥130/80 mmHg. The 2018 European Society of 
Cardiology (ESC)/European Society of Hypertension (ESH) guidelines recommend 
initiation of antihypertensives in patients with diabetes and blood pressure 
≥140/90 mmHg and to treat toward a target SBP of 130 mmHg or <130 mmHg if 
tolerated [4].
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However, the cardiovascular risk in patients with diabetes spans a continuum – 
from moderate risk in individuals with few additional risk factors to very high risk 
in patients with recurrent major macrovascular and microvascular disease. Clinicians 
should engage with patients in a shared decision-making process to determine indi-
vidualized blood pressure targets, with the acknowledgement that the benefits and 
risks of intensive blood pressure targets are uncertain and may vary across patients. 
Factors that may influence treatment targets include comorbidities, tolerance of 
lower blood pressures, patient motivation, preferences, resources, and support sys-
tems. Specific factors to consider are the individual’s absolute risk of cardiovascular 
events, risk of progressive kidney disease as reflected by albuminuria and estimated 
glomerular filtration rate (eGFR), adverse effects from antihypertensives, age, and 
overall treatment burden. For example, patients at high risk of cardiovascular and 
renal events and who can tolerate intensive blood pressure control may be best 
suited to more intensive blood pressure targets. In contrast, patients with conditions 
more common in older adults, such as functional limitations, multimorbidity, and 
polypharmacy, may be best suited to less stringent blood pressure targets.

Treatment decisions should consider the absolute benefits and harms of a par-
ticular treatment and not the relative benefits and harms. Several risk calculators 
including the ACC/AHA ASCVD risk are available and can be applied to patients 
with diabetes [5]. Components of the ASCVD risk calculator include age, sex, race, 
blood pressure, cholesterol levels, the presence or absence of diabetes, history of 
smoking, and concurrent antihypertensive, statin, or aspirin use. All patients with 
diabetes are classified as at least moderate ASCVD risk (10-year risk 7.5–20%). 
Those individuals with an estimated ASCVD risk (≥20%) are at high risk. 
Individuals with diabetes and hypertension are automatically considered at very 
high risk if they have either recurrent ASCVD or 1 major ASCVD event and one 
other high-risk condition(s) (age ≥ 65 years, heterozygous familial hypercholester-
olemia, chronic kidney disease, current smoking, and low-density lipoprotein cho-
lesterol (LDL-C) ≥ 2.6 mmol/L despite maximal therapy and history of congestive 
heart failure) [6].

The European guidelines reserve the use of the SCORE risk predictor for only 
those persons with type 1 diabetes without hypertension-mediated organ damage 
(HMOD). All other individuals with diabetes are risk-stratified accordingly: 
Individuals with type 2 diabetes and ASCVD or type 2 diabetes with HMOD 
(including proteinuria, estimated GFR <30 mL/min/1.73 m2) are at very high risk 
(10-year risk of cardiovascular death >10%). Patients with three or more major risk 
factors or with diabetes duration >20 years are also at very high risk. Most others 
with diabetes are at high risk (10-year risk of cardiovascular death 5–10%), with 
exception of those at moderate risk including young patients (aged <35 years) with 
type 1 diabetes of short duration (<10 years) and patients with type 2 diabetes aged 
<50  years with a duration of diabetes of <10  years and without major risk fac-
tors [7].

Once the absolute risk of ASCVD has been established, treatment goals should 
be tailored based on the patient’s priorities, adverse effects of blood pressure lower-
ing, and the physical, psychological, and financial burden of treatment. These 

J. Chalmers and N. Wang



353

factors can be identified through discussion with the patient and family, with par-
ticular emphasis on the individual’s risk tolerance and personal preferences. 
Individuals susceptible to the adverse effects of antihypertensives may include those 
with prior serious adverse effects to blood pressure-lowering or older individuals in 
whom the consequences of adverse effects may be particularly harmful (e.g., fall 
secondary to orthostatic hypotension resulting in head trauma or fracture). Once a 
blood pressure target has been established through shared decision-making, clini-
cians should remain adaptable and frequently revisit targets during subsequent phy-
sician–patient encounters.

21.1.1  Building Antihypertensive Therapies with Single-Pill 
Combinations (SPC) for People with Diabetes

Although all major antihypertensive classes (angiotensin-converting enzyme (ACE) 
inhibitors, angiotensin receptor blockers (ARB), calcium channel blockers (CCB), 
and diuretics) have proven efficacy in the reduction of incident cardiovascular 
events in diabetes [1, 4], treatment regimens for patients with diabetes should spe-
cifically incorporate an ACE inhibitor or ARB when tolerated because of the proven 
reduction in progressive kidney disease in patients with macroalbuminuria or 
chronic kidney disease [8]. If an ACE inhibitor is not tolerated, then substitution 
with an ARB is recommended. ACE inhibitors should not be combined with ARBs 
because the combination is accompanied by an excess of renal adverse events [9].

CCBs appear to be the most appropriate second-line therapy to be used in com-
bination with an ACE inhibitor/ARB. A large randomized trial of 11,506 patients, 
of whom 60% had diabetes, found that the combination of an ACE inhibitor with a 
CCB was superior to an ACE inhibitor and a thiazide diuretic [10]. Combining an 
ARB with a CCB is also associated with improved insulin sensitivity compared 
with an ARB and a diuretic [11]. In patients requiring triple therapy, thiazide or 
thiazide-like diuretics should be added to the combination of an ACE inhibitor (or 
ARB) and CCB, unless there is a compelling indication for the use of a different 
class of drug such as heart failure or ischemic heart disease requiring beta-blockers 
or benign prostatic hyperplasia requiring alpha-blockers. The beta-blocker/diuretic 
combination favors the development of diabetes and should be avoided in prediabe-
tes, unless required for other reasons. Among beta-blockers, nebivolol has been 
shown not to worsen insulin sensitivity in patients with metabolic syndrome [12].

Blood pressure control is more difficult to achieve in patients with than in those 
without diabetes, and most patients with diabetes require multiple antihypertensive 
agents to achieve blood pressure targets. When available, a combination of two or 
more drugs at fixed doses in a single-pill combination (SPC) should be used as the 
first-line blood pressure-lowering drug. Evidence supporting the use of dual combi-
nation antihypertensives in individuals with diabetes comes from the Action in 
Diabetes and Vascular Disease: PreterAx and DiamicroN MR Controlled 
Evaluation–Blood Pressure (ADVANCE blood pressure) trial, which compared a 
SPC containing perindopril 4 mg and indapamide 1.25 mg with placebo in 11,140 
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participants with type 2 diabetes and found that the combination antihypertensive 
reduced the composite of macrovascular and microvascular events by 9%, cardio-
vascular mortality by 18%, and all-cause mortality by 14% [13].

Therapeutic inertia, defined as failure to intensify blood pressure-lowering ther-
apy in individuals with inadequately controlled blood pressure, remains one of the 
biggest challenges in hypertension management. Large observational studies have 
reported that only 17% of primary care visits with documented blood pressures 
exceeding blood pressure targets resulted in treatment intensification. In a clinical 
trial setting, only 36% of patients with uncontrolled blood pressures receive treat-
ment intensification [14]. There is some concern that SPCs may be associated with 
more therapeutic inertia. In a recent polypill-based blood pressure trial in the United 
States, there was a significant improvement in blood pressure control in participants 
randomized to the polypill, although individuals receiving the polypill were less 
likely to have other blood pressure medications added or increased [15]. Early treat-
ment intensification with SPCs provides large reductions in blood pressure, which 
may lead to greater reluctance to uptitrate blood pressure therapy, particularly when 
blood pressures are only modestly above the target. However, SPCs will provide 
better blood pressure control earlier, such that fewer patients will require further 
uptitration of medications in the first place. Even if the use of FDC pills increases 
therapeutic inertia, the negative outcome may be offset by the substantial upfront 
advantage in blood pressure control. Nevertheless, strategies to address therapeutic 
inertia are needed. Implementation of SPCs into clinical practice should be part of 
longitudinal care pathways, with reassessment of blood pressures over time and 
algorithms to uptitrate therapy for those whose blood pressure remains above the 
target value. It is important to provide multiple dosing options for SPC, to allow 
clinicians greater prescribing flexibility without losing the simplicity of a combina-
tion pill.

21.1.2  Moving Toward the Use of Low-Dose SPC for Lowering 
Blood Pressure

In general, all patients with diabetes and hypertension should begin first-line blood 
pressure-lowering treatment with an SPC containing two or three antihypertensive 
classes. Initiation of dual combination antihypertensive therapy, particularly at low- 
to- standard doses is more effective than standard-dose monotherapy, without an 
associated increase in adverse events [16]. Several observations suggest triple low- 
dose combination therapy may produce even greater blood pressure control without 
increasing adverse effects compared with dual combination therapy. A meta- analysis 
of 14 randomized controlled trials enrolling 11,457 participants found that triple 
therapy reduced SBP/DBP by 5.4/3.2 mmHg and improved the percentage of peo-
ple achieving blood pressure control by 58% in triple therapy vs. 45% in dual ther-
apy [relative risk (RR) 1.33 (95% CI 1.25–1.41)] [17]. There was no increase in the 
incidence of withdrawals because of adverse events in the triple therapy group com-
pared to dual therapy.
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SPCs provide better blood pressure lowering not only partly because they reduce 
the “pill burden” for the patient and the risk of nonadherence but also partly because 
most of the blood pressure-lowering effects can be obtained with a fraction of the 
full dose of a single antihypertensive drug. Compared with a standard dose, quarter 
dose antihypertensives produce 50–60% of the blood pressure-lowering effect, and 
half-dose antihypertensives achieve 70–80% [18, 19]. At quarter or half the stan-
dard dose, there are little or no drug-specific adverse effects, and drug-specific 
adverse effects generally rise steeply and steadily as the dose increases [18, 19]. 
Given the blood pressure-lowering effects across drug classes are additive, SPC 
antihypertensives can provide potent blood pressure reduction while minimizing 
adverse effects.

The Triple Pill vs. Usual Care Management for Patients with Mild-to-Moderate 
Hypertension (TRIUMPH) trial randomized 700 patients with mild-to-moderate 
hypertension to either usual care or triple SPC therapy consisting of telmisartan 
20 mg, amlodipine 2.5 mg, and chlorthalidone 12.5 mg [14]. The trial included 220 
(29%) patients with diabetes. The trial found that significantly more patients on the 
triple pill reached the blood pressure targets of less than 140/90 mmHg (less than 
130/80  mmHg in patients with diabetes) at 6  months compared with usual care 
(70% in triple pill vs. 55% in usual care). There was no significant heterogeneity in 
the effect of the triple pill compared with usual care when stratified by the presence 
of diabetes.

A low-dose triple-pill combination containing half standard doses of an ARB, 
CCB, and thiazide or thiazide-like diuretic has several advantages in comparison 
with monotherapy. Firstly, it provides more potent therapy without an increase in 
adverse effects. Secondly, the use of SPC therapies improve adherence [20]. Thirdly, 
the combination of an ARB and thiazide diuretic offsets the incidence of peripheral 
edema associated with a CCB [21]. The addition of an ARB reduces the incidence 
of hypokalemia associated with thiazide diuretics [22]. When available, low-dose 
dual or triple combination antihypertensives should be used as the first-line treat-
ment in all patients with diabetes and hypertension.

Figure 21.1 outlines an approach toward the use of SPC antihypertensive therapy 
for patients with diabetes. Patients with SBP 130–159 mmHg may start treatment 
with a dual combination antihypertensive at half standard dose, while patients with 
higher levels of blood pressure should begin treatment with a triple combination 
antihypertensive at half standard dose. If blood pressure control is not achieved with 
initiation of a fixed-dose double or triple antihypertensive, uptitration of blood pres-
sure therapy is warranted from low-dose double to low-dose triple or from low-dose 
to standard dose, as the case may be.

One major issue that must be addressed is that many of our recommendations 
would be difficult to implement in parts of the world where individuals experience 
economic disadvantage and poverty, which has been exacerbated by the current 
shock of the coronavirus pandemic, particularly in Africa, India, and South/Latin 
America. In many countries in these regions, standard dose antihypertensive drugs 
are often not available or affordable, and half dose or even lower dose drug formula-
tions are not even on the horizon!
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SBP 130-159 mmHg SBP ≥160 mmHg

Half dose double
combination*

Full dose double
combination*

Full dose triple
combination*

Half dose triple
combination*

Add on therapy
from other class

Add on therapy
from other class

BP remains above target

BP remains above target

Fig. 21.1 Approach for the use of SPC antihypertensives in patients with diabetes. Initiation of 
pharmacological therapy should begin with half standard dose double or triple antihypertensive 
SPC. If blood pressure remains above target, uptitration of therapy should include increasing to full 
dose double or triple SPC. *Patients with albuminuria and chronic kidney disease should use a 
combination containing an ACE inhibitor or ARB

21.1.3  Management of Multiple Risk Factors and Potential 
for Combination Hypertension-Diabetes Polypill

Besides elevated blood pressure, there are multiple risk factors that contribute 
toward organ damage in patients with diabetes including elevated blood glucose, 
deranged lipid metabolism, hyperuricemia, and lifestyle factors including over-
weight and obesity, smoking, alcohol, dietary habits, and sedentary lifestyle. 
Multifaceted management plans that target all relevant risk factors are needed.

Adequate glucose control is of fundamental importance for minimizing disease 
progression and also because the deleterious effects of hypertension and hypergly-
cemia appear to be additive. The United Kingdom Prospective Diabetes Study 
(UKPDS) trial showed that for each 1% decrease in HbA1c and each 10 mmHg 
decrease in blood pressure, there was a 21% and an 11% decrease in diabetes- related 
endpoints, respectively [23]. Tests for interaction confirmed that the effects of glu-
cose control and blood pressure-lowering were additive. Similar trends were seen 
for diabetes-related deaths with glucose control and all-cause mortality with blood 
pressure lowering. There were significantly fewer diabetes-related endpoints among 
those patients who were randomized to both intensive glucose control and intensive 
blood pressure management compared with those individuals who were randomized 
to either intervention alone. Similarly, the Action in Diabetes and Vascular Disease: 
PreterAx and DiamicroN Controlled Evaluation (ADVANCE) trial reported the 
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combined effects of routine blood pressure lowering and intensive glucose control 
on macrovascular and microvascular events in 11,140 patients with type 2 diabetes 
[24]. The trial showed that there was no interaction between these two interventions 
for any of the clinical outcomes. The combined effects of blood pressure lowering 
and intensive glucose control reduced all-cause mortality by 18% and nephropathy 
by 33% [24]. It is important to note that ADVANCE was conducted in the twenty- 
first century, a decade later than the UKPDS. Patients who entered the ADVANCE 
trial had much better controlled baseline blood pressures and blood glucose (mean 
SBP/DBP 145/81 vs. 160/94 mmHg in ADVANCE vs. UKPDS, respectively), and 
HbA1c reduced from 7.5% to 6.5% in the intensively treated arm vs. an achieved 
7.3% in the standard treatment group, compared with HbA1c levels achieved 
10 years earlier, in the UKPDS, of 7.0% in the intensive group and 7.9% in the 
conventional treatment group. The Steno-2 study demonstrated the efficacy of mul-
tifactorial risk factor management including behavioral modification, ACE inhibitor 
therapy, intensive glucose control, and statins as required, which reduced the risk of 
major cardiovascular disease (hazard ratio 0.47 [95% CI 0.24–0.73]), nephropathy 
(hazard ratio 0.39 [95% CI 0.17–0.87]), and retinopathy (hazard ratio, 0.42 [95% CI 
0.21–0.86]) by >50% over a 7.8 year follow-up period [25].

An analysis of 271,174 patients with type 2 diabetes in the Swedish National 
Diabetes Register found that those patients with adequate control of five major risk 
factors (elevated glycated hemoglobin, elevated LDL-C, albuminuria, smoking, and 
elevated blood pressure) appeared to have a similar risk of death, myocardial infarc-
tion, and stroke compared with the matched general population without diabetes 
[26]. Therefore, it may be possible to almost entirely mitigate the cardiovascular 
risk associated with type 2 diabetes through intensive management of multiple risk 
factors.

One strategy to target multiple risk factors simultaneously is through the use of 
fixed-dose combinations of cholesterol and blood pressure-lowering drugs as a SPC 
or polypill. A prior meta-analysis of 13 trials including 9059 patients with prior 
ASCVD or cardiovascular risk factors including hypertension, hypercholesterol-
emia, and/or diabetes showed that a polypill strategy for primary and secondary 
prevention of ASCVD led to improvements in adherence, LDL-C levels, and blood 
pressure among patients with appropriate indications for therapy [27]. Adverse 
events, such as cough, myalgias, or dyspepsia, were higher among patients random-
ized to prescribed polypills compared with control (31% vs. 27%), although these 
were largely expected adverse effects from greater exposure to cholesterol and 
blood pressure-lowering drugs.

The PolyIran trial randomized 6838 participants (15% had pre-existing diabetes) 
to a four-component polypill containing hydrochlorothiazide 12.5  mg, aspirin 
81 mg, atorvastatin 20 mg, and enalapril 5 mg compared with usual care in a largely 
primary prevention setting [28]. Compared with usual care, the polypill was associ-
ated with a 2.9% absolute risk reduction in ASCVD events over 5 years (adjusted 
hazard ratio  =  0.66 [95% CI, 0.55–0.80]). The primary prevention Southern 
Community Cohort Study polypill trial [15] enrolled 303 participants (13% with 
diabetes) across federally qualified health centers in the United States and 
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demonstrated greater reductions in LDL-C and blood pressure in the polypill group 
compared with usual care (15 mg/dL reduction in LDL-C in polypill vs. 4 mg/dL 
reduction in LDL-C in usual care; 9 mmHg reduction in SBP in polypill vs. 2 mmHg 
reduction in SBP in usual care), with no between-group difference in frequency of 
serious adverse events. Several trials have also demonstrated the efficacy and safety 
of polypills that do not include aspirin, which is relevant because aspirin has recently 
been shown to increase the risk of major bleeding with only a modest reduction in 
cardiovascular events in a primary prevention setting [29, 30]. For primary preven-
tion, aspirin is only recommended in patients with diabetes at high or very high 
cardiovascular risk.

Given patients with type 2 diabetes frequently use the components of a polypill, 
there is potential for the development of a “diabetic polypill” that would include 
additional oral hypoglycemic drugs in addition to a statin and two blood pressure- 
lowering drugs. Metformin remains the most prescribed first-line oral hypoglyce-
mic in type 2 diabetes and would be a suitable inclusion in a diabetic polypill. 
Dipeptidyl peptidase-4 (DPP4) inhibitors and sulfonylureas are other commonly 
used oral hypoglycemic drugs that could be included in a polypill.

More recently, the sodium-dependent glucose cotransporter 2 (SGLT2) inhibi-
tors have proven to be remarkably effective in reducing the risk of ASCVD, heart 
failure hospitalizations, and progression of diabetic kidney disease [31, 32]. 
Although the exact mechanisms driving these benefits remain uncertain, the benefits 
of SGLT2 inhibitors extend beyond their glucose-lowering effects. SGLT2 inhibi-
tors are increasingly used as first-line therapy, either as an add-on to metformin or 
in drug naïve patients, particularly in those patients with prior history of ASCVD, 
heart failure, or at high cardiovascular risk. Considering most diabetic patients with 
prior ASCVD or at high cardiovascular risk require treatment with antihypertensive 
agents and statins, there is potential for the inclusion of SGLT2 inhibitors in a dia-
betic polypill. However, practical implications regarding the suspension of SGLT2 
inhibitors before major surgery or other medical conditions that predispose to dia-
betic ketoacidosis need to be considered.

Along with SGLT2 inhibitors, glucagon-like peptide-1 receptor agonists (GLP1- 
RAs) have also been effective in reducing the risk of cardiovascular events in 
patients with type 2 diabetes. The PIONEER trials have demonstrated the efficacy 
of oral semaglutide, an oral GLP1-RA that is administered as a once-daily pill and 
would be suitable for inclusion in a diabetic polypill [33]. The remaining GLP1- 
RAs are administered subcutaneously and would not be suitable in a polypill design 
(instead they would be used as add on therapy). Although SGLT2 inhibitors and 
GLP1-RAs are not used for their blood pressure lowering effects, both drug classes 
have small but significant reductions in blood pressure, which should be recognized.

It is important to remember that population-based and individual risk-based 
strategies are not mutually exclusive. Polypills should be incorporated as part of a 
longitudinal treatment strategy, where it will likely serve as a foundational therapy 
for patients with diabetes, with the option of add on medications for those patients 
with good adherence who remain at elevated risk. Polypills should not preclude or 
minimize the importance of other interventions, such as diet, exercise, and smoking 
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cessation. It is worth emphasizing that polypills may not be readily accessible in 
low- and middle-income countries, areas where they appear to be most effec-
tive [15].

21.1.4  Long-Term Blood Pressure and Glucose Control, 
with a Focus on Treatment Adherence

Prevention of microvascular and macrovascular complications should focus on the 
long-term control of elevated blood pressures and glucose levels, rather than iso-
lated blood pressure or glucose readings at a single time point. Several longitudinal 
cohort studies have shown that blood pressure levels in middle age and young adult-
hood are predictors of future cardiovascular risk independent of current or later 
adult exposures [34, 35]. Post-trial analyses suggest that blood pressure lowering 
over a period of time appears to have sustained benefits lasting many years after-
ward. In the ADVANCE post-trial analyses of 11,140 diabetic participants, there 
was a clear persistence in the reduction of all-cause (9% risk reduction) and cardio-
vascular mortality (12% risk reduction) 6  years after cessation of treatment and 
convergence of blood pressure levels between the randomized groups [36]. The 
UKPDS post-trial monitoring of 1148 patients assigned to 4 years of intensive or 
standard blood pressure control found nonsignificant trends for lower all-cause 
mortality, myocardial infarction, microvascular disease, and any diabetes-related 
complications over a 10-year post interventional follow-up period [37].

Similar concepts apply for glycemic control in the prevention of diabetic compli-
cations. Data from post-trial follow-up analyses in patients with type 1 and type 2 
diabetes have revealed the benefits of intensive glucose control on major cardiovas-
cular disease that were not evident during the initial trial period [38, 39]. In the 
Diabetes Control and Complications Trial, the Epidemiology of Diabetes 
Interventions and Complications Group found that intensive glucose control reduced 
the risk of cardiovascular death, nonfatal myocardial infarction, and stroke by 57% 
compared with conventional therapy [38] during a mean follow-up of 17  years 
(mean treatment/randomization period of 6.5 years). In the UKPDS, 10 years of 
post-trial monitoring found that intensive glucose control resulted in a continued 
reduction in microvascular risk and emergent risk reductions for myocardial infarc-
tion and death despite the early loss of glycemic differences [39].

Recent Mendelian randomization studies have challenged traditional perceptions 
about the benefits of blood pressure lowering, suggesting a 10 mmHg SBP differ-
ence sustained over a lifetime will reduce coronary artery disease by almost 50% 
[40]. It has been hypothesized that the benefits of exposure to lower SBP may accu-
mulate over time. Unfortunately, evaluating the impact of long-term blood pressure 
treatment in young asymptomatic people over decades within the context of a clini-
cal trial may be impractical. However, these studies suggest that the cumulative 
exposure to elevated SBP (defined as an integration of the magnitude and duration 
of exposure) may be an important risk factor for lifetime risk of cardiovascular dis-
ease. Given trajectories of blood pressure can vary between individuals, further 
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research is needed to quantify more precisely the cumulative lifetime exposure to 
blood pressure that incorporates differing individual trajectories over the life course. 
A similar concept for glycemic control has also been hypothesized from Mendelian 
randomization. One study demonstrated that lifetime exposure to glucose-lowering 
alleles is associated with significant reductions in coronary heart disease, a relation-
ship that is not fully appreciated in randomized controlled trials with relatively 
short-term follow-up (<7 years) [41].

To achieve sustained and long-term risk factor control, greater emphasis on med-
ication adherence is needed. Nonadherence to antihypertensive therapy correlates 
with a higher risk of cardiovascular events [42, 43]. After 6 months and after 1 year, 
more than one-third and about one-half of patients may stop their initial treatment 
[44]. Adherence measured by the detection of antihypertensive medications in urine 
has shown that poor adherence affects up to 50% of patients with apparently resis-
tant hypertension and that the number of prescribed pills is strongly correlated with 
worse adherence [45]. Other barriers to adherence are related to health care system 
factors, physician factors, therapy-related factors, and patient factors.

Adherence to blood pressure therapy can be improved by several interventions. 
The most useful interventions are those that link drug intake with habits [46], pro-
vide feedback to patients, self-monitoring of blood pressure [47], use of pillboxes 
and other special packaging, motivational interviewing, and multidisciplinary 
involvement from pharmacists and nurses. SPC antihypertensives can improve 
adherence by simplifying the medication regimen and decreasing the pill burden. In 
a secondary analysis of TRIUMPH, a triple fixed-dose combination antihyperten-
sive was able to substantially simplify treatment regimens (23 unique antihyperten-
sive treatment regimens per 100 treated patients in triple pill vs. 54 unique treatment 
regimens per 100 treated patients in usual care) while improving blood pressure 
control [48]. Similar concepts can also be applied to adherence to statins and 
glucose- lowering therapies. Currently available polypills that contain a statin and 
two or more antihypertensive medications are an attractive option to decrease pill 
burden and improve medication adherence. The development of a diabetic polypill, 
as discussed in the prior section, will also become a potentially important advance 
in improving adherence.

21.2  Conclusions

Hypertension is a strong, modifiable risk factor for macrovascular and microvascu-
lar complications of diabetes. Evidence from clinical trials and meta-analyses 
strongly support the need to lower blood pressure in individuals with diabetes to 
130/80 mmHg, or even lower in high-risk patients. Individualized targets should be 
established through a shared decision-making process between the clinician and the 
individual that considers the patient’s absolute risk of macrovascular and microvas-
cular disease, treatment burden, available resources, risk of adverse drug effects, 
and personal preference. Blood pressure management should include the use of a 
double or triple low-dose combination antihypertensive as a single pill in the first 
instance because they are associated with greater blood pressure reductions and 
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improved medication adherence, without increase in adverse effects. A multifacto-
rial approach that targets all macrovascular and microvascular risk factors including 
but not limited to elevated blood pressure, hyperglycemia, cholesterol, sedentary 
lifestyle, and obesity is needed, with special emphasis on sustainable strategies that 
can provide long-term control. SPCs, both full dose and low dose, that contain anti-
hypertensives, statins, and potentially glucose-lowering drugs, will become an 
attractive treatment option for patients with diabetes because they are able to address 
multiple risk factors simultaneously, reduce adverse effects, improve medication 
adherence, and hence prevent the major long-term complications of both hyperten-
sion and diabetes.
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22Lifestyle Modifications

Renata Cífková

22.1  Introduction

Most of the lifestyle modifications recommended to diabetic patients also reduce 
blood pressure (BP). Although the benefits of lifestyle changes are undisputed, few 
patients are able to achieve blood pressure control with these interventions alone 
[1]. Lifestyle modification is an important part of hypertension management because 
it lowers blood pressure, increases the effectiveness of some antihypertensive drugs, 
and may improve a number of metabolic parameters.

Lifestyle management of a diabetic patient with hypertension should include the 
reduction of excess body weight through caloric restriction, restriction of sodium 
intake, increased consumption of fruits and vegetables and low-fat dairy products, 
avoiding excessive alcohol consumption, and increased physical activity. In addi-
tion, counseling should include smoking cessation in tobacco users and e-cigarette 
smokers.

The Da Qing Diabetes Prevention Outcome Study found that lifestyle interven-
tion in individuals with impaired glucose tolerance delayed the onset of type 2 dia-
betes and reduced the incidence of macrovascular events and microvascular changes 
and decreased cardiovascular and all-cause mortality in the longer term [2]. Systolic 
and diastolic BP was lower in the intervention group (143.9/74.2 vs. 148.1/77.6 mm 
Hg) after 30 years.

Lifestyle measures in diabetic patients with elevated blood pressure should be 
implemented by behavioral changes to be included in diabetes self-management 
education and support, nutrition therapy, physical activity, smoking cessation coun-
seling, and psychosocial care [3]. There is a need to evaluate diabetes 
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self- management education at the time of diagnosis, annually and/or when not 
meeting treatment targets and when changes in life and care occur.

22.2  Weight Reduction

Weight reduction is recommended to any overweight or obese diabetic patient using 
dietary changes, increased physical activity, and behavioral therapy to achieve and 
maintain ≥5% weight loss. Modest and sustained weight loss improves glycemic 
control and lipid profile and reduces BP and, potentially, the need for drugs to con-
trol these risk factors. Although these interventions are generally recommended to 
obese and overweight hypertensive patients, the average weight loss is rather small, 
and most of the patients will increase their body weight within a few months or 
years [4]. Most of the data regarding the BP decrease and weight loss were obtained 
from short-term studies. Indeed, the beneficial effects of weight loss on neurohor-
monal activity can be most noticeable within a relatively short time-period and may 
be attenuated when body weight is stabilized.

The Look AHEAD (Action for Health in Diabetes) trial showed a greater BP 
reduction in the intensive lifestyle intervention arm, compared with diabetes sup-
port and education serving as the control group (− 5.33 vs. −2.97 mm Hg for sys-
tolic BP, p ˂ 0.001; − 2.92 vs. −2.48 mm Hg for diastolic BP, p ˂ 0.01) over a period 
of 4 years in a large cohort of obese type 2 diabetic patients [5]. This was the first 
study providing evidence that lifestyle interventions can induce long-term weight 
loss, improvement in fitness, and cardiovascular disease (CVD) risk factors.

In the Diabetes Remission Clinical Trial (DiRECT), intensive lifestyle changes 
with a low-calorie diet and mean weight loss of 10 kg induced remission of type 2 
diabetes in 46% of the intervention group at 1 year and in 36% after 2 years [6, 7]. 
Mean systolic BP at 24 months had decreased by 1.4 mm Hg in the control group 
and by 4.3 mm Hg in the intervention group.

22.2.1  Caloric Restrictions

Significant weight loss can be attained with lifestyle programs achieving a 
500–750 kcal/day energy deficit. Some clinical benefits may start with 3–5% weight 
loss [8, 9] and will increase with more intensive weight reduction. Dietary interven-
tions should take into consideration a patient’s health status and preferences, includ-
ing food availability and affordability [10]. Meal replacement prescribed by 
nutritionists/dieticians with close monitoring can be beneficial. Interventions can be 
provided in either individual or group sessions [4].

Intensive dietary intervention such as structured, very low-calorie diets 
(800–1000 kcal/day), utilizing high-protein foods and meal replacement products, 
may be prescribed to selected patients, e.g., requiring weight loss prior to surgery or 
needing greater weight loss and improvement in glycemic control.
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22.3  Increased Physical Activity

Physical activity in general includes all movement that increases energy use, thus 
becoming an important part of hypertension management in diabetes, whereas exer-
cise is a more specific form of physical activity designed to improve physical fit-
ness. Exercise has been shown to improve blood glucose control, reduce CV risk 
factors, facilitate a decrease in body weight, and promote overall well-being.

Physical activity can be characterized either by absolute or relative intensity. 
Absolute intensity is the amount of energy expended per minute of activity, evalu-
ated by oxygen uptake per unit of time (ml/min or L/min) or by metabolic equiva-
lent of task (MET). Classification of physical activity and examples are provided in 
Table 22.1 [11].

Physical activity is associated with an acute rise in BP, particularly systolic BP, 
followed by a decline possibly lasting for several hours [12]. A meta-analysis of 
randomized clinical trials based on self-reported exercise has shown that aerobic 
endurance training, dynamic resistance training, and isometric training reduce rest-
ing systolic and diastolic BP by 3.5/3.5, 1.8/3.2, and 10.9/6.2 mm Hg, respectively, 
in the general population [13]. There is evidence that endurance training, but no 
other types of training, induces a greater BP reduction in hypertensive individuals 
(8.3/5.2 mm Hg). Physical activity of lower intensity and duration performed on a 
regular basis not only is associated with a smaller BP reduction than with 

Table 22.1 Classification of physical activitya

Absolute intensity Relative intensity

Intensity MET Examples %HRmax

RPE
(Borg 
scale 
score) Talk test

Light 1.1–
2.9

Walking <4.7 km/h, light 
household work

57–63 10–11

Moderate 3–5.9 Walking with moderate or brisk 
pace (4.1–6.5 km/h), slow cycling 
(15 km/h), painting/decorating, 
vacuuming, gardening (mowing 
lawn), golf (pulling clubs in 
trolley), tennis (doubles), ballroom 
dancing, water aerobics

64–76 12–13 Breathing is faster 
but compatible with 
speaking full 
sentences

Vigorous ≥6 Race-walking, jogging or running, 
cycling >15 km/h, heavy gardening 
(continuous digging or hoeing), 
swimming laps, tennis (single)

77–95 14–17 Breathing very hard, 
incompatible with 
carrying on a 
conversation 
comfortably

%HRmax percentage of measured or estimated maximum heart rate (220-age), MET metabolic 
equivalent, O2 oxygen, PA physical activity, RPE rating of perceived exertion (Borg scale 6–20), 
VO2 oxygen consumption
MET is estimated as the energy cost of a given activity divided by resting energy expenditure: 1 
MET = 3.5 ml O2 kg−1 min−1 VO2
aModified from Howley [11]
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moderate- or high-intensity training but also is associated with a substantial decrease 
in mortality [14, 15]. The 2018 ESC/ESH guidelines recommend at least 30 min of 
moderate intensity dynamic aerobic exercise (walking, jogging, cycling, or swim-
ming) 5–7 days per week [16].

The American Diabetes Association (ADA) guidelines suggest that most adults 
with type 1 and type 2 diabetes should engage in 150 min or more of physical activ-
ity of moderate to vigorous intensity spread over at least 3 days per week, with no 
more than two consecutive days without activity. Younger and more physically fit 
individuals may have exercise sessions of more vigorous intensity or interval train-
ing with a minimum duration of 75 min per week [3].

Both sets of guidelines suggest two to three sessions per week of resistance exer-
cise on nonconsecutive days.

A careful assessment of patient history, focusing on CV risk factors, should be per-
formed prior to initiating physical activity in diabetic patients. Following the ADA 
consensus report, “Screening for Coronary Artery Disease in Patients with Diabetes” 
[17], routine testing is not needed. However, physicians should be aware of possible 
atypical presentation of coronary artery disease such as a decrease in exercise tolerance.

There is rather new evidence that all individuals including those with diabetes 
should be advised to reduce sedentary activities such as sitting at a computer or 
watching TV, or at least disrupt these practices every 30 min by standing up, walk-
ing, or performing light physical activities (e.g., stretching) [18, 19]. The avoidance 
of extended sedentary periods may improve glycemic control or prevent type 2 dia-
betes in at risk individuals.

22.4  Sodium Intake Reduction

Dietary sodium restriction has been shown to have a BP lowering effect. A meta- 
analysis of trials showed that a reduction of ~1.75 g sodium per day (4.4 g salt/day) 
was associated with a mean BP reduction of 4.2/2.1 mm Hg, more pronounced in 
hypertensive individuals [20]. The beneficial effect of reduced sodium intake on BP 
tends to diminish with time, partly due to poor adherence to a low-sodium diet. 
There is a greater BP lowering effect of sodium restriction in individuals of Afro- 
Caribbean descent, in the elderly, and in patients with diabetes, metabolic syn-
drome, or chronic kidney disease [21]. In drug-treated hypertensive patients, sodium 
restriction may reduce the number of drugs and improve BP control [22, 23].

There are huge differences in sodium intake between countries and even within 
countries ranging from 3.5 to 5.5 g/day, corresponding to 9–12 g of salt/day. The 
ADA guidelines recommend a ˂2300 mg/day sodium intake for diabetic patients 
with hypertension, which is the same as for the general population [24]. The 2018 
European guidelines on hypertension are stricter, recommending a sodium intake of 
less than 2 g/day (the equivalent of 5 g of salt/day) [16]. Sodium restriction below 
1500 g is not recommended [25–27]. It should be emphasized that 80% of salt con-
sumption is in processed foods; therefore, the sodium restriction can only be 
achieved by a joint effort between the food industry, governments, and the public. 
Indeed, high-sodium foods and using additional salt should be avoided.
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22.5  Increased Consumption of Fruits and Vegetables

The ADA guidelines suggest an increased consumption of fruit and vegetables 
(8–10 servings per day) [3]. This can be achieved by a Dietary Approaches to Stop 
Hypertension (DASH), style eating pattern [28], which has been shown to decrease 
BP in nondiabetic hypertensive patients [29]. While rich in fruits, vegetables, and 
lean proteins, it restricts red meat, salt, added sugars, and fat. In the original land-
mark clinical trial, a “combination diet” rich in fruits, vegetables, and low-fat dairy 
products and with reduced saturated and total fat induced a greater BP reduction 
than the diet rich only in fruits and vegetables (5.5/3.0 vs. 2.8/1.1 mm Hg) [29].

Despite the number of studies using the DASH eating plan in diabetes being 
limited [30–33], all show a significant BP reduction. In a well-designed crossover 
clinical trial in 31 type 2 diabetic patients, the DASH diet, in addition to decreasing 
BP, improved lipids and hemoglobin A1C (Hb A1c) [31]. Further research evaluat-
ing the effects of the DASH diet in diabetes is needed [34].

Some examples of daily and weekly servings of the DASH eating plan are given 
in Table 22.2.

Table 22.2 Examples of daily/weekly servings meeting DASH targets for a 2000 calorie 
eating plan

Food group
Daily/weekly 
recommended servings Serving size definition

Grains and grain 
products

7–8 1 slice bread
1 cup (240 ml) ready-to-eat cereal
1/2 cup (120 ml) cooked rice, pasta, or cereal

Lean meats, 
poultry, and fish

≤2 3 oz (85 g) cooked lean meat, skinless poultry, or 
fish

Vegetables 4–5 1 cup (240 ml) raw leafy vegetable
1/2 cup (120 ml) cooked vegetable
6 oz (177 ml) vegetable juice

Fruit 4–5 1 medium piece of fruit
1/4 cup (60 ml) dried fruit
1/2 cup (120 ml) fresh, frozen, or canned fruit
6 oz (177 ml) fruit juice

Low-fat or 
fat-free dairy 
foods

2–3 8 oz (237 ml) milk
1 cup (240 ml) yogurt
1 1/2 oz (42 g) cheese

Nuts, seeds, and 
dry beans

4–5 per week 1/3 cup (80 ml) or 1 1/2 oz (42 g) nuts
1 Tbsp. or 1/2 oz (14 g) seeds
1/2 cup (120 ml) cooked dry beans

Fats and oils† 2–3 1 tsp. soft margarine
1 tsp. low-fat mayonnaise
1 Tbsp. regular salad dressing
2 Tbsp. light salad dressing
1 tsp. vegetable oil

Sweets ≤5 per week 1 Tbsp. sugar
1 Tbsp. jelly or jam
1/2 oz (14 g) jelly beans
8 oz (237 ml) lemonade

Sodium <2300 mg Total from prepared/packaged foods and added 
during cooking or at the table

Tbsp. tablespoon, tsp. teaspoon
Adapted from Ref. [32]
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22.6  Avoiding Excessive Alcohol Consumption

There is a well-established linear association between alcohol consumption, BP, the 
prevalence of hypertension, and CVD risk [35]. Binge drinking has a strong BP 
increasing effect. Mendelian randomization studies do not support the previously 
believed beneficial effect of moderate alcohol consumption, suggesting that the 
lowest CVD risk is in nondrinkers [36, 37]. Alcohol consumption also increases 
BMI and glycemia, particularly in those consuming excessive amounts [38].

Alcohol consumption may also induce hypoglycemia, particularly in those 
treated with insulin or insulin secretagogue therapies [39].

The Prevention and Treatment of Hypertension Study (PATHS) examined the 
effects of alcohol reduction on BP, finding a small BP decrease (1.2/0.7 mm Hg) in 
the intervention group after 6 months [40].

Diabetic patients with hypertension should reduce their alcohol consumption to 
14 units per week for men and eight units for women, with some alcohol-free days 
during the week and the avoidance of binge drinking [16].

22.7  Smoking Cessation

Smoking cessation is probably the single most effective lifestyle measure in the 
prevention of CVD, with a substantial reduction of recurrent myocardial infarction 
or death [41, 42]. For heavy smokers (≥20 cigarettes/day), stopping tobacco use is 
associated with significant CVD risk reduction within 5 years; however, it remains 
higher than in nonsmokers [42]. Ambulatory BP monitoring studies have shown that 
hypertensive smokers have higher daily BP values than nonsmokers [43]. However, 
no chronic effect of smoking has been found for office BP, as most smokers don’t 
smoke 30–60 min prior to visiting a doctor, thus ameliorating the BP increasing 
effect of smoking [44].

The history of tobacco use should be reviewed at each patient visit. Nicotine 
dependence, which is associated with difficulty in quitting and relapse, should also 
be assessed [45]. Brief advice from a physician has a small but significant effect on 
increasing smoking cessation rates [46]. This could be further enhanced by nicotine 
replacement therapy. Pharmacotherapy (varenicline or bupropion), combined with 
behavioral support, may substantially increase the chance of successfully quitting 
smoking [47]. There are no convincing studies demonstrating that e-cigarettes are a 
healthier alternative to smoking or that they can assist in smoking cessation [48–
50]. Recent evidence indicates that e-cigarettes are likely to be more effective than 
nicotine replacement therapy in quitting smoking [51–53], however, e-cigarettes are 
addictive.

Voulgari et al. found in smokers with newly diagnosed type 2 diabetes that smok-
ing cessation was associated with an improvement of metabolic parameters, a 
reduction of BP, and urinary albumin excretion after 1 year [54].

Regardless of any possible minor weight gain following smoking cessation, the 
overall beneficial effect is well demonstrated [55].
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22.8 Conclusions

Lifestyle changes should be recommended to any diabetic patient with high-normal 
BP (130–139/85–89  mm Hg) or hypertension. The American guidelines suggest 
initiating lifestyle modification in individuals with BP > 120/80 mm Hg [24]. Both 
the American and European guidelines agree on initiating drug treatment in diabetic 
patients with BP ≥ 140/90 mm Hg, meaning antihypertensive medication should 
not be delayed when lifestyle measures are ineffective.

The 1998 National Health Interview Survey showed that in diabetic patients with 
hypertension, physicians´ advice to lose weight, and to take antihypertension medi-
cation is effective in modifying hypertension-related lifestyle, regardless of sex or 
ethnicity [56]. Advice to increase physical activity seemed to be less effective.
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23Blood Pressure Thresholds for Initiation 
of Drug Treatment: Blood Pressure 
Targets in Diabetes

Omar Al Dhaybi and George L. Bakris

23.1  Introduction

Despite advancing therapeutics, diabetes mellitus (DM) continues to be an increas-
ing global health problem. Its prevalence is increasing worldwide due to population 
aging, obesity epidemic, physical inactivity, and changing lifestyle/food consump-
tion patterns in the setting of rapid urbanization [1, 2]. DM remains the leading 
cause of chronic kidney disease (CKD) and End-Stage Renal Disease (ESRD) in the 
Western Hemisphere [3]. Conversely, hypertension is the single most important 
modifiable risk factor that leads to renal failure and cardiovascular (CV) disease in 
patients with type 2 diabetes [4–7].

The pathophysiology of hypertension in diabetes is complicated, with multiple 
intricate and intersecting pathways. In brief, the two paramount factors are increased 
arterial stiffness leading, in turn, to reduced nitric oxide release and increased sym-
pathetic tone and interstitial volume expansion. Furthermore, in persons with diabe-
tes, the glomerulus is especially susceptible to barotrauma inflicted by systemic 
arterial hypertension due to its portal nature [8]. The UKPDS trial was the first to 
establish the benefits of lowering blood pressure (BP) on microvascular and macro-
vascular outcomes in diabetic patients [9]. How low should we go poses much less 
controversy today than it did in previous years? This chapter discusses the thresh-
olds for BP treatment initiation and focuses on the range of BP to achieve to reduce 
both renal and CV risk.
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23.2  Review of Data on Blood Pressure Targets

Hypertension in all adults was redefined in 2017 by the American College of 
Cardiology/American Heart Association (ACC/AHA) Blood Pressure Guidelines to 
>130/80 mm Hg for all adults with >10% CV risk [10]. This change in the definition 
of hypertension has raised the estimated prevalence of hypertension from 39.1%, as 
per the Seventh Report of the Joint National Committee (JNC7), to 43.6%, which is 
the equivalent of 103 million adults in the United States (US), or roughly 1.8 billion 
persons worldwide with hypertension [11]. No other guidelines worldwide followed 
this guidance except for the Canadian guidelines, which stressed that those at higher 
CV risk, such as those with diabetes, start treatment when BP is >130/80 mmHg [12].

The European, Latin American, and Canadian guidelines did not follow the 
American lead. Still, they stress the importance of the lower threshold of 130/80 mm 
Hg in individuals at higher CV risk, including those with diabetes [5, 13–15]. In 
short, all hypertension guidelines from around the world, including the American 
Diabetes Association, recommend a BP goal <130/80 mm Hg for all those with 
diabetes; however, pharmacologic treatment by most guidelines is recommended to 
start at 140/90 mmHg.

Data for these recommendations date back to the UKPDS and subsequent trials 
[6, 9], along with observational data, and is incorporated in the most recent American 
Diabetes Association Guidelines of 2021 [16]. In concert with this, a review of 
treatment guidelines integrating all this information and data from nonpharmaco-
logical trials offers an approach similar to what is put forth by the American Diabetes 
Association [17].

In contrast, there have only been three prospective randomized controlled trials 
to date. All failed to demonstrate a benefit of a lower BP on their primary analysis, 
which was reduced CV events with intensive BP reduction (Table 23.1). The oldest 
of the three is the UKPDS study, which evaluated the effect of different BP levels on 
CV outcomes in patients with Type 2 DM [9]. This landmark trial demonstrated that 
BP control below 150/85 mmHg with captopril or atenolol was associated with a 
34% risk reduction in risk of developing macrovascular disease (myocardial infarc-
tion (MI), sudden death, and stroke) and, additionally, a 37% risk reduction in the 
risk of microvascular disease (retinopathy and microalbuminuria). Intensive BP 
control did not reduce the incidence of MI, nor all-cause mortality, albeit it did 

Table 23.1 Achieved BP values in prospective diabetes outcome clinical trials after 2000. Two of 
the three did NOT show significant reduction in combined CV events in intensive group when 
below 140 mmHg systolic

Clinical outcome trial Achieved level of systolic BP (mmHg)
ACCORD (primary) 119 (intensive);

133 (conventional)
UKPDS (primary) 144 (intensive);

154 (conventional)
J-DOIT 3 (primary) 122 (intensive);

129 (conventional)
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improve many outcomes related to diabetes. It is noteworthy that the level of BP 
achieved in the intensive group far exceeded the currently established society guid-
ances. The UKPDS study confirmed the benefits of BP control in DM and demon-
strated that it is as necessary as glucose control in preventing complications from 
diabetes [9].

The Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial was a 
landmark trial that evaluated the effects of intensive BP reduction on CV outcomes 
in its BP trial component in a randomized prospective fashion. It is the largest long- 
term follow-up study evaluating the effects of BP reduction on CV outcomes in 
diabetes 18. There were 4733 high risk CV patients (10-year CV > 15%) with type 2 
DM randomized to intensive BP control (systolic BP (SBP) < 120 mm Hg) versus 
standard control (SBP  <  140  mm Hg). Patients in the intensive BP control arm 
achieved an SBP of 119 mm Hg, compared with 133 mm Hg in the standard control 
group. After an average of 4.7 years of follow-up, there were no differences in CV 
events’ primary composite outcome (nonfatal MI, nonfatal stroke, and death from 
CV causes), HR = 0.88 (95% CI: 0.73–1.06, p = 0.2) between the two groups.

Furthermore, CV mortality and all-cause mortality were similar in both groups. 
The incidence of strokes was significantly reduced with intensive therapy 
(HR = 0.59, 95% CI:0.39–0.89, p = 0.01). However, serious adverse events such as 
hypotension, syncope, bradycardia/arrhythmias, or hyperkalemia occurred at higher 
rates with intensive therapy (3.3% versus 1.3%, p < 0.001). Moreover, kidney func-
tion deterioration was significantly more frequent with intensive treatment 
(p < 0.001) [18]. Hence, at first sight, the ACCORD-BP trial indicated that intensive 
BP control in people with type 2 diabetes was associated with a more significant 
nephropathy progression in the medium term.

One should consider the fact that patients were randomized in a 2 by 2 factorial 
design to intensive versus standard glycemic control; this is important because the 
premature termination of the ACCORD glycemia study (due to the higher mortality 
in the intensive glucose control arm) may have led to a loss of power in the original 
well-powered target BP assessment group, thus complicating the primary BP out-
come analyses. Also, the target of SBP < 120 mm Hg in the intensive treatment 
group was a step further than what existing guidelines recommend (SBP tar-
get < 130 mm Hg). Finally, the achieved BP of 133 mm Hg in the standard group 
was close to clinicians’ BPs in the real world. However, outside of the controlled 
settings of trials, nonadherence, and dietary indiscretions are the norm. Those with 
blood pressures in the 130 s systolic may have dissipated any tangible between- 
group differences in outcomes.

Most outcomes in ACCORD are tilted toward the intensive group, despite not 
achieving statistical significance. Having a high event rate could have tipped the results 
in favor of the intensive study group. Henceforth, one cannot objectively say that 
ACCORD BP provided any definitive answers to the BP target question. This observa-
tion is further exemplified in a post hoc analysis of people randomized in ACCORD, by 
Buckley et  al. called “ACCORDION” [19]. In this analysis, ACCORD-BP patients 
from the standard glycemic arm and who had CKD established CV disease or high CV 
risk (≥ 15% 10-year risk) or who were older than 74  years were followed for an 
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average of 9  years. The composite outcome of CV mortality, nonfatal MI/strokes, 
decreased by 25% in the intensive BP control arm (HR = 0.75, 95% CI: 0.60–0.95, 
p = 0.02). Lower rates of nonfatal MI mainly drove this.

Finally, the Intensified Multifactorial Intervention on Cardiovascular Outcomes 
and Mortality in type 2 Diabetes (J-DOIT 3) also failed to demonstrate tangible 
benefits with intensive BP reduction in diabetics [20]. The study randomized 2540 
patients with type 2 diabetes to intensive versus standard BP reduction. BP achieved 
in the intensive group was 123/71 mm Hg, whereas that achieved in the standard 
group was 129/74 mm Hg, which was below 130 mm Hg and which may have hin-
dered the analyses results since the study did not show a reduction of the composite 
of MI, stroke, revascularization, and all-cause mortality with intensive BP reduc-
tion. Nonetheless, the secondary endpoint of the composite of MI, stroke, and all- 
cause mortality approached statistical significance, with a risk reduction of 26% 
with intensive therapy (HR = 0.74, 95% CI: 0.54–1.01, p = 0.055) [20].

Despite these negative prospective studies, three recent meta-analyses show 
clear benefit on CV events with aggressive BP reduction to <130 mm Hg systolic 
compared with the standard range above 130 mmHg [21–23]. The meta-analysis by 
Ettehad et al. revealed a 13% decline in mortality and significant CV benefits for 
each 10  mm Hg BP reduction in pooled data from 123 studies with ≥600,000 
patients, even at levels <130 mm Hg [22].

23.3  Nuanced Approach to BP Management: In Search 
of the “Sweet Spot”

The RENAAL and IDNT trials, while not blood pressure trials, were landmark stud-
ies that ushered a new era in the management of diabetic nephropathy in the twenty- 
first century. In RENAAL, patients with diabetic nephropathy (albumin/creatinine 
ratio ≥ 300 mg/g) were randomized to losartan versus placebo and followed for a 
mean of 3.4 years [24, 25]. In RENAAL, losartan therapy reduced the risk of the 
primary composite outcome of doubling serum creatinine, ESRD, or death by 16% 
when compared with placebo (p = 0.02). Losartan reduced the incidence of dou-
bling of serum creatinine by 25% (p = 0.006) and ESRD by 28% (p = 0.002), results 
extrapolating to a 2-year delay in dialysis initiation. While BP was reduced by about 
3 mm Hg systolic over placebo, the benefits were independent of the magnitude of 
BP reduction, as ascertained by dedicated analyses. BP achieved at the end of the 
study was 140/74 mm Hg in the losartan group, as compared with 142/74 mm Hg in 
the placebo group [26].

The IDNT trial went a step further when it compared the effect of Irbesartan on 
renal outcomes with those of amlodipine, giving the results further validation when 
it comes to the independence from BP lowering effects [25]. The risk of doubling of 
serum creatinine was 37% lower in the Irbesartan group (p < 0.001), and Irbesartan 
therapy reduced the risk of the composite primary outcome of doubling serum 
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a b

Fig. 23.1 Achieved BP values in prospective diabetes outcome clinical trials after 2000. These are 
randomized prospective outcome trials evaluating different levels of blood pressure on cardiovascu-
lar and to a much lesser extent renal outcomes in diabetes. Two of the three did NOT show signifi-
cant reduction in combined CV events in intensive group when below 140 mmHg systolic. Due to 
issues with recruitment a post hoc analysis of the BP data from ACCORD did show a reduced CV 
event rate in the group randomized to lower BP [45] (a) Increment of risk to develop Acute 
Myocardial Infarction, Stroke, Peripheral Vascular Disease and All-cause mortality events and all-
cause mortality in presence of HTN (gray light) as compared with T2DM without HTN (gray dark) 
(see text). (b) Increment of risk to develop Chronic Kidney Disease, Atrial fibrillation and Heart 
Failure in presence of HTN (gray light) as compared with T2DM without HTN (gray dark) (see text)

creatinine, ESRD, or death by 23% compared with amlodipine (p = 0.006). Again, 
those benefits were independent of BP reduction. Mean BP achieved in the Irbesartan 
arm was 140/77 mm Hg, compared with 141/77 mm Hg in the amlodipine group 
[27], both above any current or previous guideline goals.

A post hoc analysis of IDNT showed that the best renal outcomes were attained 
in patients who achieved an SBP < 134 mm Hg, as only 17% of those reached renal 
endpoints at the end of follow-up (compared with 32.6% in the Irbesartan group 
who reached the primary renal outcome in IDNT). The effects of Irbesartan and 
BP-lowering were independent and synergistic (p = 0.61 for interaction). Patients 
who achieved SBP < 120 mm Hg conversely had increased mortality and a greater 
risk of renal disease progression [28]. The signal that emanates from these studies 
is that a SBP target <134 mm Hg seems optimal, given it is tolerated, and SBP 
remains >120 mm Hg. Those findings were reinforced in an analysis of NHANES 
III/DHS patient cohorts. Investigators demonstrated that CV mortality and SBP had 
a U-shaped association in type 2 diabetes patients. The mortality nadir occurred at 
a BP of 120–135  mm Hg, and the mortality rate increased exponentially at an 
SBP < 120 mm Hg and linearly at an SBP > 135 mm Hg (Fig. 23.1). Conversely, CV 
mortality and SBP had J-shaped relationship in nondiabetics, with the lowest CV 
risk extending down to 110 mm Hg systolic [29].
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23.4  Diastolic Blood Pressure: Is It Important?

Diastolic BP (DBP) has been somewhat in the “background” ever since the Franklin 
analyses, which showed that SBP mainly determines CV outcomes in individuals 
older than 50 years [30]. In the post hoc IDNT analysis, DBP lowering was not asso-
ciated with improved renal outcomes, even when DBP exceeded 100 mm Hg at base-
line [28]. Extrapolating from the studies mentioned earlier, the J-curve phenomenon, 
where intensive SBP lowering can lead to worse CV outcomes due to excessive DBP 
lowering, holds truth in diabetic patients, but not as much in nondiabetics. In the 
overall scheme of things, we know that DBP lowering below 60 mm Hg can lead to 
cardiac ischemia in patients with disturbed coronary autoregulatory flow reserves in 
the setting of advanced atherosclerotic disease and marked vascular stiffness.

A DBP < 60 mm Hg at baseline was independently associated with progressive 
myocardial ischemia in patients from the Atherosclerosis Risk in Communities 
(ARiC) cohort of 11,565 adults followed over 6 years. Also, a DBP < 60 mm Hg 
was independently associated with incident coronary disease and mortality com-
pared with a DBP of 80–89 mm Hg, but not with stroke [31]. Patients with DM, 
especially those with concomitant diabetic nephropathy and CKD, have increased 
arterial stiffness, which only worsens as they get older. Henceforth, those who have 
DBP < 60 mm Hg have more advanced atherosclerosis and are at greater risk of 
cardiovascular events with more aggressive BP lowering, especially when the con-
comitant pulse pressure is increased [32].

In a post hoc analysis of 4731 ACCORD BP patients, Ilkun and colleagues showed 
that baseline DBP did not influence the effect of intensive SBP control on cardiovas-
cular outcomes. Nonetheless, despite robust analytical methods, the authors chose a 
DBP of 70 mm Hg as cutoff, both in linear and categorical modeling, which exceeds 
the 60 mm Hg cutoff believed to trigger nefarious cardiac outcomes [33].

Another post hoc analysis of the Systolic Blood Pressure Intervention Trial 
(SPRINT) showed that the effect of intensive SBP reduction on CV outcomes was 
not affected by baseline DBP, albeit there was a discernible U-shaped association 
between the risk of primary CV outcomes and baseline DBP [34].

Thus, the available evidence regarding CV outcomes and the J/U curves is 
derived from observational studies and post analyses of outcome trials. These analy-
ses are typically not powered to detect the studied primary effect post hoc. Those 
observations are of great practical interest. However, they cannot define BP goals 
for patients with diabetes without confirmation from randomized trials.

23.5  Barriers to Achieving the Desired Blood 
Pressure Targets

Many barriers hinder the ability to reduce BP to the desired levels. One modifiable 
factor is the infrequent use of combination pills, which is proven to improve medi-
cation adherence and outcomes. The average number of antihypertensive medica-
tions in a patient with diabetic kidney disease and controlled BP is 2.7 medications 
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[35, 36]. This average increases to 3.3 medicines in patients with stage 3 or greater 
CKD [37]. Using single combined pills improves patient compliance and lowers the 
number of daily pills [38]. The RAS blocker/CCB combination is superior in reduc-
ing CV and renal events in high-risk patients in the ACCOMPLISH trial and can be 
a good starting point [39, 40].

A significant hindrance to using single-pill combinations remains the widespread 
reflex among physicians to hold or stop RAS blockers at the advent of serum creati-
nine increases, which is a common occurrence. Creatinine increases in patients with 
diabetic kidney disease, and uncontrolled hypertension is a given once their BP is 
under control and associated with improved long-term renal outcomes [41–43]. The 
creatinine bump mentioned earlier is mostly hemodynamic in >90% of cases, as 
ascertained by analyses from SPRINT [44]. GFR decreases of up to 46% in the 
acute setting were not associated with adverse long-term outcomes in post hoc anal-
yses of ACCORD and SPRINT, strongly validating the accepted 30% threshold for 
creatinine elevation with RAS blockade and even allowing more leniency in the 
acute setting approach, unless confirmed ischemic renal injury/hyperkalemia 
occurs [45].

Hyperkalemia by itself remains an impediment to achieving the desired BP tar-
gets because many patients with diabetic nephropathy have underlying type IV 
renal tubular acidosis, making them susceptible to hyperkalemia with any RAS 
blockade. Tackling this problem with dietary interventions is not straightforward 
because most foods low in potassium are high in sodium, and vice versa, making 
pharmacologic therapy indispensable for the long-term continuation of RAS inhibi-
tors [46, 47]. The risk of hyperkalemia with RAS blockade depends on several fac-
tors; the most important of which is the baseline level of kidney function and 
baseline potassium levels [48]. RAS blockade is advocated for in hypertensive CKD 
by both the ACC/AHA guidelines and the ADA, as defined by an albumin/creatinine 
ratio ≥ 300 mg/day and an eGFR <60 mL/min/1.73m2. When hyperkalemia becomes 
a barrier to using RAS blockers, then the newer potassium binding agents becomes 
an effective strategy for keeping those patients on RAS blockers [49], as demon-
strated by the AMBER trial, which allowed the continued usage of spironolactone 
in patients with resistant HTN, needing an add-on agent to the already maximized 
RAS blockade [50].

23.6  Conclusion

The BP lowering targets in people with diabetes have been a source of controversy 
over the past two decades. Randomized well-powered prospective controlled trials 
did not demonstrate a clear benefit on CV risk reduction with intensive BP lower-
ing, albeit secondary analyses of those studies did show benefits with BP reduction 
to the 125–130 mm Hg range. Recent meta-analyses and systematic reviews also 
pointed in that direction. The negative results from prospective trials most likely 
come from the fact that too aggressive BP lowering was pursued, negating the ben-
efits seen when BP is reduced to 125–130 mm Hg range, which is suggested by 
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more pertinent and targeted analyses as the most befitting target for HTN in DM 
patients with high CV risk, if well tolerated and devoid of signs or symptoms of CV 
and/or adverse kidney effects. Indeed, this 125–130 mm Hg seems like the “sweet 
spot,” the optimal BP level that is associated with the largest reduction in CV events, 
beyond which CV events are increased and slowed the progression of CKD [16, 51].

Furthermore, it is clinically relevant to determine whether this lower BP target is 
appropriate for all patients with DM or that different targets should be applied 
according to underlying patient characteristics (baseline CV risk, age, race, renal 
function, history of cerebrovascular accident, etc.). This observation warrants fur-
ther evaluation. The addition of SGLT2 inhibitors to our arsenal in the management 
of diabetic nephropathy will help achieve BP targets by providing an additional 
3.5 mmHg BP reduction on average, independent of glycemic control or reduction 
[52]. Moreover, they improve primary renal outcomes [53].
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24Choice of Antihypertensive Drugs 
and Antihypertensive Drug Combination 
in Diabetes

Alexander A. Leung

24.1  Introduction

Diabetes mellitus is a highly prevalent medical condition that commonly coexists 
with hypertension [1]. People with diabetes and hypertension have a greatly 
increased risk of coronary heart disease, heart failure, stroke, chronic kidney dis-
ease, and cardiovascular death [2–4]. Compelling evidence from randomized con-
trolled trials demonstrates that blood pressure (BP) reduction effectively prevents 
major cardiovascular events and death [5–8]. While efforts to prevent cardiovascu-
lar morbidity and mortality for patients with diabetes have traditionally focused on 
blood glucose management [9–11], there is a growing awareness of the importance 
of BP control for these individuals. In fact, the benefits of BP lowering may even 
exceed those of glycemic control for the prevention of cardiovascular complications 
[9, 12].

24.2  Initial Therapy

24.2.1  Approach to Treatment

All patients with high BP should be advised on healthy behaviors, including main-
taining healthy weight; consuming a diet that emphasizes fruit, vegetables, and 
whole grain foods; limiting dietary sodium to 2 g per day; avoiding excessive alco-
hol consumption; and engaging in at least 150 min of moderate to vigorous physical 
activity per week [13–15]. In addition to healthy lifestyle and behaviors, patients 
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with diabetes and hypertension commonly require drug therapy to achieve target BP 
control.

The choice of initial drug therapy is partly based on the severity of hypertension. 
At conventional doses, most major antihypertensive drugs lower systolic BP by 
approximately 5–10 mmHg and diastolic BP by 5 mmHg when used as monother-
apy [16, 17]. As such, while treatment with a single drug may occasionally be suf-
ficient, there is growing consensus that initial combination therapy with two 
antihypertensive agents should be considered as first-line treatment [18–21], 
acknowledging that the majority of patients will eventually require more than one 
agent to achieve long-term BP control (vide infra) [22, 23]. Moreover, on the whole, 
antihypertensive medications from multiple major drug classes (i.e., angiotensin- 
converting enzyme [ACE] inhibitors, angiotensin II receptor blockers [ARBs], non- 
dihydropyridine calcium channel blockers [CCBs], thiazide or thiazide-like 
diuretics, and beta-blockers) appear broadly similar in their ability to reduce cardio-
vascular disease [24–27], end-stage renal disease [25, 28], and mortality [29, 30]. 
Many of the purported differences in effectiveness between drug classes in clinical 
trials can be accounted for by adjusting for the magnitude of BP reduction achieved 
[26–29], though there may still be some small residual differences in selected clini-
cal outcomes between agents [25, 27, 30, 31].

The selection of a specific antihypertensive drug should be chiefly informed by 
the tolerability of the medication, the presence of other medical conditions, and 
patient preference. Accordingly, a summary of the main antihypertensive drugs 
used in diabetes along with the evidence base that support their use is presented in 
the succeeding text.

24.2.2  Renin-Angiotensin System Blockers

Overall, ACE inhibitors and ARBs (collectively referred to as renin-angiotensin 
system [RAS] blockers) appear to have similar (or even interchangeable) clinical 
benefits with strong evidence from randomized trials proving their effectiveness in 
reducing myocardial infarction, stroke, hospitalizations for heart failure, progres-
sion to end-stage renal disease, and death compared with placebo [32–35]. Moreover, 
in patients with type 1 diabetes, there is some evidence to suggest that RAS inhibi-
tors may lower the risk of diabetic retinopathy compared with other antihyperten-
sive drugs [36].

Most clinical practice guidelines recommend RAS blockers as initial therapy for 
the treatment of hypertension in patients with diabetes and chronic kidney disease, 
especially among those with albuminuria (e.g., albumin ≥300 mg/day or albumin- 
to- creatinine ratio ≥ 30 mg/g), to reduce the risk of progression to end-stage renal 
disease [18–20, 37]. It is popularly held that RAS blockers have renoprotective 
properties that are independent of their BP-lowering effect [38], but these inferences 
are largely drawn from placebo-controlled trials [39–43] with few head-to-head 
studies with other active drug comparators [44]. While some meta-analyses have 
presented data to support the hypothesis that RAS blockers may have pleotropic 
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effects [33], others have been able to attribute their renoprotective benefits entirely 
to BP lowering [28, 45]. Even so, amidst the controversy, ACE inhibitors and ARBs 
are still admittedly the only drugs with strong trial-based evidence available to 
prove their effectiveness in reducing the progression of diabetic nephropathy, albeit 
in comparison with placebo, but direct evidence of their superiority over other anti-
hypertensive drug classes is weak [31, 46].

In the absence of albuminuria or retinopathy, however, there is little to no evi-
dence to support the use of ACE inhibitors or ARBs preferentially over other com-
mon antihypertensive agents. In a methodologically rigorous meta-analysis of 19 
randomized controlled trials comprising 25,414 participants with diabetes and high 
BP (excluding placebo-controlled trials so as to mitigate against between-arm BP 
differences), treatment with RAS blockers was not associated with any significant 
differences in myocardial infarction, stroke, revascularization, end-stage renal dis-
ease, or cardiovascular death when compared with other common BP-lowering 
drugs, such as beta-blockers, CCBs, or thiazide diuretics [25]. These findings are 
consistent with other comprehensive systematic reviews and meta-analyses show-
ing similar cardiovascular and renoprotective effects across all major drug classes 
for patients with diabetes [27, 28, 47].

Overall, ACE inhibitors and ARBs are generally safe and well-tolerated [48]. 
The most common side effect unique to ACE inhibitors is the development of a dry 
cough, which may affect up to 30% of patients [49–51]. ACE inhibitors are also 
associated with the rare, but potentially life-threatening, side effect of angioedema 
with an estimated incidence of 0.1–0.2% per year [51, 52]. The use of either RAS 
blocker may occasionally be limited by hyperkalemia, particularly in patients with 
chronic kidney disease. In such cases, measures to control high potassium (e.g., 
dietary changes and the use of gastrointestinal cation exchangers) may be helpful 
[37]. Finally, the combination of an ACE inhibitor and an ARB, which was once 
recommended for the management of diabetic nephropathy, is no longer advisable. 
Several large trials comparing dual RAS blockade with monotherapy failed to show 
any significant differences in the rates of progression in chronic kidney disease, the 
occurrence of major cardiovascular events, or mortality, but rather reported higher 
rates of adverse treatment-related effects, including hyperkalemia, acute kidney 
injury, and hypotension [53, 54]. In light of the generally unfavorable risk-to-benefit 
ratio, the simultaneous use of an ACE inhibitor and an ARB is not recommended 
[18–20, 37].

24.2.3  Calcium Channel Blockers

Several randomized controlled trials have shown that long-acting CCBs are safe and 
effective for reducing cardiovascular events in patients with diabetes [55–58]. In the 
Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial 
(ALLHAT), a subgroup of 13,101 patients with diabetes were randomized to receive 
either amlodipine, lisinopril, or chlorthalidone for hypertension [55]. Although the 
achieved systolic BP was notably higher among participants who received 
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amlodipine or lisinopril compared with chlorthalidone, there were no significant 
differences in the primary composite outcome of nonfatal myocardial infarction and 
fatal coronary heart disease after a mean follow-up of 4.9 years for patients receiv-
ing amlodipine (relative risk [RR], 0.97; 95% confidence interval [CI], 0.86–1.10) 
or lisinopril (RR, 0.97; 95% CI, 0.85–1.10) compared with chlorthalidone. The risk 
of other secondary cardiovascular outcomes and all-cause mortality were generally 
similar as well, but the study was underpowered to detect differences in the risk of 
progression to end-stage renal disease. Correspondingly, these findings were impor-
tant in establishing CCBs as potential first-line drugs for patients with diabetes in 
the absence of albuminuria [55].

Additional data supporting the use of CCBs, particularly in combination with 
RAS blockers, derives from the Avoiding Cardiovascular Events through 
Combination Therapy in Patients Living with Systolic Hypertension 
(ACCOMPLISH) trial, which randomized 11,506 adults at high cardiovascular risk 
to either a combination of benazepril plus amlodipine or benazepril plus hydrochlo-
rothiazide [48]. Notably, this trial was prematurely terminated after a mean follow-
 up of 36 months because of a significant reduction in the composite outcome of 
major adverse cardiovascular events or cardiovascular death with benazepril plus 
amlodipine compared with benazepril plus hydrochlorothiazide. In the prespecified 
analysis of a subgroup of 6946 participants with diabetes, the combination of bena-
zepril plus amlodipine compared with benazepril plus hydrochlorothiazide resulted 
in a lower risk of the composite outcome (8.8% vs. 11.0%; hazard ratio [HR], 0.79; 
95% CI, 0.68–0.92), corresponding to a number needed to treat of 46 people over 
30 months to prevent one event [59]. Altogether, the results of the ACCOMPLISH 
trial informed the use of a CCB in combination with a RAS blocker for patients with 
diabetes and chronic kidney disease [59].

While CCBs are generally well tolerated, the most frequent side effect is the 
occurrence of peripheral edema [60], which can lead to medication discontinuation 
[61]. This adverse effect is dose-dependent and is believed to arise from preferential 
arteriolar dilatation, resulting in a high-pressure gradient in the capillaries, leading 
to extravasation of intravascular fluid [62, 63]. The risk of edema is lessened when 
a CCB is combined with a RAS blocker because the latter effectively decreases 
postcapillary resistance [62]. Accordingly, combination therapy is associated with 
38% lower rates of peripheral edema (RR, 0.62; 95% CI, 0.53–0.74) and 62% lower 
rates of medication discontinuation (RR, 0.38; 95% CI, 0.22–0.66) [63].

24.2.4  Thiazide and Thiazide-Like Diuretics

Multiple randomized controlled trials have jointly proved the safety and effective-
ness of diuretics in people with diabetes [55, 64–68]. In the Systolic Hypertension 
in the Elderly Program (SHEP) trial, the use of low-dose chlorthalidone compared 
with placebo resulted in 34% relative risk reduction in major cardiovascular events 
(RR, 0.66; 95% CI, 0.46–0.94) for patients with diabetes with little to no evidence 
of adverse treatment effects [64]. Among those with diabetes, the number needed to 
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treat was ten to prevent one major cardiovascular event over 5 years. Moreover, in 
ALLHAT, chlorthalidone, lisinopril, and amlodipine were compared with no sig-
nificant differences seen between the three agents in the primary outcome of nonfa-
tal and fatal coronary heart disease (even among the 36% of patients with diabetes), 
though participants randomized to chlorthalidone had a lower risk of heart failure 
[55, 65, 67]. Based on these collective findings, thiazide and thiazide-like diuretics 
have found their place as a potential first-line agent for patients with diabetes and 
high BP, especially given their overall safety, effectiveness, and low cost.

Accumulating evidence suggests that longer-acting, thiazide-like diuretics (e.g., 
chlorthalidone and indapamide) are preferable to thiazide diuretics (e.g., hydrochlo-
rothiazide) for controlling BP and reducing cardiovascular events [69, 70]. In a 
meta-analysis of 14 randomized controlled trials, the use of indapamide or chlortha-
lidone resulted in greater BP reduction compared with hydrochlorothiazide without 
any detectable differences in drug side effects [71]. Moreover, in a meta-analysis of 
21 randomized controlled trials, the use of thiazide-like diuretics compared with 
thiazides led to an additional 12% risk reduction in cardiovascular events and 21% 
risk reduction in heart failure, after accounting for differences in BP achieved [72]. 
Both types of diuretics reduced the risk of cardiovascular events, stroke, and heart 
failure compared with placebo, but only thiazide-like diuretics reduced the risk of 
coronary events and death.

While there are a number of known adverse metabolic effects associated with 
thiazide and thiazide-like diuretics (e.g., hypokalemia, hyponatremia, hyperglyce-
mia, hyperlipidemia, and hyperglycemia), these risks are generally small, particu-
larly when lower doses are used [17, 65, 73], and they probably do not outweigh the 
benefits of treatment if BP can be controlled. Alternative antihypertensive agents 
should be considered for patients with significant renal impairment (e.g., estimated 
glomerular filtration rate less than 30 mL/min/1.73 m2), as thiazide and thiazide-like 
diuretics are less likely to be effective.

24.2.5  Beta-Blockers

Beta-blockers reduce the risk of myocardial infarction and stroke compared with 
placebo [24], and they appear similarly effective as other antihypertensive agents 
when prescribed as monotherapy for preventing cardiovascular death in patients 
with diabetes [29], though direct head-to-head comparisons between active agents 
are admittedly limited [25, 26, 30]. Once widely recommended as a possible option 
for first-line treatment of uncomplicated hypertension, beta-blockers now feature 
less prominently in most guidelines in the absence of heart failure or ischemic heart 
disease [19, 20]. Enthusiasm for this particular drug class was dampened over a 
decade ago following the release of a widely publicized meta-analysis of 13 ran-
domized controlled trials incorporating 105,951 participants, which reported an 
increased risk of stroke among patients treated with beta-blockers compared with 
other drug classes [74]. Subsequent analyses have not only confirmed this general 
finding but also noted that the signal of excess risk of stroke largely derives from 
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trials enrolling older patients (i.e., 60 years and higher) [75, 76]. Indeed, the efficacy 
of beta-blockers may go down with age, owing to differences in the pathophysiol-
ogy of hypertension in younger vs. older patients [77, 78]. Correspondingly, studies 
that have stratified according to age groups have consistently shown that beta- 
blockers perform well in preventing major cardiovascular events in patients under 
60 years of age [75, 76], a finding that is obscured when age is not been taken into 
account [44, 74, 79].

Like all antihypertensive drugs, there are potential adverse effects with beta- 
blockers. However, historical concerns about hyperglycemia and dyslipidemia from 
treatment are less significant with newer beta-blockers [80, 81]. Moreover, the abso-
lute risks of depression, fatigue, and sexual dysfunction are generally small [82]. 
Although beta-blockers may theoretically contribute to impaired perception of 
hypoglycemia in some patients with diabetes (i.e., due to blunted adrenergic symp-
toms), this is unlikely to be a common problem in practice [83, 84]. In the UK 
Prospective Diabetes Study (UKPDS) 39, a randomized controlled trial comparing 
atenolol with captopril in 758 patients with type 2 diabetes and hypertension (among 
whom 6.5% were taking insulin and 26.4% a sulfonylurea), there were no differ-
ences between treatment arms for either the number or severity of hypoglycemic 
episodes over a follow-up period of 9 years [85]. Still, these agents should be used 
cautiously in patients with a known history of frequent hypoglycemia or hypoglyce-
mic unawareness.

Given the global evidence related to their effectiveness and overall safety, beta- 
blockers remain a reasonable choice for young and middle-aged patients (i.e., under 
60 years) or individuals of any age with heart failure or symptomatic ischemic heart 
disease. They are not recommended as first-line in the elderly, but may be consid-
ered as “add-on” treatment.

24.2.6  Mineralocorticoid Receptor Antagonists

Treatment-resistant hypertension is common in patients with diabetes [86–88], yet 
evidence informing optimal drug selection in this setting is sparse. To date, the 
strongest data come from the Prevention And Treatment of Hypertension With 
Algorithm-based therapy (PATHWAY)-2 trial, which was a crossover trial that ran-
domly assigned 335 participants (14% with diabetes) with uncontrolled BP to spi-
ronolactone, doxazosin, bisoprolol, and placebo (each for 12 weeks) in addition to 
standard three-drug therapy (i.e., an ACE inhibitor or ARB, amlodipine, and indap-
amide) [89]. Spironolactone was associated with the greatest reductions in systolic 
BP compared with the other active treatments and placebo. Overall, target BP con-
trol was achieved in 58% of people with spironolactone vs. 44% with bisoprolol vs. 
42% with doxazosin vs. 24% with placebo. In a subsequent open-label substudy, 
some participants received an additional 12 weeks of amiloride and had similar BP 
reductions as those seen with spironolactone [90]. The major limitation of this study 
was the lack of data on cardiovascular outcomes or mortality. Still, these results are 
important as they indicate that resistant hypertension is frequently volume-mediated 
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and therefore highly responsive to mineralocorticoid receptor blockade. This is con-
sistent with other systematic reviews and meta-analyses, which support the addition 
of spironolactone, compared with other antihypertensive agents, for the treatment of 
resistant hypertension [91–94]. Finally, apart from being highly effective for con-
trolling BP in most patients with resistant hypertension, mineralocorticoid receptor 
antagonists have also been shown to help reduce albuminuria in patients with dia-
betic nephropathy [95–99].

Common to all mineralocorticoid receptor antagonists, there is a two-fold 
increased risk of hyperkalemia [100, 101], which may be even higher in individuals 
with diabetes, chronic kidney disease, and concurrent users of ACE inhibitors or 
ARBs [102]. Exposure to spironolactone may also lead to antiandrogenic side 
effects in men, such as gynecomastia or decreased libido, or progestin-like side 
effects in women, including mastodynia and menstrual irregularities [103, 104]. 
The risks may potentially increase with prolonged exposure and limit treatment in 
some patients [105]. Newer mineralocorticoid receptor antagonists (e.g., eplere-
none and finerenone) not only are less likely to cause antiandrogen- and progestin- 
like effects [104, 106, 107], but also are more costly. Amiloride can also be 
considered as an alternative with fewer side effects [90].

24.2.7  Antihypertensive Drug Combinations

In a sense, debates over which drug class is best for initial treatment may be largely 
irrelevant, as most patients with high BP require multiple antihypertensive drugs to 
achieve adequate control. Indeed, the majority of people who have participated in 
large hypertension trials, such as ALLHAT [55, 67, 108], the UKPDS 38 [12], the 
Hypertension Optimal Treatment (HOT) trial [56], the Anglo-Scandinavian Cardiac 
Outcomes Trial (ASCOT) [109], and the Valsartan Antihypertensive Long-term Use 
Evaluation (VALUE) trial [110] required at least two to three agents to achieve tar-
get BP levels.

Correspondingly, major clinical practice guidelines increasingly recommend the 
use of an antihypertensive drug combination for initial treatment in most patients 
and preferably prescribed as a single-pill combination (i.e., one pill with multiple 
active ingredients in a fixed-dose combination) [18–21]. Specifically, the use of 
single-pill combinations have been shown to lower the risk of cardiovascular events 
[111–113], improve rates of BP control [22, 23, 48, 111, 112, 114], promote medi-
cation adherence [47, 115, 116], and reduce the frequency of treatment-related side 
effects [17].

The therapeutic efficacy of single-pill combinations was demonstrated in the 
Heart Outcomes Prevention Evaluation (HOPE)-3 trial, which randomized 12,705 
individuals at intermediate risk of cardiovascular disease (among whom 5.8% had 
diabetes and 12.7% had prediabetes) to receive a fixed-dose combination of cande-
sartan and hydrochlorothiazide or placebo [114]. Among the subgroup of patients 
with hypertension (i.e., baseline systolic BP >143.5 mmHg), fixed-dose combina-
tion therapy reduced the risk of the composite outcome of cardiovascular death, 
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nonfatal myocardial infarction, or nonfatal stroke (4.8% vs. 6.5% for placebo; HR, 
0.73; 95% CI, 0.56–0.94) after 5.6 years of follow-up. Moreover, the safety of using 
a single-pill combination for initial treatment was demonstrated in the Action in 
Diabetes and Vascular disease: Preterax and Diamicron-MR Controlled Evaluation 
(ADVANCE) trial [117]. Here, 11,140 patients with type 2 diabetes were randomly 
assigned to receive a fixed-dose combination of perindopril and indapamide vs. 
placebo, irrespective of baseline BP level. Recipients of active treatment had greater 
reductions in major macrovascular and microvascular complications (15.5% vs. 
16.8%; HR, 0.91; 95% CI, 0.30–1.00) and death (7.3% vs. 8.5%; HR, 0.86; 95% CI, 
0.75–0.98), compared with those who received placebo, with corresponding num-
bers needed to treat of 66 and 79 to prevent one event over 5 years, respectively. 
Importantly, there were no detectable differences in treatment effects according to 
initial BP level, or whether patients received other BP-lowering therapy at baseline 
or not. Serious adverse event rates were identical between the two arms.

The cardinal advantage to combining drugs together that act through different 
mechanisms is the ability to achieve lower BP while at the same time reducing the 
frequency of medication-related side effects, which are often dose-dependent [16, 
17]. Several “synergistic” combinations are particularly appealing where one drug 
may antagonize the potential adverse effects of another. Namely, combining a RAS 
blocker with a thiazide or thiazide-like diuretic may help to mitigate the risk of 
potassium disorders, while the combination of a RAS blocker with a CCB has been 
shown to reduce the frequency of peripheral edema (vide supra) [63, 118]. Notably, 
the clinical efficacy of the combinations of an ACE inhibitor with a CCB [22, 59, 
60], an ACE inhibitor with a diuretic [23, 117], and an ARB with a diuretic [23, 
114], in particular, is proven in multiple clinical trials. Consistent with these find-
ings, “real-world” observational studies have also shown that initial treatment with 
a combination of antihypertensive drugs compared with monotherapy is associated 
with improved cardiovascular outcomes, shorter time to achieve BP control, and 
reduced healthcare utilization [111, 112].

24.3  Summary

Clinicians should recognize that there may not be a single overriding treatment that 
is appropriate for all patients. The selection of an antihypertensive drug needs to be 
personalized based on side-effect profile, coexisting conditions, and personal pref-
erences. Reassuringly, current evidence suggests that the benefits of treatment 
mainly derive from BP reduction itself with minimal differences (if any) between 
most major drug classes. In general, it is reasonable to consider any effective and 
tolerated antihypertensive agent, acknowledging that many patients may require 
combination therapy. Accordingly, the use of single-pill combinations reduces the 
risk of adverse cardiovascular outcomes, improve medication adherence, and help 
to minimize drug side effects. In all of this, it should be remembered that BP control 
is of paramount importance for everyone with diabetes.
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25Adverse Reactions in Renal Function 
and Electrolytes Associated 
with Antihypertensive and Antidiabetic 
Therapy

Adel E. Berbari, Najla A. Daouk, and Majida M. Daouk

25.1  Introduction

Cardiovascular disorders remain global health burden and major causes of morbid-
ity and mortality worldwide [1]. Hypertension, diabetes mellitus (DM), and chronic 
kidney disease (CKD) constitute important determinants of the continuum of vascu-
lar diseases [2, 3]. It is well established that the renin–angiotensin–aldosterone sys-
tem (RAAS) plays an important role in the pathogenesis of a wide spectrum of the 
cardiorenal disorders through hemodynamic, inflammatory, neurohormonal, and 
humoral mechanisms [2].

Numerous studies have demonstrated that attenuation of the cascade of the 
renin–angiotensin system (RAS) provides effective blood pressure (BP) control and 
confers cardiorenal protection in a wide spectrum of cardiovascular diseases [2, 4]. 
In the light of these findings, this class of antihypertensive medications has been 
recommended as first-class therapy in subjects with hypertension, diabetes mellitus, 
and diabetic and nondiabetic CKD [4–7]. However, blockade of RAS therapy may 
be associated with significant renal functional impairment and/or electrolyte distur-
bances in a subset of these patients [4, 8–14].

25.2  Adverse Renal Reactions to Renin–Angiotensin–
Aldosterone System Blockade

RAAS blockade therapy is used extensively in the management of a wide spectrum 
of vascular disorders [6, 7]. However, emergence of safety concerns on renal func-
tion has evoked a more cautious approach in the use of RAAS inhibitors [8–16].
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25.2.1  Renin–Angiotensin–Aldosterone System Blockade 
Associated Decline in Renal Function: General Features

It is well established that initiation of RAAS inhibitors is associated with an acute 
decline in renal function characterized by an acute increase in baseline serum creati-
nine levels, decrease in baseline glomerular filtration rate (eGFR), or both [17, 18]. 
However, the threshold at which changes in these renal functional parameters are 
considered nonphysiologic remain undetermined [19].

According to experts, an acute increase in baseline serum creatinine levels to less 
than 30% (<30%) equivalent to a 27% decline in eGFR following ACEI/ARB 
(angiotensin-converting enzyme inhibitors/angiotensin receptor blockers) treatment 
is accepted as a physiologic, primarily functional, and potentially reversible phe-
nomenon [19, 20]. This change in renal function is reported to occur within 2 weeks 
of RAAS blockade treatment, appears to be safe being associated with minimal 
cardiovascular events, and may even afford long-term renoprotection [9, 19–21]. 
Several clinical studies provide support to this concept [19]. Review of 12 random-
ized clinical trials of CKD patients revealed that, following initiation of RAAS 
blockade therapy, an increase in baseline serum creatinine levels to less than 30% 
was common, occurred within 2 weeks, and was not associated with any harm [9, 
19]. Conversely, higher serum creatinine concentrations were associated with cere-
brovascular complications [22]. In a large population-based study of patients on 
RAS inhibition treatment, elevation of serum creatinine levels to 30% or more was 
associated with increased rates of cardiorenal complications [22]. Compared with 
patients with an increased serum creatinine levels of less than 30%, those with 
serum creatinine elevation of more than 30% (i) were more frequently elderly 
women (56.1% vs. 46.1%) and (ii) had (a) more severe advanced CKD (stages 3b-4: 
8.9% vs. 4.3%) and (b) higher rates of multiple cardiovascular events (52.7% vs. 
18.6%) [22]. Further, those patients who displayed an increase of serum creatinine 
concentrations of 30% or more were often receiving medications that by themselves 
are associated with adverse renal outcomes, such as loop and K sparing diuretics 
and nonsteroidal anti-inflammatory drugs [22].

This study reports additional interesting observations: significant renal impair-
ment (increase in serum creatinine ≥30%) associated with start of ACEI/ARB ther-
apy appears to be uncommon in clinical practice. In this very large population-based 
cohort of over 300,000 patients, only 1.7% exhibited an increase of serum creatinine 
levels of ≥30% [16]. In contrast, in the Stockholm Creatinine Measurements 
(SCREAM) project, in a large health care–based observational study, an increase of 
serum creatinine >30% was reported in 4% subjects on RAS blockade therapy [22]; 
further, milder degrees of serum creatinine elevations following RAS blockade 
were not infrequent and not negligible [22]. There was a trend of increasing risk of 
cardiorenal events associated with increasing baseline serum creatinine levels [22]. 
Detailed categorization of serum creatinine elevations was associated with dose 
response and graduated enhanced risk of cardiorenal events [22]. Using serum cre-
atinine increases of less than 10% as reference, incidence rate ratios of end-stage 
renal disease increased steadily from patients with serum creatinine increases of 
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10–19% to those with serum creatinine elevations of 40% (1.73 vs. 4.04) [22]. 
Similarly, increased incidence of rate ratios were noted for cardiovascular out-
comes; a reverse relationship between duration of RAS blockade administration and 
enhanced risk of cardiorenal complications has been observed in patients with sig-
nificant renal functional impairment (serum creatinine increase >30%) [9, 22]. The 
incidence rates of CKD decreased from 12.2-fold during the first year to 2.5-fold 
within 5–10  years [16]. Similarly, the mortality rate ratio declined from a 3.5 
increase within the first year and remained 50% less thereafter [16].

Conversely, long-term RAAS blockade therapy also has been reported to be 
associated with deterioration of renal function and late onset azotemia in a subgroup 
of high-risk patients [23, 24]. In a cohort of 6102 subjects with long-standing diabe-
tes mellitus treated with various antihypertensive medications were followed up 
until the development of end-stage renal failure (ESRF) [12]. The rate ratio of ESRF 
with the use of angiotensin converting enzyme inhibitors (ACEI) was 0.8 during the 
first 3 years of follow-up but increased to 4.2 after 3 years thereafter [12]. Further 
relative to thiazide diuretic use, the adjusted risk ratio of ESRF associated with 
ACEI was 2.5, whereas it was 0.8 for beta-blockers and 0.7 for calcium channel 
antagonists [12]. A small study reported similar observations [25]. Although the 
mechanism underlying late onset azotemia with RAAS blockade therapy remains 
unclear, it has been attributed to microvascular disease as many patients are 
elderly [16].

25.2.2  Determinants of Impairment of Renal Function Associated 
with Renin–Angiotensin–Aldosterone System 
Blockade Therapy

It is well established that, in most patients, initiation of RAAS blockade therapy is 
commonly associated with mild reversible renal functional impairment and affords 
cardiorenovascular protection in the long term [9, 23]. Conversely, administration 
of ACEI or ARB drugs may cause significant and progressive renal functional 
impairment (acute increase in baseline serum creatinine ≥30%, equivalent to acute 
reduction in baseline eGFR ≥27) in one or more of the following settings: (i) 
patients with comorbidities (diabetes mellitus, CKD, and cardiovascular disease); 
(ii) altered extracellular fluid volumes and/or systemic parameters (severe dehydra-
tion, excessive diuresis, and low BP/hypotension); (iii) the use of concurrent drugs 
that are by themselves associated with adverse renal outcomes (diuretics, nonsteroi-
dal anti-inflammatory drugs, and cyclosporine) [16, 23].

25.2.3  Role of Renin–Angiotensin–Aldosterone System 
in Pathogenesis of Chronic Kidney Disease

Overaction of the RAAS plays an important role in the initiation and progression of 
chronic kidney disease [8, 23]. Both circulating and renally expressed RAAS 
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enhances the vascular tone of systemic and glomerular precapillary resistance ves-
sels, leading to increased systemic BP and glomerular hydraulic pressure, damage 
to glomerular filtration barrier, and increased ultrafiltration of plasma proteins, an 
additional damaging process [8, 23]. In addition, non-hemodynamic factors, through 
enhanced aldosterone secretion and stimulation of inflammatory processes, contrib-
ute to the glomerulotubular and target organ disease, predisposing to the develop-
ment of cardiorenal events [23].

25.2.4  Initiation/Withdrawal of Renin–Angiotensin–Aldosterone 
System Blockade Therapy in Advanced Stages of Chronic 
Kidney Disease

Numerous clinical studies support the benefits for initiating RAS blockade therapy 
in the earlier stages of CKD for the prevention of CKD progression, especially 
among patients with proteinuria [8, 23, 26]. However, fewer studies have evaluated 
the renal benefits of RAS inhibition in the setting of advanced stages of CKD (eGFR 
≤30 ml/min/1.73m2 and/or serum creatinine levels ≥2 mg/dl), whether these agents, 
when already prescribed, should be continued or withdrawn in those groups of 
patients.

25.2.4.1  De Novo Initiation of Renin–Angiotensin–Aldosterone 
System Blockade Therapy in Advanced Stages of Chronic 
Kidney Disease

The renal benefits offered by RAS blockade therapy in advanced stages of CKD 
remain unclear.

Among the few studies that reported beneficial renal effects, a clinical trial con-
ducted in China evaluated the renal benefits of ACE inhibitors in two groups of 
untreated nondiabetic advanced stages of CKD (group 1: baseline serum creatinine 
levels: 1.5–3.0 mg/dl vs. group 2: baseline serum creatinine levels: 3.1–5.0 mg/dl) 
[8, 27]. Compared with placebo, administration of benazepril, an ACE inhibitor, 
delayed further progression of CKD (as evidenced by composite outcome of dou-
bling serum creatinine levels, end-stage renal disease (ESRD)), or death in both 
groups [8, 27]. However, more participants in group 2 (baseline serum creatinine: 
3.1–5.0 mg/dl) receiving benazepril treatment reached the composite endpoint com-
pared with those with serum creatinine levels of <3 mg/dl (group 1) [27]. According 
to the investigators, these findings suggest that ACE inhibition may be maximized if 
used in earlier stages of advanced CKD [9, 12].

Other trials have reported similar observations. Both Ramipril Efficacy in 
Nephrology (REIN) and African American Study of Kidney Disease and 
Hypertension (AASK) demonstrated that RAS inhibition treatment reduced the risk 
of progression of advanced stages of CKD, in both proteinuric and non-proteinuric 
patients [9, 19].

In contrast, other investigations indicate that RAS inhibition treatment worsens 
the course of advanced stages of CKD. In a prior nested case–control study in a 
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cohort of diabetic patients, reported that the risk of ESRD was fourfold higher 
among those who were receiving ACE inhibition treatment during long-term fol-
low- up [12].

25.2.4.2  Indication for Continuation/Cessation of Renin–
Angiotensin–Aldosterone System Blockade Therapy 
in Advanced Chronic Kidney Disease

There are limited studies that address the question of continuation versus with-
drawal of RAS inhibition therapy in advanced stages of CKD [28]. Further, these 
studies have reported conflicting observations [28].

Some studies support the benefit and recommend continuation of ACEI/ARB 
treatment in advanced stages of CKD [28]. In a randomized double blind clinical 
trial, the effect of an ACEI was evaluated on the course of advanced nondiabetic 
CKD patients [27]. Administration of benazepril, an ACE inhibitor (ACEI), to 
patients with advanced CKD with baseline serum creatinine levels of 3.1–5 mg/dl 
and persistent proteinuria over a follow-up of 3  years, compared with placebo, 
revealed a 51% reduction in risk of doubling serum creatinine and 40% reduction on 
the risk of ESRD [27]. Similar findings were reported in other studies. Post hoc 
analysis of data of REIN and RENAAL clinical trials revealed that administration 
of Ramipril and Losartan was associated with a greater reduction in risk of renal 
failure in lowest tertiles of GFR compared with higher GFR among patients with 
advanced CKD stages [29, 30].

In contrast to the above studies that support the use of ACEI/ARB administration 
in advanced CKD, other examinations do not. In a retrospective propensity score 
matched study that enrolled 3239 patients with stages 4 and 5 CKD, the use of 
ACEI/ARB was associated with enhanced risk of ESRD and higher rate of hospital-
ization of hyperkalemia compared with nonusers [26, 31]. Further, in a small obser-
vational study of 100 patients with advanced CKD who developed 25% increase in 
baseline serum creatinine while on ACEI/ARB treatment during follow-up, with-
drawal of RAS blockade therapy resulted in improvement in renal function and 
delay in the need for renal replacement therapy [26, 32]. Other small observations 
studies reported similar findings [9].

Withdrawal of RAS blockade therapy has been recommended in the following 
subset of patients with advanced CKD: (i) rapid and significant increase in baseline 
serum creatinine and/or reduction in baseline eGFR, (ii) persistent hyperkalemia 
when measures to control serum K fail, (iii) renal artery stenosis, (iv) repeated epi-
sodes of acute kidney injury, and v) hypotension [9, 33].

25.3  Hyperkalemia-Antihypertensive Drugs Association

Antihypertensive medications are frequently associated with adverse disturbances 
in electrolyte homeostasis [13]. Hyperkalemia is one of the most common serum 
electrolyte abnormalities and represents a very serious adverse drug reaction due to 
its potential for causing life-threatening arrhythmias [13].
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25.3.1  Definition/Frequency

There is no universally agreed definition of hyperkalemia, although most studies 
use the European Resuscitation Council Definition of serum K as >5.5 mmol/L [34, 
35]. However, recent data suggest that, in patients with CKD, the upper limit of 
serum K levels should not exceed 4.8 mmol/L as mortality increases above this level 
[36, 37].

Hyperkalemia has been further characterized by the abnormality of serum K as 
(i) mild (serum K = 5.5–5.9 mnol/L), (ii) moderate (serum K = 6.0–6.4 mmol/L), 
and (iii) severe (serum K > 6.4 mmol/L) [35, 36].

Incidence and prevalence rates of hyperkalemia are quite variable and depend, to 
a larger extent on the definition used, the condition studied, the presence of comor-
bidities, acuteness/chronicity of serum K elevation, and type of medications pre-
scribed [36].

Although not well studied, the incidence and prevalence rates of hyperkalemia 
appear to be low in the general population [37]. In a large study involving 129,076 
hospital admissions among elderly patients (older than 65 years) in Canada, hyper-
kalemia was reported in 2.6% of emergency room visits and 3.5% hospital admis-
sion [38]. Similar findings of low hyperkalemia rates of 3.2% and 2.6%, respectively, 
were reported in two large studies in US veterans [39, 40].

25.3.2  Predictors of Hyperkalemia

Reduced glomerular filtration rate, diabetes mellitus, and some classes of antihyper-
tensive medications constitute the most important predictors of hyperkalemia [38, 
40, 41]. Further, clustering of several of these conditions enhance significantly the 
risk of an increase in serum K levels [38, 41].

In a large study that included 245, 808 hospitalized US veterans, CKD and the 
use of RAAS inhibitors were the most important factors associated with hyperkale-
mia [38, 41, 42].

25.3.2.1  Reduced Glomerular Filtration Rate
Hyperkalemia is very common in patients with CKD [40]. In a study of 1277 US 
veterans with a mean estimated glomerular filtration rate (eGFR) of 37  ml/
min/1.73m2, the incidence of baseline serum K > 5.3 mmol/L was 7.7% [38]. In 
another smaller study of 238 patients with eGFR = 14.6 ml/min/1.73m2, the inci-
dence rates of serum K levels above 5.0 mmol/L and 5.5 mmol/L were 54% and 
40%, respectively [38, 43].

Several factors enhance the risk of hyperkalemia in patients with CKD: (i) inap-
propriate high K intake in relation to the degree of renal functional impairment, (ii) 
commonly observed extracellular K shift associated with metabolic acidosis of 
renal failure, and (iii) frequent administration of RAAS inhibitors [40].

Potassium homeostasis is tightly controlled by a fine balance between intake and 
excretion of K [43]. During the course of progression of CKD, adaptive structural 
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changes occur in the remaining nephrons, which, however, have a very limited 
capacity to enhance K secretion in response to an exogenous K load, compared with 
subjects with normal healthy kidneys [44].

As GFR falls, the decrease in urinary K excretion causes an elevation in serum K 
levels and creates a new K steady state [45, 46]. As a result, kaliuretic mechanisms 
are stimulated; enhancing kaliuresis and overcoming further increase in serum K 
levels [40, 46]. However, as GFR falls to 45 ml/min/1.73m2, these mechanisms are 
disrupted, enhancing the development of hyperkalemia [40, 47].

25.3.2.2  Diabetes Mellitus
Disturbances in electrolyte homeostasis occur frequently in patients with diabetes 
mellitus and have been attributed to an altered acid-base status, the presence of 
comorbid disorders, and/or side effects of pharmacotherapeutic treatment [14].

Patients with diabetes mellitus are at an increased risk of an elevation in serum K 
levels [48]. Hyperkalemia is common and is a serious electrolyte abnormality in 
these patients [48].

Occurrence rates of hyperkalemia vary and are dependent upon the patient popula-
tion evaluated. Whereas estimated at 0.3% in the general population, prevalence rates of 
hyperkalemia appear to be much higher, with reported rates of 1–10% [49]. In a large 
study conducted in 68, 601 diabetic Danish subjects that initiated on antidiabetic treat-
ment at baseline, 16% developed hyperkalemia during a follow-up period of 4.1 years 
[49]. However, many of these patients suffered from comorbid disorders (CKD, cardio-
vascular disease) and/or were receiving antihypertensive medications [49].

25.3.2.3  Antihypertensive Pharmacotherapy
Among the wide spectrum of antihypertensive medications, RAAS inhibitors repre-
sent the most common causes of hyperkalemia in the general population [18, 34].

Renin–Angiotensin–Aldosterone System Inhibitors
Hyperkalemia is commonly reported in patients prescribed with RAAS inhibitors. 
In a patient-based study of 262, 375 patients from Denmark who were newly pre-
scribed with an ACEI, 16% developed hyperkalemia within time period of 2.2 years 
[50, 51]. Another study including US veterans reported a similar incidence of 11% 
hyperkalemia over 1 year of follow-up [50, 52].

In over 50% of hospitalized patients of one study, hyperkalemia was first detected 
within 15 days following initiation of an ARB, with the highest occurrence rate dur-
ing the first 24 h [53].

RAAS inhibitors, the most commonly used cardiovascular drugs in the treatment 
of a wide range of cardiorenal disorders, encompass a large class of drugs including 
angiotensin converting enzyme inhibitors (ACEI), angiotensin receptor blockers 
(ARB), angiotensin receptor-neprilysin inhibitors (ARNI), and mineralocorticoid 
receptor antagonists (MRA) [34, 43, 50]. All these subclasses of RAAS inhibitors 
enhance the risk of an elevation in serum K [43]. A population-based study from 
Sweden revealed that ACEI, ARB, and MRA increased the odds for hyperkalemia 
by 57%, 22%, and 44%, respectively [54]. Some studies, however, suggest that the 
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risk of hyperkalemia appears to be slightly lower with ARB compared with 
ACEI [55].

RAAS inhibitors are more commonly associated with an adverse elevation in 
serum K levels than with other BP lowering medications [13, 50]. In a study that 
included 1094 hypertensive nondiabetic CKD patients who randomly assigned to 
treatment with an ACEI, beta-blocker, or calcium channel blocker and followed-up 
for 3–6  years [50, 56], administration of an ACEI was associated with a nearly 
threefold higher risk of hyperkalemia compared with beta-blockers and a sevenfold 
higher risk of hyperkalemia with calcium channel blockers [50, 56].

In patients prescribed with RAAS inhibitors, the presence of CKD enhances 
significantly the risk of hyperkalemia. A prospective analysis of records of 245, 808 
US veterans revealed that, among patients receiving RAAS inhibitors, the adjusted 
rate of hyperkalemia was higher in those with CKD compared with those without 
CKD, both inpatient (7.67 vs. 2.30 per 100 patients-months) and outpatient (8.22 
vs. 1.77 per 100 patients-months) settings [38].

Mineralocorticoid Receptor Antagonists
Mineralocorticoid receptor antagonists (MRAs), also known as K sparing diuretics, 
represent a steroidal class of cardiovascular compounds that, by antagonizing aldo-
sterone, inhibit the epithelial sodium channel and reduce renal K excretion, increas-
ing the risk of elevation of serum K levels [36, 57]. The MRAs class of steroidal 
drugs includes the nonselective agent spironolactone, its active metabolite canre-
none and the selective eplerenone [36, 57].

Moderate to severe hyperkalemia has been reported in 4–19% of patients pre-
scribed with these medications, particularly in those with CKD and/or also receiv-
ing RAAS inhibitors [13, 58–60].

The rate of hyperkalemia appears to be dose dependent. In the Randomized 
Aldactone Evaluation Study (RALES) trial in patients with heart failure, hyperkale-
mia occurred in 13%, 20%, and 24% of patients receiving 25 mg, 50 mg, and 75 mg 
of spironolactone, respectively [36, 61].

Beta-Blockers
Beta-blockers represent another class of antihypertensive drugs that may cause ele-
vation in serum K levels [13]. Hyperkalemia, generally mild, has been reported with 
older nonselective (propranolol and labetolol) and few selective (atenolol and meto-
prolol), beta-blocking agents [13, 62]. In addition, a recent case report described 
hyperkalemia in Nebivolol, a third generation beta-blocking agent [63].

25.3.3  Clinical Manifestations and Outcomes of Hyperkalemia

Hyperkalemia is one of the most serious and graded adverse electrolyte distur-
bances [43].

The most serious clinical manifestations of hyperkalemia include muscle weak-
ness, paralysis, respiratory difficulty or failure, cardiac conduction abnormalities, 
and malignant arrhythmias [43, 50]. These manifestations are generally associated 
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with serum K greater than 7 mmol/L [64]. Some patients may present with only one 
or more of the characteristics of ECG features even with significantly increased 
serum K, which is greater than 9 mmol/L [65].

Hyperkalemia has been associated with increased risk of short-term mortality, 
which has been attributed to ventricular fibrillation [38]. In a study of 245, 808 hos-
pitalized US veterans, serum K levels greater than 5.5 mmol/L were associated with 
a significant increased risk in 1-day mortality [38].

25.3.4  Mechanisms of Development of Hyperkalemia

Several mechanisms have been postulated for the development of hyperkalemia 
single or in combination with different clinical conditions: (i) In patients with mod-
erate to severe CKD, kaliuretic mechanisms fail to maintain K homeostasis, thus 
enhancing the development of hyperkalemia [43]. This situation appears to occur 
when the failing GFR reaches 40–45 ml/min/1.73m2 [43]. (ii) In diabetes mellitus, 
hyperkalemia is related to deficiencies in insulin and aldosterone [66]. Chronic 
hyperkalemia in elderly diabetic patients is most often attributed to hyporeninemic/
hypoaldosteronism [67]. Further, the reduced insulin levels favor the accumulation 
of glucose and hyperosmolarity in the extracellular space, preventing intracellular K 
shift, leading to further elevation of serum K levels [68]. In addition, the presence 
of CKD in diabetic patients contributes to hyperkalemia [68, 69]. (iii) Use of some 
classes of drugs that interfere with urinary K excretion (RAAS inhibitors, K sparing 
diuretics, and NSAIDS) particularly in patients with renal impairment favors the 
development of hyperkalemia [49, 69].

25.3.5  Principles of Management of Hyperkalemia

The following principles have been recommended for the treatment of hyperkalemia 
[36, 50]: (i) potassium restricted diet that is often employed as an initial therapy to 
reduce risk of hyperkalemia in patients with CKD receiving RAAS inhibitors, (ii) 
elimination of other sources of potassium such as supplements, (iii) withdrawal of 
prescribed or over the counter drugs that restrict urinary K excretion, (iv) bicarbonate 
administration to correct metabolic acidosis, and (v) the use of K binding agents that 
are well tolerated and are effective in maintaining plasma K concentration within the 
normal range without having to reduce dosing or discontinuing RAAS inhibitors.
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26Diabetogenic Effects 
of Antihypertensive Drugs and Statins

Giuseppe Mancia, Gino Seravalle, and Guido Grassi

Hypertension, dyslipidemia, and type 2 diabetes are frequently present together in 
the same patient [1]. This depends not only on the casual concomitance of three 
highly prevalent conditions but also on the existence of common mechanisms and 
pathophysiological links. A clear illustration is offered by the quantitative relation-
ship between diabetes, hypertension, and dyslipidemia that has been found in the 
PAMELA population. That is, on the observation that in this population, the preva-
lence of diabetes and dyslipidemia increased progressively from the quartile with 
the lowest to the quartile with the highest office, home, or ambulatory blood pres-
sure (BP) (Fig. 26.1) [2].

Regardless the mechanisms and factors responsible for the above interrelation-
ship, the concomitant presence of the above conditions markedly increases the risk 
of cardiovascular morbidity and mortality, which in hypertensive, dyslipidemic, and 
diabetic people has been found to be (1) greater than the sum of their individual 
contributions [3] and (2) raise the absolute risk value to its high range, i.e., more 
than 20% risk of a cardiovascular event within 10 years [4].

In the last two decades, evidence has also been obtained that the risk of develop-
ing diabetes increases with the use of antihypertensive drugs that majorly contribute 
to the effectiveness of antihypertensive treatment [5]. This may have profound nega-
tive clinical consequences because the prevalence of hypertension is increasing all 
over the world, the increase being particularly steep in developing countries [6, 7]. 
Because the prevalence of diabetes shows an even steeper increase [8], this means 
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Fig. 26.1 Prevalence of hypercholesterolemia (:2′. 200 mg/dl) and diabetes (blood glucose:2′. 
126 mg/dl) in the general population of the PAMELA study divided on the basis of office blood 
pressure categories according to the European Societies of Hypertension and Cardiology guide-
lines criteria. O optimal (office SBP/DBP < 120/80 mmHg), N normal (office SBP/DBP 
120–129/80–84 mmHg), HN high-normal (office SBP/DBP 130–139/85–89 mmHg), HT hyper-
tension (office SBP/DBP:2′.140/90 mmHg), SBP systolic blood pressure, DBP diastolic blood 
pressure. Data expressed as means±SD or %. *P < 0.05. Modified from Ref [2]

that in the future, the number of diabetic hypertensive patients will exhibit a dispro-
portional rise, with a marked increase in the need of implementing the use of anti-
hypertensive agents, including those with a diabetogenic effect. Aim of this chapter 
is to analyze the impact of current antihypertensive and lipid-lowering treatment on 
new-onset diabetes (NOD) and the implications this may have for the management 
of hypertensive and dyslipidemic patients.

26.1  Effects of Antihypertensive Drugs on NOD

Longtime evidence is available that hypertension itself is an independent risk factor 
for the development of diabetes [9]. Evidence is now strong, however, that this phe-
nomenon is worsened by the long-term use of some antihypertensive drugs that are 
regarded as first choice for BP-lowering treatment strategies. Hypertension guide-
lines recommend diuretics, angiotensin receptor blockers (ARBs), angiotensin- 
converting enzyme inhibitors (ACEls), calcium channel blockers (CCBs), and, in 
some instances, beta-blockers (BBs) for the treatment of hypertension, mentioning 
drugs such as a-blockers, mineralocorticoid receptor antagonists and central agents 
for particular conditions and diseases [10, 11]. As shown in Table 26.1 [12–36] in 
post hoc analyses of comparison trials an increase in the risk of NOD has been usu-
ally found with the long-term use of thiazide diuretics, thiazide-like diuretics or 
BBs compared with ACEls or ARBs. The risk of NOD has been found to be less in 
ARB-treated than in placebo individuals also in randomized trials on patients with 
an impaired fasting glucose condition (and thus an increased risk of type 2 diabetes) 
in which NOD was the primary end-point [36]. In contrast, CCBs and thiazide or 
thiazide-like diuretics have usually been found to be associated with a risk of NOD, 
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Table 26.1 Relative risk of developing NOD from studies with different antihypertensive 
therapies

Study Ref. Treatment Relative risk of NOD Study duration (years)
Comparison with placebo
SHEP [13] D vs. pi 1.20 3.0
HOPE [14] ACEi vs. pi 0.66 4.5
SOLVD [15] ACEi vs. pi 0.26 2.9
EWPHE [16] D vs. pi 1.50 4.7
SCOPE [17] ARB vs. pi 0.81 3.7
FEVER [18] CCB vs. pi 1.20 3.3
PEACE [19] ACEi vs. pi 0.83 4.8
CHARM [20] ARB vs. pi 0.78 3.1
DREAM [21] ACEi vs. pi 0.99 3.0
TRASCEND [22] ARB vs. pi 0.86 4.7
Comparison with diuretics/beta blockers
ALLHAT [23] ACEi vs. D 0.70 4.0

CCB vs. D
ALPINE [24] ARB vs. D 0.13 1.0
INSIGHT [25] CCB vs. D 0.77 3.5
AASK [26] ACEi vs. 88 0.53 3.8
LIFE [27] ARB vs. 88 0.75 4.8
INVEST [28] CCB vs. 88 0.85 2.7
STOP-2 [29] ACEi vs. BB/D 0.96 4.0

CCB vs. BB/D
CAPPP [30] ACEi vs. BB/D 0.86 6.1
NORDIL [31] CCB vs. BB/D 0.87 4.5
ASCOT -BPLA [32] CCB vs. BB/D 0.70 5.5
ELSA [36] CCB vs. 88 0.96 4.0
Comparison with calcium channel blockers
STOP-2 [29] ACEi vs. CCB 0.98 4.0
VALUE [33] ARB vs. CCB 0.77 4.2
AASK [26] ACEi vs. CCB 0.49 3.8
ANBP2 [34] D vs. CCB 1.45 4.1
Miscellaneous studies
ONTARGET [35] ARB vs. ACEi 1.12 4.7

ARB + ACEi vs. ACEi 0.91
NAVIGATOR [37] ARB vs. D/statins 1.23 5.0

Legend: ACEi angiotensin-converting enzyme inhibitor, ARB angiotensin -receptor blocker, BB 
beta  blocker, CCB calcium channel blocker, D diuretic, pi placebo, NOD new-onset diabetes, 
AASK African American Study of Kidney Disease and Hypertension, ALLHAT antihypertensive 
and lipid lowering treatment to prevent heart attack trial, ALPINE Antihypertensive Treatment and 
Lipid Profile in a North of Sweden Efficacy Evaluation, ANBP2 Second Australian National Blood 
Pressure Study, ASCOT  BPLA Anglo-Scandinavian Cardiac Outcomes Trial-Blood Pressure 
Lowering Arm, CAPPP Captopril Prevention Project, CCB calcium channel blocker, CHARM 
Candesartan in Heart failure Assessment of Reduction in Mortality and Morbidity, DREAM 
Diabetes Reduction Assessment with Ramipril and Rosiglitazone Medication, ELSA European 
Lacidipine Study on Atherosclerosis, EWPHE European Working Party on High Blood Pressure in 
the Elderly, FEVER felodipine event reduction, HOPE heart outcomes prevention evaluation, 
INSIGHT intervention as a goal in hypertension treatment, INVEST International Verapamil- 
Trandolapril Study, LIFE Losartan lntervention for Endpoint Reduction, NAVIGATOR Nateglinide 
and Valsartan in Impaired Glucose Tolerance Outcomes Research, NORDIL Nordic Diltiazem 
Study, ONTARGET ongoing telmisartan alone and in combination with ramipril global endpoint 

(continued)
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Table 26.1 (continued)
trial, PEACE prevention of events with angiotensin-converting enzyme inhibition trial, SCOPE 
study on cognition and prognosis in the elderly, SHEP systolic hypertension in the elderly pro-
gram, SOLVD studies of left ventricular dysfunction, STOP-2 Swedish Trial in Old Patients with 
Hypertension-2, TRANSCEND Telmisartan Randomized Assessment Study in ACE-lntolerant 
Subjects with Cardiovascular Disease, VALUE valsartan antihypertensive long-term use evaluation

ARB

ACE inhibitor

CCB

Placebo

β blocker

Diuretic

0.57 (0.46–0.72) p<0.0001

0.67 (0.56–0.80) p<0.0001

0.75 (0.62–0.90) p=0.002

0.77 (0.63–0.94) p=0.009

0.90 (0.75–1.09) p=0.30

Referent

0.50 0.70 0.90 1.26
Odds ratio of incident diabetes

Incoherence=0.000017

Fig. 26.2 Results of network meta-analysis of 22 clinical trials (143, 153 patients). Initial diuretic 
used as referent agent (open box at odds ratio = 1.00). Size of squares (representing the point esti-
mate for each class of antihypertensive drugs) is proportional to number of patients who developed 
incident diabetes. Horizontal lines indicate 95% Cl. Odds ratios to the left of the vertical line at 
unity denote a protective effect (compared with initial diuretic). ACEi angiotensin-converting- 
enzyme inhibitors, ARBs angiotensin receptor blockers; CCB, calcium channel blockers. From Ref 
[42], with permission

respectively, similar or superior to that of placebo patients. Similar conclusions 
have been reached with the use of these drugs in conditions other than hypertension, 
i.e., in obesity, coronary disease, and heart failure [37, 38]. This has received full 
confirmation from the results of a number of reviews and meta-analyses [39–43].

In a network meta-analysis on more than 140,000 patients, for example, ARBs 
and ACEls on one side and BBs and diuretics on the other have been found to, 
respectively, reduce and increase NOD compared with placebo, the use of CCBs 
exhibiting a neutral effect (Fig. 26.2) [42]. This evidence allows to conclude that 
antihypertensive drugs differ for their influence on the risk of developing type 2 
diabetes. Because the evidence is also based on placebo-controlled studies, it also 
suggests that while CCBs appear to be neutral, diuretics and BBs may exert a dia-
betogenic influence in contrast with RAS blockers, which may exert an antidiabeto-
genic effect. In this context, however, it is also important to mention that this 
conclusion is somewhat weakened by the fact that, to control blood pressure, diuret-
ics and BBs were used in the placebo arm of the relevant trials, possibly increasing 
the risk of NOD compared with the RAS blocker arm. This possibility is supported 
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by the analysis of the Study on Cognition and Prognosis in the Elderly [44] in which 
the subgroup of patients who did not receive any therapy showed a risk of NOD 
similar to that of patients treated with candesartan (3.6 vs. 3.2%, P = 0.29).

Hypertension guidelines have since long recommended the use of more than 
one antihypertensive drug in the vast majority of the hypertensive population [45]. 
Furthermore, more recent guidelines recommendations support the use of dual 
drug combinations already from the beginning of treatment [10]. This makes infor-
mation on the effects of different combinations on the risk of NOD of critical 
importance. Unfortunately, however, data on the effects of antihypertensive drug 
combinations on the risk of NOD are limited. While it seems clear that the risk of 
NOD is amplified by BB-thiazide diuretic combinations, no safe conclusion can be 
drawn about whether adding an ACEI or ARB to a diuretic (or a BB) may abolish 
the diuretic- related increase of NOD and preserve the renin angiotensin blocker-
related antidiabetogenic effect. It is also unclear whether the effect on NOD is 
different for the combination of a CCB with a RAS blocker vs. a CCB combined 
with a diuretic. In this context, an interesting finding has been obtained by Brown 
et al. [46] who have shown that, at variance from thiazide diuretics, the diuretic 
amiloride does not adversely affect the blood glucose response to a glucose load. 
This has been regarded as a possible consequence of the potassium retaining prop-
erties of this drug because of the favorable effect of potassium on insulin sensitiv-
ity and secretion.

The implications of the above data are a matter of continuous debate because 
diuretics and BBs represent fundamentally important drugs against a condition that 
represents the first cause of death worldwide [47], their use in combination with 
other agents being necessary to control an elevated BP in perhaps 80% of the 
hypertensive population. The options under discussion are whether physicians 
should (1) disregard the above metabolic inconveniences, given the excellent BP 
lowering effect of thiazide diuretics and BBs and their ability to preferentially 
protect hypertensive patients from cardiovascular disease in several specific condi-
tions [48, 49], (2) give importance to these inconveniences and refrain from any 
large use of these drugs, or (3) privilege a “flexible” attitude and use diuretics and 
BBs in some but not in other conditions. One possibility, for example, is to pose no 
limits to the use of diuretics and BBs when patients are at high cardiovascular risk, 
thereby requiring a timely BP reduction to the target values that maximize cardio-
vascular protection [10] while using these drugs with caution in other conditions. 
For example, caution may be desirable when, as in younger or mild hypertensive 
patients, the more limited benefit to be expected from a BP reduction may be neu-
tralized or superseded by the increased cardiovascular risk associated with the 
occurrence of diabetes [50]. Furthermore, diuretics and beta-blockers may be 
avoided, unless strictly necessary, in patients with a high risk of developing diabe-
tes such as those with an impaired fasting glucose condition or a metabolic syn-
drome. In the PAMELA population, the 10 year risk of developing type 2 diabetes 
was five to six times greater in subjects than in those without a metabolic syndrome 
(Fig. 26.3) [51]
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Fig. 26.3 Rate (%) of new onset diabetes or impaired fasting glucose in individuals without (−) 
and with (+) metabolic syndrome (MS) who did not display these condition at the first examination 
10 years before. Right panels: age-adjusted and sex-adjusted odds ratio of new onset diabetes or 
impaired fasting glucose in MS- vs. MS+. Odds ratios (with 95% confidence intervals) are also 
shown as numbers. Modified from Ref [53], with permission

26.2  Effects of Statin on NOD

Statin therapy has been shown to increase the incidence and risk of NOD in several 
trials on the protective effect of lipid-lowering treatment on cardiovascular events. 
Observational data have been consistently supportive of these findings [52–55], 
suggesting that when statin is employed in medical practice, incidence of NOD may 
not be marginal. A systematic review and meta-analysis of 90 observational studies 
published from 1988 to 2012 reported an increased risk of NOD of 31% (odds ratio, 
1.31; 95%Cl, 0.99–1.73) in patients exposed to statins [56]. Corrao and colleagues 
[53] investigated the relationship between adherence to statin therapy and the risk 
for developing diabetes in a cohort of 11, 5708 Italian individuals who started statins 
treatment during 2003–2004 and were followed for 6 years. Adherence to statin was 
assessed by the proportion of days covered by statins based on pharmacy refill 
records. During follow-up, 11, 154 subjects were diagnosed with diabetes. 
Compared with patients with low adherence (<25% of the follow-up time covered 
by statin), those with low (26–50%), intermediate (51–75%), and high (>75%) 
adherence to statin therapy showed a progressive increase in risk for developing 
diabetes (HR: 1.12 (95%Cl: 1.06–1.18), 1.22 (1.14–1.27), and 1.32 (1.26–1.39), 
respectively). Both trials and observational studies have also shown that there is a 
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greater risk of NOD with the use of higher intensity statins [57]. This has been 
clearly documented in eight population-based cohort studies and a meta-analysis 
from six Canadian provinces and two international databases [54] in which the 
increase in NOD associated with higher versus lower intensity statins was measured 
in 136, 966 secondary prevention patients during a 14 years follow-up. In the first 
two years of regular statin use, there was a significantly greater increase in the risk 
of NOD with administration of higher intensity compared with lower intensity 
statins (fixed effect rate ratio 1.15; 95%CI, 1.05–1.26).

26.3  Increased NOD by Antihypertensive Drugs 
and Statins: Mechanisms

Several considerations and studies suggest that the variable risk of NOD associ-
ated with different antihypertensive drugs may have a predominant hemodynamic 
basis, i.e., that the responsible factor for the increased risk of NOD may be a 
reduction of skeletal muscle blood flow, because this reduction is associated with 
(1) a reduction of capillary network that increases the distance that blood trans-
ported insulin has to travel through to reach and act on the cell membrane and (2) 
this is followed by insulin resistance, which is the precursor and main actual 
mechanism of type 2 diabetes [58]. In line with this suggestion, glucose-clamp 
studies have shown that drugs that reduce skeletal muscle blood flow (diuretics 
and BBs) increase insulin resistance while the opposite is the case for drugs that 
cause skeletal muscle vasodilatation ( ACEls, ARBs, and CCBs) [59–61]. 
Furthermore, insulin resistance has been shown to occur when reflex skeletal mus-
cle vasoconstriction is induced by deactivation of vagally innervated cardiopul-
monary volume receptors [60, 61]. Finally, little or no increase in insulin resistance 
has been shown to occur with BBs, which do not cause or even increase skeletal 
muscle blood flow because an added vasodilator effect due to alpha blockade 
(carvedilol) or an increased secretion of endothelial relaxing factors (nebivolol) 
[62, 63]. The above may not be the only responsible mechanism, however. The 
lower incidence of NOD seen with valsartan and lisinopril compared with amlo-
dipine, a drug with much greater vasodilator properties, suggests that mechanisms 
other than vasodilatation and maintenance or increase in peripheral blood flow 
may be involved [32]. Drugs interfering with the renin-angiotensin system may 
exert favorable effects on insulin sensitivity by direct effects at the membrane and 
intracellular level [64, 65]. These effects can be summarized as follows: (a) 
removal of the oxidative influence of angiotensin Il on cell membranes [66], (b) 
stimulation of insulin secretion from pancreatic islets via potassium retention 
[67], (c) peroxisome proliferator-activated receptor gamma agonist action [68] 
that can make ARBs similar to insulin sensitizers [69, 70], and (d) effect on adi-
pocytes that can lead to a different mobilization of fatty acids [71].

The mechanisms responsible for an increased risk of NOD in patients treated 
with statins are unclear. Evidence is available that statins may both increase insulin 
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resistance and reduce insulin secretion [72], although in some studies, an increase 
in plasma insulin has been reported probably in response to the increase of insulin 
resistance [73]. This effect has been ascribed to a variety of factors, i.e., weight gain 
increase of intracellular cholesterol, suppression of intracellular isoprenoids, pertur-
bation of insulin signaling, increase in free fatty acids, and mitochondrial dysfunc-
tion [73], thereby probably having a multifactorial nature.

An additional interesting mechanism is a defect in the ability of pancreatic beta 
cells to provide sufficient insulin to maintain normal blood glucose levels [74, 75]. 
The reduction of the activity of hydroxymethylglutaryl coenzyme A reductase 
(HMG-CoAR) and, as a consequence, of cholesterol synthesis (the target of statin 
therapy) may also be directly involved because an association has been documented 
between reduced HMG-CoAR levels, lower LDL-Cholesterol levels, and increased 
risk of type 2 diabetes [76]. As mentioned above, the concomitant presence of an 
increased body mass index may also contribute [77] together with statin-induced 
changes in the regulation of isoprenoid metabolism and beta-cell-cholesterol 
contents.

Finally, statins are involved in the inflammatory processes as shown by its asso-
ciation with an increase of interleukin-1 secretion from macrophages, which has in 
turn been found to (1) activate the NLRP3 inflammasome that promotes insulin 
resistance [78, 79], (2) down-regulate the insulin receptor substrate 1 [80], and (3) 
decrease circulating adiponectin levels [81]. Adiponectin levels show a negative 
correlation with visceral fat distribution, dyslipidemia and insulin resistance, and 
higher adiponectin levels exhibiting a significant lower risk of type 2 diabetes [82]. 
Some single-nucleotide polymorphisms of the adiponectin gene have also been 
shown to predict low adiponectin levels and increased risk of diabetes [83, 84]. 
While statin-induced NOD is probably a class effect, pravastatin and pitavastatin 
have been recognized as having no effect on glycemic values in patients with and 
without diabetes [85].

The results from the Improved Reduction of Outcomes: Vytorin Efficacy lnter-
national Trial (IMPROVE-IT) study have shown that on the background of statin 
treatment, the lipid lowering effect of the Niemann-Pick C1-Like 1 protein inhibitor 
ezetimibe also reduces cardiovascular events in patients surviving a myocardial 
infarction [86]. The statin-ezetimibe combination did not increase the risk of diabe-
tes. Thus, adding ezetimibe to a statin may be a reasonable alternative to intensifica-
tion of statin therapy, especially in patients with a high risk of developing type 2 
diabetes (Fig. 26.4).
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Fig. 26.4 Effect of diabetes on the hazard ratio (HR) of hospitalization for macrovascular compli-
cations according to adherence with statin therapy. Macrovascular complications on the whole and 
specific macrovascular outcomes (i.e., myocardial infarction, cerebrovascular disease, and myo-
cardial revascularization) are shown in top and bottom panel, respectively (a–d). Hazard ratio 
(HR) of hospitalization for macrovascular complications and 95% Cl was estimated according to 
the Cox proportional hazard model. Adjustments were made for age (continuous), gender, type of 
statin therapy, concomitant use of other drugs, history of CV disease, and categories of Charlson 
comorbidity index score. PDC proportion of days covered From Ref [85], with permission

26.4  Drug-Induced NOD and Cardiovascular Risk

Despite the increase of NOD, trials on antihypertensive or lipid lowering drugs 
treatments were invariably associated with a reduction of cardiovascular outcomes, 
indicating that this adverse effect does not prevent the cardiovascular protection 
associated with these therapeutic interventions. This does not entirely answer the 
question, however, whether drug-induced NOD has an adverse cardiovascular effect 
similar to that of native type 2 diabetes or its consequences on the cardiovascular 
system are more benign or even devoid of an increased cardiovascular risk. This 
hypothesis has been raised because in ALLHAT and other trial patients under anti-
hypertensive treatment developing NOD almost never showed a greater risk of 
diabetic  related complications compared with no NOD patients. This has been 
explained by a few year duration of the trials, i.e., by the fact that NOD cases that 
occur within a 4 or 5 year period before the end of the trial may not allow complica-
tions to develop in a clinically detectable form. However, follow-ups of trials that 
doubled or tripled the original trial duration have provided inconsistent and 
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somewhat difficult to interpret results, which leaves the issue of whether drug-
induced NOD is a true diabetes or the observed increase in blood glucose has, at 
least in part, a cosmetic component still unanswered. In this context, some observa-
tional data have been obtained by Corrao et al. [87] via analysis of patients under 
statin treatment included in the Lombardy database. In 84, 828 patients, a progres-
sive increase of adherence to statin treatment was associated with a progressive 
increase in NOD. Prolonged follow-up of these NOD patients showed that diabetic 
complications were maximal in the group, which had shown a very low adherence 
to statin treatment (<10% of the follow-up time) than in those in which adherence 
to statin treatment was very high (>90% of the follow  up time) in which the risk was 
not significantly different from controls. Based on the assumption that, compared 
with native NOD, statin-induced NOD was much more frequent in patients with a 
very high adherence to statin treatment than in those with very low adherence to 
statin treatment; these results suggest that statin-dependent NOD may be prognosti-
cally more favorable than native NOD. This suggestion should be verified by con-
trolled investigations.

26.5  Future Studies

Many more questions need to be answered to understand what a diabetic condition 
induced by antihypertensive drugs and statins mean for cardiovascular preventive 
strategies. In particular, we need to know whether (1) the increased risk of develop-
ing diabetes with diuretics and BBs becomes progressively greater with the increased 
exposure to these drugs; (2) the drug-related effect just anticipates the inevitable, 
i.e., it uncovers diabetes in individuals who will develop this condition few years 
later anyway; (3) diuretics or BBs have any diabetogenic effect when employed at 
low doses; (4) this effect can be entirely or partially counteracted by the antihyper-
tensive agents with which diuretics and BBs are usually combined, and (5) the risk 
of drug-dependent NOD can be predicted based on demographic, clinical, genetic, 
and ethnic characteristics. It would also be important to obtain more clear data on 
differences between drugs from the same class and on the most proper timing of 
screening for NOD after treatment initiation. More research on the risk of complica-
tions of drug-induced NOD will also be highly desirable.
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27Management of Diabetic Hypertensive 
Patient during Ramadan Fasting

Adel E. Berbari and Najla A. Daouk

27.1  Introduction

Ramadan is the ninth month of the Islamic Calendar and lasts 29–30 days depend-
ing on the visibility of the crescent moon [1].

Fasting during Ramadan, one of the five pillars of Islam, represents a model of 
intermittent fasting [1, 2]. It is characterized by daily cycles of fasting/refeeding and 
abstinence of all kinds of food, fluids, smoking, medications, and intravenous 
administration of all types of nutritional fluids during daylight [1, 2]. The duration 
of daily fasting varies from 12 to 20 h, according to the geographic location and 
season, whether falling in winter or summer [1, 3].

Meals are allowed after sunset to predawn, referred to as Iftar and Suhoor [2]. 
Although the frequency is reduced to two major meals, the total caloric intake often 
does not change [2, 3]. There is no restriction to the type and extent of food consumed 
[3]. However, in some populations, at fast breaking in the evening, the meal is heavier 
with a high meat content, than meals served in non-fasting periods in daily life [4–6].

Ramadan fasting is often associated with reduced physical activity, sleepiness, 
and changes in sleep patterns [4]. Fasters may wake up before sunrise for the pre-
dawn meal and return to sleep [4].

Studies that have evaluated the health effects of Ramadan fasting have reported 
opposing outcomes [3–6].

The aim of this chapter is to review the health effects and therapeutic approaches 
of Ramadan fasting in the following groups of subjects: (i) healthy normotensives, 
(ii) nondiabetic hypertensives, (iii) chronic renal nephropathies, and (iv) normoten-
sive and hypertensive diabetics.
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27.2  Effects of Ramadan Fasting on Blood Pressure

27.2.1  Nondiabetic Normotensive/Hypertensive Subjects

Several studies that have evaluated the effects of Ramadan fasting on blood pressure 
(BP) in nondiabetic normotensive/hypertensive subjects have reported conflicting 
observations [2, 7, 8].

The effect of prolonged period of fasting for 12, 36, and 72 h was evaluated in 29 
healthy normotensive volunteers [8]. Their systolic BP (SBP) increased during the 
12–36 fast periods and returned to near prefasting values at 72 h [8]. Similar increases 
in SBP was also reported during Ramadan fasting. In a study that included 40 subjects 
with no previous history of hypertension fasting Ramadan and 55 nonfasters used as 
a control group, ambulatory BP monitoring demonstrated, in fasters, an increase of 
over 10% in SBP at 18 h, 19 h, and 20 h in respect to baseline determination at 0 h [9].

Conversely, several other studies indicated a fall in both systolic and diastolic BP 
levels during Ramadan [2]. London Ramadan Study (LORANS), which includes 
both an observational study of 85 healthy participants and a review and meta- 
analysis of published studies, evaluated the effect of Ramadan fasting on BP [2]. 
Among the 85 healthy participants, SBP and DBP fell by 7.29 and 3.42 mmHg, 
respectively, during Ramadan independently of weight, total body water, and fat 
mass [2]. Similarly, in the meta-analysis of 33 studies, which included 3213 partici-
pants, SBP and diastolic blood pressure (DBP) were lower by 3.19 and 2.26 mmHg, 
respectively, during the last 2 weeks of Ramadan [2].

In contrast, other studies have demonstrated no change in BP during Ramadan 
[2]. In a study of 89 healthy subjects, SBP remained unchanged in both genders 
during Ramadan, while DBP decreased significantly only in females [10].

In subjects with Grade 1 (mild) and well-controlled hypertension, Ramadan fast-
ing does not appear to confer any adverse health effects, but even may be associated 
with favorable benefits [11–13].

Several studies indicate that during Ramadan fasting, BP levels remain unchanged 
or may even fall in hypertensives [10–13].

In a study of 99 hypertensive subjects, ambulatory BP monitoring (ABPM), per-
formed before and during Ramadan, revealed no significant differences on the 24-h 
BP profile and SBP and DBP in the diurnal and nocturnal intervals between the 
fasting and nonfasting periods [14]. However, there was a delay of 2 h on the peak 
of the awakening BP and 1  h in the nocturnal trough during Ramadan [4, 14]. 
Likewise, in a study on 17-treated hypertensive patients, taking their prescribed 
medications once daily, ambulatory BP recorded twice, before and during the last 
2 weeks of the fasting revealed no significant differences in the averages 24 h, awake 
and asleep BP levels during the two periods [4]. These results were confirmed in a 
study of treated grade 2 and 3 hypertension well controlled on combination therapy 
[15]. Again, there were no statistical differences in the ABPM recorded before and 
during Ramadan, except for a slight BP elevation before dawn, which coincided 
with the consumption of the morning meal [15]. Further, in a study of 21 well-
controlled hypertensive patients, fasting did not alter the nocturnal dipping as evalu-
ated by ABPM [16].
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However, other studies demonstrated that Ramadan fasting may be associated 
with significant reduction in BP in well-controlled hypertensive patients [2]. In 20 
subjects with well-controlled hypertension with medications administered at the 
break and before resumption of fast, ABPM revealed significant reduction in both 
daytime and nighttime BP levels [11]. However, these reductions in BP did not 
require changes in antihypertensive regimen [11]. Another observational study con-
firmed the fall in BP during Ramadan [17].

In terms of temporality, only one study that measures SBP/DBP in three different 
time points reported that a decline in BP occurred after the first week of Ramadan 
[2, 18].

27.2.2  Diabetic Normotensive/Hypertensive Subjects

Several studies have reported BP changes in both normotensive and hypertensive 
diabetic subjects [19–22].

In a large cohort of 1246 normotensive diabetic individuals, Ramadan fasting 
was associated with significant falls in both SBP and DBP [23]. Mean SBP and 
DBP decreased significantly and were from 135.4 ± 14.29/78.3 ± 8.70 mmHg to 
128.5 ± 14.4/76.7 ± 9.9 mmHg [23]. Smaller studies confirmed the Ramadan asso-
ciated fall in BP in normotensive diabetics [19, 20]. Further, the fall in BP appears 
to persist several weeks after the end of the fast [3]. In contrast, one study revealed 
an increase in SBP [24].

The effect of Ramadan fasting in diabetic subjects with untreated or poorly 
controlled hypertension has not well been evaluated [21, 25]. Further, the few 
studies that tackled this issue included only a small number of well-controlled 
diabetic participants, while others omitted to assess the outcome on BP indices 
[21, 26, 27].

In a prospective observational study of 68-treated diabetic hypertensive par-
ticipants, a significant reduction both in BP (SBP/DBP) and body weight was 
documented in Ramadan fasters [27]. Smaller studies confirmed these observa-
tions [20].

Acute hypoglycemic reactions have been described during Ramadan fasting in 
diabetic subjects well controlled with antidiabetic medications [25]. Hypoglycemic 
reactions were evaluated in a study of 300 diabetic subjects with type 2 diabetes 
mellitus [19]. Ramadan fasting induced a significant fall in SBP/DBP in both nor-
motensive and hypertensive diabetic subjects [19]. However, compared with normo-
tensive diabetics, hypertensive diabetics were more prone to develop hypoglycemic 
reactions [19, 28]. Further, the hypoglycemic complications were higher in those 
receiving insulin or sulfonylureas [19, 28]. In contrast, a positive correlation was 
observed between the rate of hypoglycemia and BP changes in pre- and post- 
Ramadan periods [19]. The hypoglycemic reactions were associated with an 
increase in heart rate and SBP [19].

The incidence of hypoglycemic episodes in fasting diabetic type 2 patients has 
been described in 3–4% and appears to be attributed, in most cases to changes in 
doses of antidiabetic drugs or noncompliance with treatment and smoking [19, 29].
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27.3  Liquorice and Blood Pressure Changes

Liquorice, a popular drink during Ramadan fasting in many Arab countries, has 
been shown to cause BP elevation and or hypertension [30].

Glycyrrhizic acid, the active ingredient of liquorice, inhibits the enzyme 11-beta- 
hydroxysteroid dehydrogenase type 2, leading to reduced conversion of the gluco-
corticoid cortisol to cortisone, with subsequent prolonged half-life of the former 
[31]. The glucocorticoid cortisol, which has similar affinity to mineralocorticoid 
receptors in target organs, promotes renal sodium (Na) retention and potassium (K) 
excretion with subsequent volume expansion, suppression of renin-angiotensin sys-
tem (RAS), and hypokalemic hypertension [30, 31]. In addition, by promoting 
angiotensin II binding to vascular smooth muscles, cortisol mediates a direct pres-
sor effect, further contributing to BP elevation and hypertension [30, 31].

In volunteers, liquorice administration, even in small doses, induces an increase 
in BP and even hypertension within 2 weeks [30–33].

No studies have evaluated the effect of liquorice on BP control in Ramadan fast-
ing [33]. However, because of the uneven consumption and individual susceptibil-
ity, it has been recommended to avoid or at least reduce liquorice intake during 
Ramadan [33].

27.4  Effects of Blood Pressure Changes on Renal Function 
in Ramadan Fasting

Several studies have assessed the effects of BP changes on renal function in 
Ramadan fasting.

27.4.1  Normal Renal Function

27.4.1.1  Nondiabetes
In nondiabetic subjects, Ramadan fasting does not appear to have any deleterious 
effect on renal function.

In a study of 20 nondiabetic subjects with well-controlled hypertension on com-
bination therapy, ambulatory BP monitoring revealed a significant fall in 24-h, day-
time and nighttime average BP levels associated with preservation of renal 
function [34].

27.4.1.2  Diabetes
In contrast, in diabetic subjects, a deterioration of renal function has been described 
in Ramadan fasting.

A study of 90 subjects with type 2 diabetes mellitus was classified as group I 
with albuminuria and renal impairment, group II with albuminuria and normal renal 
function, and group III with normal renal function and no albuminuria [35]. 
Compared with groups II and III, subjects (with normal renal function), group I 
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subjects had higher SBP, albuminuria, and lower glomerular filtration rate prior to 
Ramadan fasting [35]. In both groups II and III subjects, SBP and DBP decreased 
significantly lower at the 2 weeks post Ramadan [35]. Similarly, glomerular filtra-
tion rates also fell significantly (114 vs. 77.8 ml/min/1.73m2 in group II and 112.7 
vs. 97.5 ml/min/1.73m2 in group III), although the values remain within the normal 
range [35]. Further, in group II, albuminuria as defined as albumin/creatinine ratio 
(UACR) was higher (UACR = 71.4 ± 21.1 vs. 112.3 ± 72.4 mcg/mg) [35].

27.4.2  Impaired Renal Function/Chronic Kidney Disease

Evaluation of the impact of Ramadan fasting on renal functional parameters in 
patients with impaired renal function has reported opposite observations [35, 36]. 
Some studies demonstrated that in patients with moderate to severe chronic kidney 
disease (CKD), Ramadan fasting did not provoke any adverse renal responses 
[36, 37].

In a prospective study of 31 patients with CKD stages 3/5 with a mean 
eGFR = 29 ± 16.3 ml/min/1.73m2, hypertension in 71% of the patients, and diabetic 
kidney disease in 61%, Ramadan fasting was well tolerated as manifested by a ten-
dency to weight loss, reduction in SBP/DBP, a significant increase in eGFR from 
29.6 ± 6 to 30.9 ± 15.7 ml/min/1.73m2, and persistence of these changes for 1 month 
postfasting [36]. However, age and use of diuretics increase the risk of deterioration 
of renal function in CKD during fasting [37].

Conversely, other studies indicated that fasting during Ramadan increases the 
risk of deterioration of renal function, which may become irreversible in moderate 
to severe CKD [38]. In a prospective observational study of 36 patients with moder-
ate to severe renal insufficiency, fasting during Ramadan led to further deterioration 
of both biochemical profile and renal function, which persisted for 2 weeks after the 
end of Ramadan [39]. Calculated creatinine clearance decreased from a prefasting 
level of 17.1 ± 3.5 to 13.2 ± 2.2 and 13.7 ± 3.2 ml/min to the end of Ramadan and 
2 weeks postfasting, respectively [39]. In nine patients of this study, there was also 
progressive fluid accumulation, weight gain, edema of the lower extremities, and 
poor BP control, requiring frequent adjustment of the management [39].

27.5  Impacts of Fasting/Refeeding Cycles on Blood 
Pressure Regulation

Studies in experimental animals have indicated that the mechanism (s) of BP 
control is (are) disrupted by repeated cycles of food restriction and refeeding [5]. 
Repeated cycles of food restriction and refeeding in a model of genetically obese 
spontaneously hypertensive rats (SHR) were characterized by loss and regain of 
baseline body weight, fluctuations in BP followed later by sustained hyperten-
sion despite food restriction periods [5]. The refeeding hypertension was attrib-
uted to over activity of the sympathetic nervous system [5]. According to the 
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investigators, these observations suggested that repeated fluctuation in body 
weight associated with cycles of fasting/refeeding may provoke adverse health 
consequences [5].

In contrast, numerous studies have reported that Ramadan fasting, a model of 
daily intermittent cycles of fasting/refeeding, is safe and is associated with improve-
ment in BP control and in several laboratory indices of the metabolic syndrome 
[34, 40].

Conversely, other investigators have demonstrated that Ramadan fasting may 
have deleterious and adverse health effects in patients with cardiorenal complica-
tions [41]. Caution has been recommended before undertaking this religious duty in 
certain groups of patients and in the elderly [41].

Certain factors in Ramadan may predispose to adverse health complications: 1) 
dehydration during fasting, especially when Ramadan falls in long summer days, 2) 
disruption of normal regular physical activities and sleep patterns, 3) alterations in 
the chronotherapy of drugs related to the treatment of hypertension and diabetes 
mellitus, 4) change in diet type, 5) consumption of hypertension inducing drinks 
such as liquorice [40, 41].

27.6  Management of Diabetic Hypertensive Fasting Subjects

27.6.1  General Principles

The management of diabetic hypertensive subjects observing fasting during the 
month of Ramadan represents a complex issue. Several factors have been postulated 
to alter basic homeostatic functions [25]. These variables include repeated daily 
cycles of fasting/refeeding, alterations in lifestyle patterns (physical activity, and 
sleep), physiologic function, and pharmacokinetic and pharmacodynamic proper-
ties of prescribed medications [25]. Further, the fasting subjects are prone to dehy-
dration, extracellular fluid contraction, electrolyte abnormalities, hypotension, 
hypoglycemic and dysglycemic episodes, BP and renal functional dysregulation, 
and risk of cardiorenal complications [25].

Lack of adherence to dietary counseling and drug regimen recommendations 
often complicates the management of diabetic hypertensive patients during 
Ramadan fasting [25].

Proper management of these subjects requires dietary counseling and adjustment 
to the prescribed medications [25].

Due to the risk of dehydration, extracellular volume contraction and electro-
lyte imbalance, all classes of diuretics (thiazide diuretics, loop diuretics, and 
aldosterone antagonists), should be withdrawn or avoided [41]. In case their use 
is indicated, the dose of the diuretic should be reduced and should preferably be 
administered with predawn (Suhoor) meal to avoid sleep disturbances with sun-
set (Iftar) meals [41].

Taking medications immediately after large meals should be discouraged to pre-
vent hypotension and orthostatic symptoms especially in the elderly [41].
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Rigorous control of BP, glycemia, and lipid profile is essential in diabetic hyper-
tensive subjects during fasting as in nonfasting periods to reduce the risk of cardio-
renal complications [25].

27.6.2  Treatment of Hypertension

Mild to moderate hypertension well treated with monotherapy or combination ther-
apy poses no health threat to diabetic hypertensive subjects observing fasting during 
the month of Ramadan [42]. BP levels remain unchanged or even fall [4]. These 
findings were confirmed in patients well controlled with grade 2/3 hypertension by 
ambulatory BP recordings [15]. Further, in numerous studies, ambulatory BP trac-
ings revealed reduction in diurnal, nocturnal, and 24 h BP levels [34]. However, 
during the month of Ramadan, the peak of the awakening BP is delayed by 2 h and 
nocturnal trough was delayed by 1 h [14].

A study, which assessed BP changes during Ramadan fasting in subjects with 
untreated prehypertension or hypertension, revealed a significant reduction in BP 
levels on ambulatory BP recordings [41]. These studies suggest that fasting during 
the month of Ramadan appears to be safe and well tolerated in patients with essen-
tial hypertension [42–44].

Patients with severe and uncontrolled hypertension should be advised not to fast 
until the condition is well treated [41].

Fasting patients with hypertensive emergencies should be treated appropriately 
including by intravenous medications [41].

Hypertensive patients well controlled with antihypertensive medications should 
continue taking their prefasting drug regimen [4, 11, 45]. However, adjustment of their 
dosage schedules is advisable to avoid adverse reactions including hypotension [43].

In fasting subjects on monotherapy, the morning or day dose can be shifted to the 
predawn (Suhoor) period [43]. In cases of dual or combination therapy, it is recom-
mended to use preparations with a long duration of action to reduce the number of 
prescribed pills [43].

27.6.3  Treatment of Diabetes Mellitus

Diabetes mellitus represents a high risk state characterized by a wide spectrum of 
clinicopathologic entities and laboratory disturbances that predispose to adverse car-
diorenal events [25, 33]. Further, fasting itself carries a risk of serious comorbid 
events, which include hypo−/hyperglycemic episodes, hyperglycemic hyperosmolar 
syndrome, ketoacidosis, dehydration, extracellular volume contraction, hypotension, 
renal functional impairment, and a hypercoagulable state [3, 45, 46].

Management of the fasting diabetic subjects requires the following: (i) appropri-
ate BP and blood glucose control and (ii) measures to prevent or reduce the risks of 
adverse cardiorenal outcomes, and (iii) interactions between different classes of 
prescribed medications [46].
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Treatment of hypertension has been addressed in the previous paragraph.
Several therapeutic approaches have been used for the control of blood glucose/

hyperglycemic levels by (i) dietary counseling, (ii) oral antidiabetic medications, 
and (iii) insulinotherapy [46].

Dietary counseling has been reported to control blood glucose levels in some 
fasting subjects without the need for medications [46]. Such subjects can observe 
fasting safely with minimal risk [46].

There are several classes of oral antidiabetic agents that are effective in the treat-
ment of diabetes mellitus, either singly or in combination [25, 46]. However, in the 
fasting subjects, it has been recommended to preferably use those compounds asso-
ciated with a reduced risk of hypoglycemia [46]. In general, oral antidiabetic drugs 
that act by increasing insulin sensitivity appear to be associated with a significantly 
lower risk of hypoglycemia than compounds that act by increasing insulin secretion 
[46]. The risk of hypoglycemic reactions have been reported to be lower with met-
formin, thiazolidinediones, short-acting insulin secretagogues, dipeptidyl pepti-
dase- 4 inhibitors, and glucagon-like peptide-1 receptor agonists [25].

The class of sodium-glucose cotransporters-2 (SGLT2) inhibitor recently intro-
duced in the management of diabetes mellitus has been shown to be effective and 
safe in fasting diabetic subjects [25, 47]. These compounds control hyperglycemia 
by inhibition of renal tubular glucose reabsorption and afford cardiorenal and meta-
bolic protection [47]. Further, their use is associated with low rate of hypoglycemic 
and renal adverse reactions [25, 47].

In contrast, sulfonylureas stimulate insulin secretion from pancreatic β-cells [25, 
46]. However, the mechanism is glucose-independent resulting in a higher risk of 
hypoglycemia and making their use in Ramadan concerning [25, 46]. The newer 
generation of sulfonylureas is associated with a lower risk of hypoglycemia and is 
safer to be used during Ramadan [25].

Numerous studies have demonstrated that appropriate combination of antidia-
betic agents can provide effective and safe glycemic control in fasting diabetic 
subjects [25, 46]. Further, several guidelines that have been published by scien-
tific associations serve to recommend approaches for the use of antidiabetic drugs 
in the management of diabetes mellitus in the fasting diabetic subjects [25, 48, 49].

In order to reduce or prevent drug related adverse reactions, it is recommended 
to adjust dosage and timing of drug administration [25, 46, 49]. In general, for sub-
jects receiving oral antidiabetic drugs, it is advisable that the higher dose be given 
in the evening reflecting the larger meal [49].

27.6.4  Drug–Drug Interactions

Diabetic hypertensive subjects who suffer from a wide spectrum of comorbidities 
require a multi-therapeutic regimen of drugs [50]. During Ramadan fasting, these 

A. E. Berbari and N. A. Daouk



445

medications have to be administered concomitantly within a short time period, 
extending from sunset to predawn when meals are allowed [50].

These medicinal compounds, which belong to different classes, may influence 
their therapeutic actions exposing the fasting diabetic subject to potentially serious 
adverse drug reactions referred to drug–drug interactions [50, 51].

A drug–drug interaction is defined as an increase or a decrease of a therapeutic 
action of a specific drug caused by another drug [49].

Antidiabetic drugs have been reported to interact with medications of different 
classes [46, 51]. Further, the risk of a drug–drug interaction is enhanced by the 
number of drugs administered and by aging [51]. In general, the greater the number 
of drugs is taken, the more frequent a clinically relevant drug–drug interaction is 
expected to occur [50]. Further, the decrease in hepatic and renal functions in the 
elderly increases the risk of drug–drug interactions requiring dose adjustment of the 
medications in this age group [50].

The most clinically relevant specific drug–drug interactions with antidiabetic 
agents occur with sulfonylureas, thiazolidinedione, and metformin [50].

27.6.4.1  Sulfonylureas
Hypoglycemia represents a major and serious adverse reaction occurring in about 
20% of fasting diabetic subjects receiving sulfonylureas [25, 49].

Hypoglycemia predisposes to an increased risk of hypotension, falls, and frac-
tures especially in the elderly [25, 50]. Hypoglycemia is independent of the glucose 
lowering action of sulfonylureas but is enhanced by elevated plasma concentrations 
of the drug, impaired renal function, changes in gastric pH, and coadministration 
with dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like peptide-1 (GLP-1) 
analogs, angiotensin-converting enzyme inhibitors (ACEI), nonsteroidal anti- 
inflammatory drugs (NSAID), and salicylates [50].

Dosage and administration of timing of prescribed sulfonylureas are advisable 
during Ramadan fasting to reduce the risk of hypoglycemia [49, 50].

27.6.4.2  Thiazolidinediones
Thiazolidinedione, also known as glitazones, a class of insulin sensitizers, increases 
the sensitivity to insulin of certain tissues without altering pancreatic insulin secre-
tion [50]. Their adverse reactions are related to salt and fluid retention especially 
when coadministered with other antidiabetic compounds [50]. When dispensed in 
combination with sulfonylureas, insulin, and NSAID, thiazolidinediones enhance 
the risk of cardiovascular complications and hypoglycemia [50].

27.6.4.3  Metformin
Metformin is considered one of the safest antidiabetic drugs [49, 50]. However, 
lactic acidosis, a rare but health threatening adverse drug reaction, may occur with 
metformin therapy, especially in subjects with impaired renal function [49, 50].
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Administration of metformin with medicinal compounds that alter glomerular 
filtration may precipitate lactic acidosis [50].

The risk of metformin-associated hypoglycemia is minimal [49, 50].
Metformin absorption rate is delayed when the drug is administered simultane-

ously with food ingestion [50].

27.6.4.4  Cardiovascular Drugs
Diabetic hypertensive patients receive a large number of medications that may inter-
act with antidiabetic drugs [50]. However, only few of the adverse drug reactions 
are relevant to the fasting diabetic subjects.

Antihypertensive medications, which are frequently comedicated with antidia-
betic drugs either enhance the hypoglycemic effect as with ACEI or impair the anti-
diabetic drug efficacy as with thiazide diuretics [50].

Further, patients with type 2 diabetes mellitus are comedicated with vitamin 
K antagonists such as warfarin for associated cardiovascular comorbidities [50]. 
Comedication of vitamin K with sulfonylureas has been reported to enhance 
hypoglycemic reactions and bleeding tendency in diabetic hypertensive sub-
jects [50].
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28Control of Blood Glucose 
and Cardiovascular Risk Profile

Stefano Ciardullo and Gianluca Perseghin

28.1  Introduction

The most recent report from the International Diabetes Federation estimated that the 
global diabetes prevalence was 9.3% in 2019 (463 million people) and that it will 
rise to 10.9% (700 million) by 2045. Type 2 diabetes (T2D) accounts for approxi-
mately 90% of the cases, with other forms, including type 1 diabetes (T1DM) and 
gestational diabetes (GDM) representing less than 10% [1]. This epidemic has seri-
ous public health consequences. A large body of evidence supports the notion that 
patients with diabetes have a higher risk of dying from cardiovascular events com-
pared with normoglycemic individuals even after other traditional risk factors are 
taken into account [2]. In particular, a large meta-analysis from the Emerging Risk 
Factors Collaboration, including data for 698,782 people from 102 prospective 
studies, showed that after adjustment for age, sex, smoking, systolic blood pressure, 
and body mass index (BMI), patients with diabetes had adjusted hazard ratios (aHR) 
of 2.0 for coronary artery disease (CAD), 2.3 for ischemic stroke, and 1.7 for the 
aggregate of other vascular deaths [3]. It has also been repeatedly demonstrated that 
among patients with T2DM, worse glycemic control is associated with higher risk 
of cardiovascular events and microvascular complications [4]. In the present chap-
ter, we will discuss evidence on the effect of achieving a better glycemic control per 
se on the incidence of cardiovascular events in patients with diabetes and whether 
the use of specific medications has an impact on this endpoint. To minimize con-
founding, we based our considerations on evidence obtained from randomized con-
trolled trials (RCTs) or meta-analyses of RCTs [5].
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28.2  Glycemic Control and Cardiovascular Complications

Approximately 50 years after its discovery by Samuel Rahbar in the 1960s [6], in 
2010, hemoglobin A1c (HbA1c) was added to the diagnostic criteria for diabetes 
mellitus. More importantly, it has become the universally accepted standard for 
assessing diabetes control and its levels served as the primary endpoint for most 
trials evaluating the effect of glycemic control on cardiovascular events.

Five large randomized clinical trials were designed to test the hypothesis that 
more stringent glycemic control reduces the incidence of micro- and macrovascular 
complications in diabetes. In these trials, the number of events occurring in the so- 
called standard treatment group (aiming at HbA1c levels between 7.3% and 9% in 
the different studies) was compared with those occurring in the intensive treatment 
group (aiming at HbA1c levels below 6.0–6.5%). Main results of these trials are 
summarized in Table 28.1 and discussed in detail in the present section in chrono-
logical order.

28.2.1  Diabetes Control and Complications Trial (DCCT)

The DCCT was performed in 1441 patients with T1DM of 1–15 years duration and 
a low rate of complications at baseline. It evaluated whether near-normal glycemic 
control obtained through multiple daily insulin injections or continuous insulin 
pump would prevent micro- and macrovascular complications [7]. The intensive 
treatment group was treated to obtain an HbA1c < 6.0%, whereas no specific target 
was defined for the control group. Nonetheless, achieving and maintaining this out-
come was difficult, with less than half patients in the intensive group reaching the 
goal at least once and less than 5% maintaining this target for the entire duration of 
the trial (6.5 years). As a result, mean HbA1c levels in the intensive and conven-
tional treatment groups were 7.0% and 9%, respectively. There was a significant 
reduction in the incidence of all microvascular complications in the intensive group, 
with no difference in the incidence of macrovascular events or mortality. It should 
be noted that patients in the intensive treatment arm had more severe hypoglycemic 
events and experienced significant weight gain. At the end of the trial, all patients 
were advised to follow the intensive treatment arm and were reevaluated for up to 
30-years of follow-up. During this observational study, called EDIC (Epidemiology 
of Diabetes Interventions and Complications), HbA1c levels converged to approxi-
mately 8.0% in both groups [8]. Intensive therapy reduced the incidence of any 
cardiovascular disease by 30% (95% CI 7, 48; P = 0.016), and the lower HbA1c 
levels during the DCCT/EDIC statistically accounted for all of the observed treat-
ment effect.
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28.2.2  The UK Prospective Diabetes Study (UKPDS)

The UKPDS recruited 5100 newly diagnosed patients with T2DM [9]. The conven-
tional arm was advised to continue diet and weight control, whereas the intensive 
arm was treated to achieve a fasting plasma glucose (FPG) lower than 108 mg/dl 
with the use of sulfonylureas (SUs) or basal insulin. In both groups, rescue therapy 
with insulin was introduced with FPG levels >270 mg/dl. The intensively treated 
group achieved an HbA1c level < 6.0% in the first year, but a progressive increase 
was found with longer follow-up [10]. Again, a significant reduction in microvascu-
lar complications was present in the intensively treated patients, but no significant 
differences were found for cardiovascular endpoints and all-cause mortality. A 
UKPDS substudy, involving 342 overweight patients, randomized participants to a 
metformin arm, or to a SUs/basal insulin arm. Although probably not adequately 
powered to evaluate specific complications, the study showed lower all-cause mor-
tality and cardiovascular complications in the metformin arm [11]. These results 
highlighted how the use of specific drugs might in part modulate the effect of gly-
cemic control on cardiovascular complications.

28.2.3  Action to Control Cardiovascular Risk 
of Diabetes (ACCORD)

This trial recruited 10,251 patients with T2DM with either established cardiovascu-
lar disease or additional cardiovascular risk factors [12]. The intensive and standard 
treatment groups targeted an HbA1c level below 6.0% or between 7.0 and 7.9%, 
respectively. Major adverse cardiovascular events (MACE), comprising nonfatal 
myocardial infarction, nonfatal stroke, or death from cardiovascular causes, served 
as the primary study endpoint. Several classes of drugs including metformin, SUs, 
thiazolidinediones (TZDs), exenatide, and insulin were used in both groups, and the 
achieved Hba1c levels were 6.4% and 7.5%. The trial was stopped early as an 
increased risk of all-cause mortality was found in the intensively treated group (HR: 
1.22; 95% CI, 1.01–1.46; P = 0.04). On the other hand, a nonsignificant trend for 
lower incidence of MACE was present. Similar results were obtained with long- 
term follow-up [13].

28.2.4  Action in Diabetes and Vascular Disease: Preterax 
and Diamicron Modified Release Controlled 
Evaluation (ADVANCE)

This trial enrolled 11,140 patients with a long history of T2DM and at high cardio-
vascular risk. Intensive glycemic control was defined by the use of gliclazide modi-
fied release plus other drugs as required to achieve an HbA1c value of 6.5% or less 
[14]. The two groups achieved HbA1c levels of 6.5% and 7.3%, respectively. A 
significant reduction of new-onset nephropathy was achieved by stricter glycemic 
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control, whereas the incidence of macrovascular complications or death did not dif-
fer between groups. Also in this case, incidence of macrovascular events was similar 
between the groups in the long-term follow-up study [15]. On the other hand, there 
was no sign of an increased risk of all-cause mortality.

28.2.5  The Veteran Affairs Diabetes Trial (VADT)

The VADT investigators recruited 1791 military veterans with long-standing, poorly 
controlled T2DM and a high rate of complications to evaluate the impact of inten-
sive glycemic control on MACE. The goal in the intensive therapy group was an 
absolute reduction of 1.5% in the HbA1c level, as compared with the standard ther-
apy group [16]. This was achieved, as the two groups reached HbA1c levels of 6.9% 
and 8.4%, respectively. The rate of events was lower than predicted in both groups. 
No difference in the primary endpoint was present at the end of the trial between the 
treatment arms, whereas a lower risk of progression to microalbuminuria was evi-
dent in the intensively treated group. Once more, hypoglycemic episodes were more 
frequent in patients in the intensively treated arm. At 10-year follow-up, there was a 
statistically significant reduction in MACE in the intensively treated arm, which 
could suggest a potential legacy effect [17]. Recently, 15-year follow-up data from 
the study have been reported, showing no difference in the incidence of the primary 
outcome between the two treatment arms as HbA1c levels converged with time [18].

28.2.6  Meta-Analytic Assessment and Interpretation

Several aspects should be taken into account when trying to summarize results from 
these large RCTs. First, there was significant heterogeneity among study partici-
pants on diabetes subtype, disease duration, the rate of complications and comor-
bidities at baseline, glycemic targets, achieved HbA1c levels, and duration of 
follow-up. Second, antidiabetic drugs used in the trials differed, as did the method 
of therapy escalation and the incidence of hypoglycemic events, which were consis-
tently higher in the intensively treated arms. These aspects fuel the never-ending 
debate on the optimal HbA1c target to be achieved in clinical practice.

A quite consistent finding across the trials is the reduction in the incidence of 
microvascular complications, even though not all of them were reduced in each 
study. This is not surprising as glucose levels represent the major pathogenic mech-
anism underlying the development of these complications. On the other hand, as 
summarized above, data on macrovascular events and mortality were not consistent, 
even though most studies suggested that longer follow-up time might be necessary 
to detect a beneficial effect of diabetes control.

As limited statistical power might also have affected results, trials performed in 
patients with T2DM were pooled to obtain meta-analytic evidence on the topic. 
Kelly et al. reviewed data on early (UKPDS-33 and UKPDS-34) and more recent 
trials (ACCORD, ADVANCE, and VADT) [19]. The evaluation of 27,802 patients 
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showed that intensive control reduced the risk for cardiovascular disease (RR 0.90 
[95% CI, 0.83–0.98]) but not cardiovascular death (RR, 0.97 [CI, 0.76–1.24]) or 
all-cause mortality (RR, 0.98 [CI, 0.84–1.15]). Conversely, intensive glucose con-
trol increased the risk for severe hypoglycemia (RR, 2.03 [CI, 1.46–2.81]).

While the cause of increased mortality in the ACCORD trial is still a matter of 
debate, it seems reasonable to speculate that it was not directly related to the 
achieved HbA1c level, but to the specific methods and drugs used to achieve it [20]. 
This is also supported by the results of the UKPDS-34 trial, in which metformin use 
was associated with lower mortality compared with insulin/SUs. A possible con-
founder of the association between glycemic control and cardiovascular events is 
represented by the occurrence of serious hypoglycemic events. A large body of evi-
dence has demonstrated that hypoglycemia is one of the strongest predictors of 
macrovascular events, adverse clinical outcomes, and death in people with T2DM 
[21, 22]. As an example, an analysis of the ADVANCE trial showed that severe 
hypoglycemia was associated with a significant increase in the adjusted risks of 
MACE (HR 2.88; 95% CI, 2.01–4.12), cardiovascular death (HR 2.68; 95% CI, 
1.72–4.19), and all-cause mortality (HR 2.69; 95% CI, 1.97–3.67) [23].

In conclusion, compelling evidence supports a beneficial role of intensive glyce-
mic control on microvascular diabetes complications. A significant heterogeneity 
exists across different studies on the effects of intensive treatment on cardiovascular 
events. Nonetheless, results with longer follow-up and meta-analytic evidence sup-
port a favorable effect of obtaining near-normal HbA1c levels on MACE, especially 
when these are achieved without the occurrence of hypoglycemic events [24].

28.3  Changing the Focus of Regulatory Agencies 
and Clinical Trials

In 2006, Nissen and colleagues published a meta-analysis of 42 trials with rosigli-
tazone, a peroxisome proliferator-activated receptor agonist that was frequently uti-
lized in clinical practice to treat patients with T2DM.  The primary endpoints 
considered were myocardial infarction and death from cardiovascular causes [25]. 
The incidence of both outcomes was higher among patients treated with rosigli-
tazone compared with the control group (OR for myocardial infarction: 1.43, 95% 
CI 1.03–1.98; P = 0.03; OR for death from cardiovascular causes: 1.64, 95% CI 
0.98–2.74; P = 0.06). The authors concluded that a change was due to the regulatory 
pathways for the development of drugs to treat diabetes. Until then, the Food and 
Drug Administration (FDA) considered demonstration of a sustained reduction in 
blood glucose levels with an acceptable safety profile adequate for approval of anti-
diabetic agents. On the other hand, the authors claimed that the ultimate value of 
treatment is the reduction of the complications of diabetes, and improvement in 
glycemic control could not be considered a reliable predictor of a reduction in car-
diovascular events, which are the most common cause of death in these patients. 
Although the results of this meta-analysis have been criticized and discredited [26], 
in 2008, the FDA started to require that manufacturers conduct additional studies to 
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detect atherosclerotic cardiovascular risk for all prospective FDA-approved thera-
pies for the treatment of T2DM [27]. Drugs could be approved or stay on the market 
only if these studies did not show concerns of an increased risk of MACE. As a 
result, a large number of cardiovascular safety/outcome trials (CVOTs) were per-
formed recruiting patients at high CV risk, the primary endpoint being non- 
inferiority compared with placebo on the incidence of MACE.  It should be 
emphasized that in order to differentiate the effect of the drug from the effect of a 
better glycemic control, all trials aimed at achieving the same HbA1c levels in the 
active drug arm and the placebo arm (glycemic equipoise). In the following section, 
we summarize evidence obtained from RCTs with a cardiovascular endpoint for 
different therapeutic modalities and how these results influenced recent clinical 
practice guidelines from international societies.

28.3.1  Lifestyle Intervention

Evidence on the long-term effects of weight loss achieved through physical exercise 
and diet on cardiovascular outcome is limited. The largest trial to date (Look 
AHEAD, sponsored by the National Institute of Health) randomized 5145 over-
weight or obese patients with T2DM to intensive lifestyle intervention (decreased 
caloric intake and increased physical activity) or diabetes support and education 
(control group). The intensive arm aimed to achieve significant weight loss (defined 
as ≥7% of baseline weight) and increase physical activity to ≥175  min/week. 
Weight loss was greater in the intensive lifestyle intervention group both at year 1 
(8.6% versus 0.7%) and at the end of follow-up (9.6 years: 6.0% vs 3.5%). Patients 
in the intensive treatment group also achieved better glycemic control (especially in 
the first 3–4 years) and a reduction in most CV risk factors, apart from low-density 
lipoprotein cholesterol. Despite all these improvements, the trial was stopped early 
on the basis of a futility analysis as the incidence of MACE was similar between the 
two groups (HR 0.95, 95% CI 0.83–1.09) [28]. It should be stressed, however, that 
patients in the intensive arm had significant benefits on secondary outcomes includ-
ing sleep apnea, renal disease, overall fitness, and depression [29–32].

28.3.2  Metformin

While no adequately powered randomized clinical trial with a primary CV endpoint 
was performed comparing metformin treatment with placebo, indirect evidence 
seems to suggest a protective role of this drug. Apart from data from the already 
described UKPDS-34 trial, two additional small randomized studies support this 
notion. In the HOME trial, 390 patients treated with insulin were randomly assigned 
to either metformin or placebo and followed for a median of 4.3 years [33]. While 
the incidence of the primary endpoint of combined microvascular events did not 
differ between groups, patients in the metformin arm had a lower incidence of the 
macrovascular endpoint (HR 0.61, 95% CI 0.40–0.94; P = 0.02), which included 
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cardiac, cerebrovascular, and peripheral arterial events. The second trial (SPREAD- 
DIMCAD) randomized 304 patients with T2DM and CAD to treatment with met-
formin or glipizide for a median of 5  years [34]. The composite cardiovascular 
outcome occurred less frequently in patients receiving metformin (HR 0.54, 95% CI 
0.30–0.90).

28.3.3  Insulin

Cardiovascular safety of insulin glargine was assessed in the ORIGIN trial. In the 
study, 12,537 patients with cardiovascular risk factors plus impaired fasting glu-
cose, impaired glucose tolerance, or T2DM were randomized to receive insulin 
glargine or standard care [35]. No difference was found in the primary outcome of 
MACE (HR 1.04, 95% CI 0.97–1.11). When insulin degludec was compared with 
insulin glargine in the DEVOTE head-to-head CVOT, no difference in the primary 
endpoint was seen (HR 0.91, 95% CI 0.78–1.06) [36]. Taken together, these results 
suggest a neutral role of insulin on CV events.

28.3.4  Thiazolidinediones (TZDs)

This class comprises pioglitazone and rosiglitazone, which have different binding 
affinities for peroxisome proliferator-activated receptors. As previously discussed, a 
meta-analysis by Nissen et al. raised concerns on CV safety of rosiglitazone. With 
regard to MACE, these concerns were not confirmed in the RECORD trial, which 
showed no difference between the rosiglitazone and the placebo groups on the pri-
mary endpoint consisting in hospitalization or death from cardiovascular causes 
(HR 0.99, 95% CI 0.85–1.16) [26]. A significant increase in HF hospitalizations 
was evident (HR 2.10, 95% CI 1.35–3.27). In the PROACTIVE clinical trial, 
patients with T2DM randomized to pioglitazone had a similar incidence of the pri-
mary endpoint (MACEs plus PVD events) compared with placebo. Interestingly, 
when only MACE was considered as an outcome, a significant reduction was pres-
ent in the active treatment arm (HR 0.84, 95% CI 0.72–0.98) [37]. Conversely, an 
increased risk for HF hospitalization was present.

28.3.5  Dipeptidyl Peptidase-4 Inhibitors (DPP4-I)

The DPP4 enzyme is a ubiquitously expressed endopeptidase involved in cleaving 
several peptides. Its role in T2DM is related to the degradation of glucagon-like 
peptide 1 (GLP1), an incretin hormone that mediates glucose-dependent insulin 
secretion in response to food intake [38]. Inhibition of this activity therefore leads 
to increased incretin activity and a higher insulin response to glucose, without caus-
ing hypoglycemia. Clinical features of patients included in CVOTs with this class 
of drugs, and results on the primary endpoint are summarized in Table 28.2. They 
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Table 28.2 Cardiovascular safety trials with dipeptidyl peptidase-4 inhibitors (DPP4-i)

Trial
SAVOR-TIMI 
53 [39]

EXAMINE 
[40]

TECOS 
[42]

CARMELINA 
[43]

CAROLINA 
[44]

Drugs Saxagliptin vs. 
placebo

Alogliptin vs. 
placebo

Sitagliptin 
vs. placebo

Linagliptin vs. 
placebo

Linagliptin 
vs. 
glimepiride

Number of 
participants

16,492 5400 14,671 6979 6033

Age (years) 65 61 66 65 64
DM duration 
(years)

10 7.2 9.4 14.7 6.2

HbA1c (%) 8.0 8.0 7.3 7.9 7.2
Inclusion 
criteria

Age 40 years 
and CVD or
Age 55 years 
and at least 
one CV risk 
factor

Recent 
(<90 days) 
acute coronary 
syndrome

CAD, 
CVD, or
PVD

CVD and/or
CKD

CVD or
Age 70 years, 
or
At least two
CV risk 
factors

Previous
CVD (%)

78 100 100 57 42

Follow-up
(years)

2.1 1.5 2.8 2.2 6.3

Primary 
endpoint

3-point MACE
1.00 
(0.89–1.12)

Three-point 
MACE
0.96 (95% UL 
<1.16)

Four-point 
MACE
0.98 
(0.89–1.08)

Three-point 
MACE
1.02 
(0.89–1.17)

Three-point 
MACE
0.98 
(0.84–1.14)

HF 
hospitalization

1.27 
(1.07–1.51)

1.19 
(0.90–1.58)

1.00 
(0.83–1.20)

0.90 
(0.74–1.08)

1.21 
(0.92–1.59)

Abbreviations: DM diabetes mellitus, CVD cardiovascular disease, CAD coronary artery disease, 
PVD peripheral vascular disease, CKD chronic kidney disease, MACE major adverse cardiovascu-
lar events, HF heart failure

consistently showed cardiovascular safety of this class of drugs on MACE, with no 
sign of either harm or protection. On the other hand, a worrying signal was found in 
the SAVOR-TIMI 53 trial, in which patients randomized to saxagliptin had a higher 
incidence of heart failure (HF) hospitalizations (HR: 1.27, 95% CI 1.07–1.51) [39]. 
While a similar, although not statistically significant trend was found in the 
EXAMINE trial (evaluating alogliptin) [40] and an increase in left ventricular vol-
umes with no effect on left ventricle ejection fraction was found with vildagliptin in 
comparison with placebo in the VIVIDD trial [41], results from the other trials 
performed with sitagliptin and linagliptin [42–44] were reassuring.

28.3.6  Sulfonylureas (SUs)

As previously described, although focused on achieving a better glycemic control, 
patients in the intensive treatment arm of the ADVANCE trial were prescribed gli-
clazide as a first line drug, with no significant impact on cardiovascular events. 
Furthermore, indirect evidence on SUs can be drawn from comparison with other 
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drugs. As previously shown, SUs were associated with higher incidence of MACE 
in the SPREAD-DIMCAD and UKPDS-34 trials, when compared with metformin 
[34]. On the other hand, the CAROLINA trial, which compared the effects of 
glimepiride and linagliptin (see Table 28.2), showed no difference in the incidence 
of MACE between the two groups [44]. As linagliptin showed neutrality compared 
with placebo in the CARMELINA trial, it is reasonable to assume that glimepiride 
treatment is not associated with an increased CV risk. This is also supported by the 
results of the TOSCA.IT trial, in which SUs (mainly gliclazide) were compared 
with pioglitazone, showing no difference in MACE [45] and by a recent meta- 
analysis of RCTs showing neutral effects of SUs on CV mortality [46]. In this last 
study, however, important concerns of a possible increased risk in all-cause mortal-
ity were raised.

28.3.7  GLP1-Receptor Agonists (GLP1-RA)

This class involves a series of peptide hormones that directly bind and activate the 
GLP1 receptor. Compared with the native GLP1 hormone (which is rapidly degraded 
by DPP4), they have been chemically modified in different ways to gain resistance 
against the DPP4 enzyme activity, thereby increasing their half-life [47]. They lead 
to significant reductions in HbA1c levels without directly causing hypoglycemic 
events and are also associated with a blood pressure lowering effect [48]. This 
potent effect resulted in lower HbA1c levels obtained in the active treatment arm 
despite aiming to a glycemic equipoise. As shown in Table 28.3, most CVOTs with 
this class of drugs showed a protective effect on MACE and a neutral effect on HF 
hospitalizations. A recent meta-analysis pooling all these trials together showed that 
these agents lead to a 12% reduction in MACE, a 12% reduction in CV death, a 16% 
reduction in stroke, and a 9% reduction in MI [49]. Moreover, a significant reduc-
tion was present for all-cause mortality (HR 0.88, 95% CI 0.83–0.95) and HF hos-
pitalizations (HR 0.91, 95% CI 0.83–0.99) [49]. Results were consistent in subgroup 
analysis stratified by sex, age, BMI, kidney function, and the presence or absence of 
CVD at baseline. Finally, data showed a significant reduction in albuminuria, 
whereas no difference was found in worsening of kidney function in terms of esti-
mated glomerular filtration rate.

28.3.8  Sodium Glucose Transporter 2 Inhibitors (SGLT2-I)

SGLT-2 is a transporter expressed in the proximal convoluted tubule in the kidneys 
and responsible for the large part of glucose reabsorption, following filtration in the 
glomerulus [50]. Inhibition of this activity by this class of agents leads to glycosuria 
and therefore lowers circulating glucose levels. Notably, systolic blood pressure 
also decreases by 3–5 mmHg following treatment [51]. The first CVOT with this 
class of agents (EMPAREG-OUTCOME with empagliflozin) was reported in 2015 
and showed great promise, as patients in the active treatment group had a lower 
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incidence of MACE compared with those assigned to placebo (HR 0.86, 95% CI 
0.74–0.99) [52]. Even more promising were the results on CV mortality (HR: 0.62, 
95% CI 0.49–0.77) and HF hospitalizations (HR: 0.65, 95% CI 0.50–0.85). These 
data were later confirmed in the CANVAS program with canagliflozin [53]. While 
the effect on MACE was neutral in the other two CVOTs (with dapagliflozin and 
ertugliflozin), a consistent effect on HF and on the incidence and progression of 
nephropathy was present in all trials (Table  28.4), when meta-analysis was per-
formed [54]. Based on the results on these secondary endpoints in CVOTs, several 
clinical trials focused on patients with HF and chronic kidney disease (CKD) were 
performed, including patients with and without diabetes. The positive effects of 
empagliflozin and dapagliflozin on HF were confirmed in the EMPEROR-Reduced 
and DAPA-HF trials, respectively, which recruited patients with HF and a reduced 
ejection fraction (EF) [55, 56], and in the SOLOIST-WHF trial, which evaluated the 
use of sotagliflozin in patients recently hospitalized for worsening HF, indepen-
dently from EF [57]. Two other trials (EMPEROR-Preserved and DELIVER) will 
evaluate the effect of empagliflozin and dapagliflozin in patients with HF and a 
preserved EF, a condition in which no drug yet demonstrated significant protection.

Finally, dedicated renal outcome trials have been performed. In CREDENCE, 
conducted in patients with T2DM and macroalbuminuria, treatment with 

Table 28.4 Cardiovascular and renal safety/outcome trials with sodium-glucose transporter 2 
inhibitors (SGLT2-i)

Trial
EMPA-REG 
OUTCOME [52] CANVAS [53]

DECLARE-TIMI 
58 [78] VERTIS [79]

Baseline Empagliflozin vs. 
placebo

Canagliflozin 
vs. placebo

Dapagliflozin vs. 
placebo

Ertugliflozin 
vs. placebo

Number of 
participants

7020 10,142 17,160 8246

Age (years) 63 63 63 64
DM duration 
(years)

57% >10 13.5 11.8 13

Baseline HbA1c 
(%)

8.1 8.2 8.3 8.2

Previous CVD 
(%)

99 65 40 99

CV risk inclusion 
criteria

CVD or PVD CVD or PVD CVD or at least 
one CV risk factor

CVD or PVD

Follow-up 
(years)

3.1 2.4 4.5 3.5

Primary endpoint Three-point 
MACE
0.86 (0.74–0.99)

Three-point 
MACE
0.86 (0.75–0.97)

Three-point MACE
0.93 (0.84–1.03)

Three-point 
MACE
0.97 
(0.85–1.11)

HF 
hospitalization

0.65 (0.50–0.85) 0.67 (0.52–0.87) 0.83 (0.73–0.95) 0.70 
(0.54–0.90)

Abbreviations: DM diabetes mellitus, ACS acute coronary syndrome, CVD cardiovascular disease, 
PVD peripheral vascular disease, CKD chronic kidney disease, MACE major adverse cardiovascu-
lar events, HF heart failure
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canagliflozin led to a 30% reduction in the incidence of end-stage kidney disease 
(dialysis, transplantation, or a sustained eGFR of <15 ml/min) [53]. Results were 
confirmed in the DAPA-CKD trial, exploring the effect of dapagliflozin compared 
with placebo in 4304 patients with CKD with and without diabetes [58].

28.3.9  The Impact on International Guidelines

This large number of positive, and sometimes unexpected, results had a major 
impact on recommendations for treatment of T2DM from international societies. In 
particular in the Standards for Medical Care in Diabetes from the American 
Diabetes Association [59], while metformin remains the first line therapy, cardio-
vascular risk assessment became the first step in the treatment algorithm if further 
agents are to be introduced. Patients with known or at high risk for atherosclerotic 
CVD should be treated with either a GLP1-RA or an SGLT2-I with proven benefit. 
Moreover, if the patient suffers from HF or has CKD and proteinuria, an SGLT2-I 
is preferred. The 2019 Guidelines on diabetes, prediabetes, and cardiovascular dis-
ease from the European Society of Cardiology, developed in collaboration with the 
European Association for the Study of Diabetes, gave CVD risk assessment an even 
more important role. According to the proposed algorithm, SGLT2-I or GLP1-RA 
are considered first line treatment for drug naïve patients with T2DM and at high or 
very high CV risk, while metformin should be added to these agents if HbA1c 
remains above target [60]. Moreover, if patients at high or very high risk are already 
on metformin treatment, one of these agents should be added to the regimen, inde-
pendently from HbA1c levels.

28.4  Additional Measures of Glycemic Control

HbA1c levels carry a strong predictive value for diabetes complications and are 
considered the primary tool for assessing glycemic control [61]. Furthermore, the 
A1c-Derived Average Glucose (ADAG) study showed a strong correlation between 
HbA1c levels and self-monitored blood glucose (SMBG) as well as continuous glu-
cose monitoring (CGM) (r = 0.92) [62]. Nonetheless, HbA1c has some limitations. 
Apart from specific conditions affecting its performance in estimating mean blood 
glucose concentrations, such as conditions that affect red blood cell turnover (e.g., 
anemias, recent transfusions, and cirrhosis), end-stage kidney disease, and preg-
nancy, it cannot provide an estimate of hypoglycemic events and glycemic variabil-
ity. Both conditions have been linked to CVD, even after adjustment for mean blood 
glucose levels or HbA1c [63–65]. Especially in patients with T1DM and those 
prone to a significant glycemic variability, a CGM system may provide a more accu-
rate picture of the glycemic status. Several parameters can be obtained from analy-
sis of CGM data, such as the amount of time spent in hypoglycemia, the time in 
range (TIR), and the time above range [66]. While data on the relationship between 
TIR and the incidence of cardiovascular events in large studies is still lacking, this 
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measure is associated with the risk of microvascular complications. Using seven- 
point blood glucose profiles obtained from patients with T1DM in the DCCT trial, 
Beck et al. reported that the incidence of diabetic retinopathy and microalbuminuria 
increased by 64% and 40%, respectively, for each 10% decrease in TIR [67]. 
Similarly, Lu et al. evaluated the association between TIR and diabetic retinopathy 
in 3262 patients with T2DM. Results showed that patients with retinopathy had a 
lower TIR (defined as time spent with blood glucose levels of 70–180 mg/dl) and 
that the prevalence of retinopathy decreased with increasing TIR [68]. While imple-
mentation of CGM systems in clinical practice is still low and highly variable across 
countries, data obtained with these technologies give a much more detailed descrip-
tion of glycemic control, similar to what occurs with ambulatory blood pressure 
monitoring compared with office blood pressure measurement. Whether higher gly-
cemic variability detected through these systems impacts on the incidence of mac-
rovascular complications independently from mean blood glucose levels is still to 
be proven. However, several studies using indirect biomarkers of endothelial dys-
function and subclinical atherosclerosis seem to suggest an important relation-
ship [69].

28.5  Final Remarks

In conclusion, achieving a good glycemic control in patients with diabetes leads to 
a fairly rapid reduction in the incidence of microvascular complications (retinopa-
thy, neuropathy, and nephropathy). Intensive treatment is associated with a reduc-
tion in macrovascular complications as well, even though this protective effect 
seems to become evident with longer follow-up (more than 10 years) and in particu-
lar in patients with short diabetes duration and no prevalent CVD [70]. Furthermore, 
the use of specific drugs for the treatment of T2DM plays a major role. A series of 
pivotal CVOTs showed that GLP1-RA and SGLT2-I reduce the incidence of cardio-
vascular and renal events through mechanisms that are at least in part independent 
from their blood glucose lowering effects. This exciting finding has revolutionized 
diabetes care and clinical practice guidelines, which now recommend the use of 
these drugs to reduce complications independently from glycemic control, particu-
larly in patients with prevalent CVD, HF, and CKD.
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29Orthostatic Hypotension and Diabetes

Cesare Cuspidi , Elisa Gherbesi, Carla Sala, 
and Marijana Tadic

29.1  Introduction

Diabetes mellitus (DM) is associated with the development of premature cardiovas-
cular disease, which relates to the clustering of risk factors such as hyperglycemia 
in the presence of insulin resistance, hypertension, dyslipidemia, obesity, and sub-
clinical systemic inflammation [1, 2]. In particular, hypertension is known to be 
highly prevalent among patients with DM. Similarly, it is known that the prevalence 
of DM in hypertensive patients is markedly higher than in the general population. 
The ipertensione diabetes (IPERDIA) study, a multicenter cross-sectional surveys.

performed in a cohort of 1397 patients with hypertension referred to 30 hospital 
outpatient clinics for the treatment of hypertension, revealed that DM was present 
in a high percentage of participants (17%) [3]. Patients with DM were older and had 
higher values of body mass index (BMI), systolic blood pressure (BP), and lower 
high-density lipoprotein cholesterol as well as higher triglyceride levels and micro-
albuminuria than individuals without it. The close association between hypertension 
and DM has been further confirmed over time by the growing diffusion of BP mea-
surement techniques outside the clinical setting. An altered circadian rhythm of BP 
(i.e., nondipping and reverse dipping pattern) has been documented to be highly 
prevalent in patients with long-lasting type 2 DM [4]. In a study from our group, 
carried out in a carefully selected sample of patients with a history of type 2 DM of 
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more than 10 years, a reproducible nocturnal nondipping profile, as assessed by two 
24-h periods of ambulatory BP monitoring within a 4-week period, was found in 
58% of cases [5]. A cross-sectional analysis of 567 participants in the Jackson Heart 
Study, a population-based study of African Americans, taking antihypertensive 
medication, showed that patients with DM were more likely to have day-time hyper-
tension, masked hypertension, and masked isolated nocturnal hypertension [6]. 
However, the spectrum of BP alterations in DM not only is limited to a variety of 
hypertensive phenotypes (i.e. sustained, masked, nocturnal, and white coat hyper-
tension) but also includes the opposite phenomenon represented by hypotension, 
and in particular, orthostatic hypotension (OH) [7, 8]. OH is a dangerous condition 
whose failure to identify leads to an underestimation of the global cardiovascular 
risk in the general population and in the hypertensive and diabetic setting. 
Symptomatic OH is regarded as the most disabling features of autonomic dysfunc-
tion and a strong predictor of adverse cardiovascular outcomes [9]. Importantly, it 
should be noted that even asymptomatic OH shares the same unfavorable clinical 
and prognostic significance as the symptomatic one [10]. Nonetheless, in clinical 
practice, attention to postural hypotension is largely neglected, resulting in a subop-
timal prevention and treatment of its harmful consequences.

Thus, this present chapter will review a number of issues concerning OH and its 
association to DM with particular attention to: (I) pathogenetic mechanisms, (II) 
prevalence and clinical correlates, (III) prognostic significance, (IV) impact of 
drugs on orthostatic regulation of BP, and (V) clinical aspects and therapeutic 
interventions.

29.1.1  Pathigenetic Mechanisms

The healthy individual is able to minimize the orthostatic BP drop thanks to a nor-
mal plasma volume, intact baroreflexes, and efficient venomotor tone [11]. 
Therefore, OH occurs when one or more mechanisms involved in the regulation of 
BP postural changes fail. The upright position determines in the majority of healthy 
individuals a pooling of 500–750 ml blood from the thorax into splanchnic circula-
tion and lower extremities. This large shift in blood volume leads a rapid fall in 
venous return, stroke volume, and systemic BP. The BP drop immediately triggers 
the activation of the baroreceptors, which in coordination with the central auto-
nomic network allow to maintain cardiovascular homeostasis by modulating cardiac 
output and peripheral vascular resistance [12, 13]. OH can be classified in relation 
to the prevalent underlying mechanism in non-neurogenic and neurogenic [14] 
(Fig.  29.1). Non-neurogenic causes are generally associated with episodic and 
reversible clinical manifestations of OH. Circulating volume depletion due to fever- 
induced dehydration and/or gastrointestinal disorders associated with vomiting and 
diarrhea is a common cause of hypotension and clinical symptoms of OH in the 
general population. Hypovolemia, with or without hyponatremia caused by diuret-
ics, often causes OH in treated hypertensives and patients with chronic heart failure. 
In addition to, or independently of hypovolemia, numerous drugs that interfere at 
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Fig. 29.1 Pathogenetic mechanisms of orthostatic hypotension
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Fig. 29.2 Drug-induced orthostatic hypotension. Abbreviations: ACE-i ACE inhibitors, ARBs 
angiotensin receptor blockers, CCB calcium channel blockers, SSRI selective serotonin reuptake 
inhibitors, SGLT2-I sodium-glucose cotransporter-2 inhibitors

different levels of the orthostatic BP reflex pathway (i.e., sympathetic inhibition, 
cardioinhibitory effects, and vasodilation) prescribed for conditions such as hyper-
tension, type 2 DM, urological pathologies, and depression carry an increased risk 
of OH [15] (Fig. 29.2). As for neurogenic OH, the underlying key mechanism is the 
impairment of baroreflex-mediated vasoconstriction of the skeletal muscle and 
splanchnic circulation due to damage or dysfunction at central and/or peripheral 
sites in the baroreflex afferent pathway. The severity and natural history of neuro-
genic OH largely depends on the subtype of degenerative disorder such as 
Parkinson’s disease, dementia and multiple system atrophy, and pure autonomic 
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failure [16]. It has been reported that in these conditions, there is a marked impair-
ment in norepinephrine release during standing in over 70% of patients [17]. The 
deficiency in norepinephrine release mirrors an inability of sympathetic vasocon-
strictor neurons to activate properly, which is responsible for a blunted peripheral 
vasoconstriction and consequent postural hypotension. Among the peripheral neu-
ropathies, DM is the most common cause worldwide (particularly frequent in devel-
oped countries) capable of profoundly altering the normal BP and HR response to 
standing [18]. Other causes of peripheral neuropathy associated to OH include vita-
min B deficiencies, exposure to heavy metals, amyloidosis, and some chemotherapy 
agents (i.e., platinum-based drugs) [19]. Diabetic autonomic neuropathy affects 
numerous organs and functions including cardiovascular, gastrointestinal, urogeni-
tal, and thermoregulatory systems resulting in OH as well as neurogenic bladder 
and bowel involvement. The Toronto Consensus [20] defined diabetic autonomic 
neuropathy as “a disorder of the autonomic nervous system in the setting of diabetes 
or metabolic derangements of pre-diabetes after the exclusion of other causes” and 
diabetic cardiovascular autonomic neuropathy as “the impairment of autonomic 
control of the cardiovascular system.”

There is a wide spectrum of subtypes of diabetic neuropathies that differ from 
each other based on the type of fibers (i.e., myelinated and unmyelinated) and 
nerves involved. OH is mainly related to progressive involvement of autonomic 
unmyelinated fibers [21]. The natural history of OH in DM patients is characterized 
by progressive worsening over time related to the underlying metabolic control and 
associated risk factors [22].

29.2  Prevalence

The prevalence of OH can vary markedly depending substantially on the demo-
graphic and clinical characteristics of the sample examined (Table  29.1). Age, 
comorbidities, and drugs that alter BP homeostasis are among the most important 
factors linked to OH. Beyond these variables, the definition used for the diagnosis 
of OH must be also taken into account [15]. Postural changes in BP for unmasking 
OH are determined in clinical practice by taking the difference between seated BP 
and standing. Both measurements, however, can be derived from a different number 

Table 29.1 Prevalence of orthostatic hypotension in various clinical settings

Setting Number Prevalence (%) Reference
General geriatric population 5465 29 Tran et al. [26]
Community based
Prediabetes
Type 2 diabetes

452
157

17.7
25.5

Wu et al. [27]

Mild to moderate CKD 3939 4.6 Rouabhi et al. [28]
Type 2 diabetes 4266 20 Fleg et al. [27]
Type 1 diabetes 440 16.1 Hirai et al. [30]

Abbreviations: CKD chronic kidney disease
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of recordings (i.e., the average of 2–3 measurements, sometimes excluding the first 
measurement) and the timing of standing (i.e., close to 1 min, 2 min, within 3 min, 
or at 1 and 3 min). Beyond these differences, there is a general consensus in defining 
OH as a sustained reduction of at least 20 mm Hg of systolic BP or 10 mm Hg of 
diastolic BP within 3 min of standing [23].

The prevalence of OH increases with age, as a consequence of the physiological 
decline in baroreceptor sensitivity, as well as the increased prevalence of neurode-
generative diseases related to aging per se and comorbidities in the elderly. As a 
result, OH is relatively rare in young and middle-aged individuals.

A recent meta-analysis by Tran et al. [24], based on 13 studies, mainly carried 
out in community-based cohorts (76% of the pooled population) and including a 
total of 5465 adults aged >65  years, showed that pooled prevalence of OH was 
29.0%. The prevalence of OH appears, however, to be a very limited phenomenon 
when evaluated in healthy elderly, as suggested by a study on a selected sample of 
80 nonhypertensive, nondiabetic elderly individuals aged 60 years [25]. Evidence 
on this topic in the diabetes setting comes from both cross-sectional population- 
based studies and prospective randomized trials. In a community-based study of 
1638 participants classified as having normal glucose tolerance (n = 1069), predia-
betes (n = 452), and diabetes (n = 157), prevalence rates of OH were 13.8%, 17.7%, 
and 25.5%, respectively [26]. Hypertension was significantly associated to OH in 
all subgroups. In addition, age and glucose control were the main correlates of OH 
in prediabetic and diabetic participants. In the Action to Control Cardiovascular 
Risk in Diabetes (ACCORD BP) trial, OH, defined by a decline in systolic BP 
≥20 mm Hg or a decline in diastolic BP ≥10 mm Hg, was diagnosed at one or more 
of the three visits in 20% of participants. Independent factors associated with OH 
were female sex, white race, higher baseline systolic BP and hemoglobin A1c, and 
use of alpha-blockers, beta-blockers, insulin, and current smoking [27].The Chronic 
Renal Insufficiency Cohort (CRIC) study, including 3939 patients with mild to 
moderate CKD aged 21–74 years and prevalent DM (48%) documented that OH 
(i.e., a reduction in systolic BP > 20 mmHg on standing) occurred in 180 partici-
pants (4.6%) [28]. The most important factors independently associated with OH 
were DM, reduced body mass index (BMI), and beta-blocker use. The increased 
risk of OH in individuals with reduced BMI has been reported in previous studies 
based on different methods including beat-to-beat technology or the head-up tilt test 
to assess OH. Among the 882 participants from Maracaibo Aging Study (19% with 
DM), BMI showed an inverse association in both sexes that presented a similar 
prevalence of this altered BP pattern (18.5% women and 20.9% men) [29].

Finally, the data on the high prevalence of OH in patients with type 1 DM deserve 
mention, despite coming from cohorts with a significantly lower mean age than 
those of type 2 DM. The Wisconsin Epidemiologic Study of Diabetic Retinopathy 
investigating the frequency of OH and associations with risk factors in a cohort of 
440 persons with long-term type 1 DM (45 ± 10 years, 51% men) showed a preva-
lence of 16.1% [30]. Heart rate variability and supine systolic BP were indepen-
dently associated to postural BP abnormalities after controlling for the 
confounders.
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29.3  Prognostic Significance

OH is associated with a broad spectrum of unhealthy outcomes, such as the risk of 
falls and consequent trauma, the development of subclinical organ damage, and 
cardiovascular events. Most of cross-sectional and prospective studies that have 
investigated this topic have been conducted in elderly people. A meta-analysis per-
formed on six of prospective observational studies investigating the relationship 
between OH and falling including individual data of 1022 elderly patients, in whom 
the prevalence of OH ranged from 11% to 82% and the prevalence of one or more 
fall incidents ranged from 51% to 62% showed a clear and significant relationship 
between OH and time to first fall incident [31].

A large prospective observational cohort study including 1997 individuals over 
60 years old (425 with OH) assessed the relationship between several markers of 
target organ damage such as carotid intima-media thickness (IMT), brachial-ankle 
pulse wave velocity (baPWV), clearance of creatinine, and microalbuminuria [32]. 
After adjustment, IMT per one-SD increment (OR  =  1.38, CI 95%:1.05–1.82; 
p = 0.02), baPWV (OR = 1.63, 95% CI: 1.04–2.54; p = 0.03), and microalbuminuria 
(OR = 1.40, 95% CI: 1.00–1.96; p = 0.04) were still associated with OH.

The Hypertension in the Very Elderly Trial (HYVET) examined the relationship 
between orthostatic fall and subsequent cognitive decline or dementia in an older 
adult hypertensive population with a prevalence of type 2 DM of almost 10% [33]. 
In that study, 538 out 3121 patients (17%) fulfilled the diagnostic criteria of OH (a 
fall of ≥15 mmHg in systolic and or ≥7 mmHg in diastolic BP after 2 min standing 
from a sitting position), which was independently associated with increased risk of 
cognitive decline and dementia.

A growing body of evidence is also accumulating on the impact of OH on the 
risk of cardiovascular events in different clinical settings. Among the 9139 middle 
aged participants (9% with DM) to the Atherosclerosis Risk in Communities (ARIC) 
Study, OH, diagnosed during the first visit, was a robust predictor of myocardial 
infarction (OR = 1.88; 95% CI, 1.44–2.46), congestive heart failure (OR = 1.65; 
95% CI, 1.34–2.04), stroke (OR = 1.83; 95% CI, 1.35–2.48), fatal coronary heart 
disease (OR = 2.77; 95% CI, 1.93–3.98), and all-cause death (OR = 1.68; 95% CI, 
1.45–1.95) [34].

As for heart failure (HF), a meta-analysis based on a total of 51,270 individuals and 
3603 incident chronic HF cases from four prospective cohorts indicated that the pres-
ence of OH at baseline was significantly associated with an increased risk for future 
chronic HF outcomes (adjusted OR  =  1.30, 95% CI: 1.09–1.55; p  =  0.004) [35]. 
Interestingly, results of subgroups analysis showed that the association between OH 
and chronic incident HF was significant in middle-age individuals or patients with 
hypertension and DM at baseline; this was not the case in the pooled elderly subgroup.

The relationship between OH and recurrent stroke was addressed by Secondary 
Prevention of Small Subcortical Strokes (SPS3) trial [36]. To this purpose, a total of 
2275 patients were included with a mean follow-up time 3.2  years. In a fully 
adjusted model, the 881 patients with OH at some point during their follow up (12% 
with DM) had a 1.8 times higher risk of recurrent stroke than those without OH (6% 
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with DM). Not in line with the individual studies and meta-analyses cited above, 
were the results obtained from the Systolic Blood Pressure Intervention Trial 
(SPRINT) study [37]. During the follow-up period (median 3 years), the incidence 
of OH was 5.7% among those assigned a standard BP goal, and 5.0% among those 
assigned the intensive BP goal. Of note, OH was not associated with higher risk of 
nonfatal and fatal cardiovascular events (primary outcome: OR  =  1.06; 95%CI: 
0.78–1.44) as well as of syncope, electrolyte abnormalities, injurious falls, or acute 
renal failure. Whether this was related to the fact that in the SPRINT study DM was 
one of the exclusion criteria, together prior stroke, dementia, symptomatic, or severe 
heart failure, remains a matter of debate.

The ACCORD BP study represented a unique opportunity for understanding the 
relationship between OH and cardiovascular complications in the DM setting [27]. 
In that study, 4266 participants with both hypertension and type 2 DM at high car-
diovascular risk were randomly assigned to either intensive (<120 mmHg) or stan-
dard (<140 mmHg) systolic BP control, and orthostatic BP change was assessed at 
baseline 12 and 48 months. Over a median follow-up of 47 months, OH was associ-
ated with increased risk of total death (OR = 1.61, 95% CI: 1.11–2.36) and heart 
failure death/hospitalization (OR = 1.85, 95% CI: 1.17–2.93), with no difference in 
risk between intensive and standard BP lowering treatment.

29.4  Drug-Induced OH

Drug-induced OH is common in the general population, and even more so in DM, 
and its resulting in brain hypoperfusion may increase the risk of adverse events 
including falls, transitory ischemic attacks, strokes, cognitive impairment, and death 
[38]. In addressing this complex topic, it may be useful to distinguish drugs that can 
interfere with orthostatic pressure in patients with DM into three categories: cardio-
vascular medications (mainly BP lowering drugs), drugs acting on central nervous 
system, and antidiabetic drugs.

29.4.1  Antihypertensive Drugs

Reports on antihypertensive drugs and risk of OH in current literature are controver-
sial. The association of diuretics, beta-blockers, alpha-blockers, and ACE-inhibitors 
with OH emerged in some studies but not confirmed by others.

In a recent secondary analysis of the 23,964 participants of the Antihypertensive 
and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) study, no 
differences in risk of fall, syncope, and OH between principal classes of antihyper-
tensives was observed during the trial period with the only exception of amlodipine, 
which was associated to an increased risk of fall in the short term [39]. Altogether, 
these results showed that among older adults with prevalent DM (approximately 
40%), antihypertensive class was not an important determinant of risk of falls, syn-
cope, or OH.  A meta-analysis of Bhanu et  al. [14], based on 69 randomized 
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controlled trials comprising 27.079 participants suggested that compared with pla-
cebo, beta- blockers were associated with increased risk of OH (OR = 7.76; 95%: 
CI:2.51–24.03). On the contrary, there was no statistically significant difference in 
odds of OH with calcium antagonists, ACE-inhibitors, and angiotensin II receptor 
antagonists compared with placebo. A further meta-analysis targeting the impact of 
intensive versus less intensive antihypertensive treatment on OH provided reassur-
ing information on the risk of hypotension in patients achieving optimal BP targets 
[39]. Among 18,466 hypertensive patients enrolled in five randomized trials, a 
lower BP treatment goal decreased the odds of OH. The odds of OH were even 
lower in patients without DM but not significantly influenced by age and sex sug-
gesting that a more intensive BP treatment regimen does not increase risk for 
OH. Despite this evidence, it should be emphasized that in patients with DM the use 
of antihypertensive drugs that could interfere with orthostatic regulatory mecha-
nisms should be carefully evaluated. From this point of view diuretics (excessive 
reduction of circulating volume), alpha-1 blockers (impaired vasoconstriction from 
vascular smooth muscle alpha-1 receptor blockade) and beta-blockers (reduced 
heart rate and contractility) should require a more careful monitoring than other 
classes of BP lowering drugs (i.e., ACE-inhibitors and angiotensin II receptor 
antagonists).

29.4.2  Drugs Acting on Central Nervous System

Tricyclic antidepressants exert their effects on postural BP through combined sym-
pathetic inhibition and reduced vascular resistance. OH is a common cardiovascular 
unfavorable effect of tricyclic antidepressants occurring in approximately 30% of 
the patients [40]. The meta-analysis of three controlled trials comprising a total of 
261 patients with major depressive disorder showed that tricyclic antidepressants 
were associated with higher odds of OH compared with placebo (OR = 6.30, 95% 
CI:2.86–13.91) [14]. Although serotonin reuptake inhibitors cause peripheral vaso-
dilation through inhibition of calcium channels and, in some cases, slight reduction 
in heart rate, OH is generally regarded as a relatively uncommon adverse effect. The 
meta- analysis of six trials including 2333 patients comparing a selective serotonin 
reuptake inhibitors or serotonin modulator with placebo failed to find this adverse 
association [14]. Subgroup analysis on trials comparing low with high dose, as well 
as on those performed in older patients, showed similar results. Benzodiazepines 
can also alter the physiological adaptation of upright BP through multiple though 
not fully elucidated mechanisms (i.e., reduced the sympathetic tone and norepi-
nephrine response to postural changes and vascular myorelaxation, leading to 
increase in venous capacitance and lower-body venous pooling) [41, 42].

29.4.3  Antidiabetic Drugs

Metformin has been reported to impair absorption of vitamin B12 leading to reduced 
level of circulating B12, which in turn is a well-known risk factor for cardiovascular 
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autonomic neuropathy [43]. Starting from this background, the Copenhagen Insulin 
and Metformin Therapy (CIMT) substudy assessed in 442 patients with type 2 DM 
the effect of 18 months intervention with metformin versus placebo, each in combi-
nation with one of three different insulin regimens, on measures of cardiovascular 
autonomic neuropathy [44]. At the end of the follow-up, early fall in orthostatic BP 
(30 s after standing) was significantly increased in the metformin group compared 
with placebo (3.4 mmHg for systolic and 1.3 mmHg for diastolic BP, respectively).

OH can occur during the course of therapy with sodium-glucose cotransporter 2 
inhibitors (SGLT2i). This is because the inhibition of the cotransporters in the prox-
imal tubule leading to a mild increase of sodium urine excretion, osmotic diuresis 
due enhanced glucose excretion, and blunted sympathetic nervous activity can 
cause a reduction in BP and increase the likelihood of OH [45]. However, in this 
regard, it should be remarked that the available evidence is quite conflicting. A 
meta-analysis based on 27 randomized controlled trials (n = 12,960 participants) 
showed that SGLT2i had no significant effect on the incidence of OH [46]. In con-
trast, the previously cited meta-analysis by Bhanu et al. [14], based on 10 studies 
totaling 9641 patients, suggested that SGLT2i use was associated with increased 
odds of OH compared with placebo (OR = 1.24; 95% CI: 1.08–1.43).

29.5  Clinical Aspects and Treatment

Patients with symptomatic OH may have complaints of increasing intensity, which 
include generalized weakness, dizziness, visual disturbance, headache pre-syncope, 
and occasionally syncope. Typically, symptoms should only occur upon assuming 
upright posture, become more severe with ongoing stand, markedly less frequent 
when seated, and resolve in supine position [47].

Some individuals, however, are surprisingly asymptomatic, despite systolic BPs 
<90  mmHg. This may be ascribed, in part, to cerebral autoregulation, in which 
patients are able to maintain cerebral perfusion pressures despite critically low sys-
temic BP.

The identification and replacement of medications that predispose to OH is the 
initial intervention of choice to treat this condition. In order to prevent OH in the 
setting of DM associated with hypertension and particularly in the elderly with a 
long history of diabetes, diuretics, alpha-blockers, and clonidine should be avoided, 
whenever possible, preferring calcium antagonists, ACE inhibitors, and angiotensin 
receptor II antagonists.

There are many non-pharmacologic interventions that can be used not only alone 
but also in combination with pharmacologic agents. In this section, we will briefly 
report the main non-pharmacological indications useful for reducing the risk of OH 
and the severity of its clinical manifestations. Patients with OH should be educated 
about simple behavioral measures in order to avoid situations that can exacerbate 
the orthostatic drop in BP (i.e., insufficient water intake, excessive temperature of 
the rooms, hot baths, and sudden passage from lying to standing position, abundant 
meals, and Valsalva maneuver). Regular physical activity and exercise should be 
recommended to avoid deconditioning, which is well recognized to aggravate 

29 Orthostatic Hypotension and Diabetes



482

orthostatic symptoms. The use of stockings and elastic bands applied to the lower 
limbs and abdomen reduce peripheral blood pooling in the lower extremities conse-
quently mitigating the orthostatic pressure drop. It has also been suggested that 
sleeping in the head-up position may reduce the risk of OH. This is based on obser-
vation that the supine position at night-time is accompanied by a rise in BP, which 
in turn determines an increase in urinary volume and sodiuria [48]. Thus, the head-
up position may decrease nocturnal water and sodium excretion, thus reducing the 
risk of morning orthostatic intolerance associated to nocturnal hypertension [49].

29.6  Conclusions

OH represents one of the main manifestations of the cardiovascular autonomic neuropa-
thy of patients with DM that may be precipitated by acute or chronic factors. Indeed, the 
clinical picture in this setting is made more complex by the fact that the neurogenic 
damage underlying this pathological condition can be aggravated by numerous con-
comitant risk factors [50]. Of particular importance is the potentially unfavorable role of 
a series of commonly used drugs that interfere with orthostatic regulation such as diuret-
ics, hypotensive, oral hypoglycemic agents, antidepressants, and alpha-adrenoreceptor 
antagonists to treat benign prostatic as well as anti- Parkinsonian agents.

Therefore, it should never be forgotten that medical therapy is one of the most com-
mon causes of OH. This is particularly true in the DM setting whose comorbidities 
require multiple therapies that can frequently have negative synergistic effects on 
orthostatic BP. From a clinical perspective to avoid identifying OH, it is mandatory that 
healthcare professionals implement the recommendations of the hypertension guide-
lines [51]. Supine and standing BP measurements should be performed in all patients 
at the first visit to exclude OH, and this procedure should also be applied in subsequent 
visits in older people, patients with DM, and people with other conditions in which OH 
may frequently occur. Thus, the early identification of OH in the setting can allow to 
reach important therapeutic goals such as improvement of the quality of life and car-
diovascular prognosis through the optimization of the pharmacological treatment of the 
associated conditions (hypertension, depression, and urological pathologies) and of 
glucose metabolism whose amelioration can lead to an improvement of the cardiovas-
cular autonomic failure [52].
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