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Quote from the Quran

And it is We Who constructed the Universe with might,
and verily it is We Who are expanding it.
(The Quran: Chapter 51, Verse 47)
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Preface

Diabetes mellitus is a growing global problem in both clinical
and economic terms. The disease has been alarmingly ushering
clinicians, healthcare authorities, and scientists into finding
new avenues to curb its devastating impact on patients and
healthcare systems. Consequently, the field of antidiabetic
drug discovery has flourished dramatically in recent years wit-
nessing development of promising drugs with broad spectra of
modes of action. However, treatment of diabetes mellitus by
oral a-glucosidase inhibitors is still confined to acarbose, migli-
tol, and voglibose. The drug development of antidiabetic
a-glucosidase inhibitors is essentially at halt since acarbose,
miglitol and voglibose were launched three decades ago.
Healthcare authorities and pharmaceutical companies in many
countries are phasing them out partly because of their efficacy
problems, unwanted gastrointestinal side effects, lack of multi-
ple modes of action, and lack of promising net therapeutic
effects including improvement in quality of life.

This does not mean that a-glucosidase inhibitor discovery
has stopped; the scientific literature has been witnessing thou-
sands of compounds of natural and synthetic origins exhibiting
promising antithyperglycemic and o-glucosidase inhibitory
activities. Therefore, there is ample supply of new compounds
generating a plethora of a-glucosidase inhibitors simply piling
up in the haystack of publications and reports that usually do
not undergo further studies involving lead optimization and
development. Realizing the gaps and vacuum in antidiabetic
a-glucosidase inhibitor drug development, this book addresses
the concern by finding “needles” in that ever growing hay-
stack of compounds by identifying promising o-glucosidase
inhibitors and presenting them to the drug development

xiii
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community to come forward and further gauge their potential
candidacy for lead optimization, preclinical or even clinical
trials. The book will serve as a valuable tool for biochemists,
synthetic and medicinal chemists, enzymologists, pharmacolo-
gists, structural and computational biologists, and pharmaceuti-
cal companies who have interest or would like to direct their
interest toward developing new «-glucosidase inhibitors as
antidiabetic drugs.

For this purpose, the groundwork for identifying promising
inhibitors is already laid in the present work so that the target
audience does not have to go through that tedious process of
selecting lead inhibitors. New, safer and efficacious
a-glucosidase inhibitors may be just around the corner, if re-
explored. This work identifies 390 promising o-glucosidase
inhibitors of natural and synthetic origins that may qualify for
antidiabetic drug candidacy based on their enzyme kinetic
data, potency of inhibition, ability to reduce blood glucose
levels in vivo, and computational and structural biology.

The book is composed of seven chapters that discuss a wide
range of a-glucosidase inhibitors of diverse chemistry encom-
passing sugar mimics, polyphenols, terpenoids and steroids,
azoles and cyclitols. It also addresses the general problems asso-
ciated with drug development with special focus on relevant
background and factors which are potentially responsible for
challenges in the a-glucosidase drug development. The book
discusses acarbose, miglitol and voglibose against a broader per-
spective of current antidiabetic drugs, and identifies supporting
and contrasting avenues that provide insights into the future of
a-glucosidase inhibitor drug discovery.

Sugar mimics are a major class of a-glucosidase inhibitors
that include iminosugars, thiosugars, aminosugars, and carbasu-
gars. Previous research on sugar mimics has led to the devel-
opment of acarbose, miglitol, and voglibose as antidiabetic
drugs. They still bear potential for new antidiabetic drug
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development since many new and promising sugar mimicking
a-glucosidase inhibitors have been discovered to date includ-
ing polyhydroxylated pyrrolidines, pyrrolizidines, quinolizi-
dines, indolizidines, and nojirimycin derivatives.

Recently, the scientific literature has witnessed a significant
surge in reports on antidiabetic polyphenols with antihypergly-
cemic and a-glucosidase inhibitory activities. Polyphenols, 1so-
lated from the plants of medicinal value, are active against a
number of clinical targets including diabetes mellitus. Plants
used for treatment of diabetes in traditional medicine contain
potent polyphenol a-glucosidase inhibitors such as xanthones,
chalcones and flavonoids with ability to lower blood glucose
levels and stimulate insulin secretion in vivo.

Natural and synthetic terpenoids and steroids are gaining
interest due to their antidiabetic eftects since they regulate glu-
cose metabolism and inhibit «-glucosidase. Synthetic
approaches involving various combinations of chemical moie-
ties incorporated into the terpenoid structure have yielded
lupine, oleanane, ursane, oleanolic acid, and ursolic acid deri-
vatives with promising a-glucosidase inhibitory activity and
in vivo antihyperglycemic eftects. The book also highlights
azole and cyclitol a-glucosidase inhibitors that include thiadia-
zole, oxadiazole, triazole, oxindole, polycyclitol, aminocyclitol,
conduritol, and inositol derivatives.

Lastly, a special chapter has been dedicated to computa-
tional and structural biology of a-glucosidase inhibitors that
aims to explore structural and functional clues to drug optimi-
zation and development. It also provides insights into the
mechanism of a-glucosidase inhibition based on x-ray crystal
structures of enzyme-inhibitor complexes and computational
simulations. These approaches will provide new avenues for
drug development involving designing and developing leads
with better efficacies.
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I hope this work will be of great help to relevant audiences,
especially the drug discovery community either in academia
or industry who would like to take drug development of
a-glucosidase inhibitors to advanced levels.

Usman Ghani



Acknowledgments

[ am deeply grateful to the Almighty God who gave me inspi-
ration and courage to conceive the importance of writing this
book and accomplish it successtully.

My deepest gratitude to all my family members who are
my source for love and inspiration. I am thankful to my wife
Yasmeen for her motivation and support that kept me resolute
in the writing process.

[ am obliged to thank my sons Abdur Raafay (in A2 level)
and Abdul Hadi (in grade 9) who took keen interest in draw-
ing some of the chemical structures of the inhibitors discussed
in the book.

Of course I cannot forget to mention my 5-year old
daughter Aaminah whose inquisitive company [ used to enjoy
while writing the manuscript.

Thanks to my colleagues at our unit and department for
their good wishes.

Thanks to Kelsey Connors, the Editorial Project Manager
at Elsevier, Boston, MA, United States, for her excellent coor-
dination, follow-up, and patience throughout the project.

Thanks to all authors and publishers for permission to
reproduce some figures for the book.

Xvii
ALGrawany



§ CHAPTER ONE

Introduction, rationale
and the current clinical status
of oral a-glucosidase inhibitors
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1.4 Rationale 1
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1.1 Introduction

Reducing mortality and improving quality of life is one
of the crucial aims of therapeutic agents. Continuing research
in the field of drug discovery has been attracting the attention
of researchers focusing on development of drugs with safer
and better efficacy profiles since these two targets are compul-
sively explored as part of the drug optimization process.
However, need for drugs with safer treatment options and
better efficacy has always been challenging to the drug discov-
ery community, which is generally addressed by alluring temp-
tation of screening the rich and still unexplored molecular
diversity of candidate compounds of natural and synthetic
origins. Despite all these valuable efforts, there exists a down-
turn in the drug screening process. These efforts have been
generating no more than a plethora of active compounds piled
up and forgotten in the ether without being given ample con-
sideration for further development into therapeutic candidacy.

Alpha-glucosidase Inhibitors. © 2020 Elsevier Ltd.
DOIL: https://doi.org/10.1016/B978-0-08-102779-0.00001-0 All rights reserved. 1 |
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2 Alpha-glucosidase Inhibitors

This perspective is especially important for diseases or clinical
conditions including AIDS, cancer, and hepatitis that have
been facing a dilemma of limited and inefficacious treatment
choices. Even the treatment of a range of diseases with rela-
tively broader spectra of therapeutic options is currently
threatened with efficacy problems and unwanted side eftects.

It is unfortunate to mention that majority of the lead com-
pounds identified against a number of clinically important targets
do not get beyond the bounds of mass production of publications
and reports, thus creating a haystack destined to be forgotten in
the scientific literature. For one reason, it appears that the bridge
connecting the field of drug screening to further development is
somewhere broken. Traditionally, research involving drug candi-
date design and screening against a clinical target follows a ratio-
nal approach to identifying promising leads, which undergoes
kinetic, structure—activity analyses, toxicity, pharmacokinetic,
and optimization studies aided by X-ray crystallography or
computational and combinatorial chemistry followed by preclini-
cal or clinical trials (Fig. 1.1). The rational approach is designed
to rule out unpromising leads with low activity or potency or
high toxicity. However, majority of identified promising leads
are not subjected to the optimization cycle that involves struc-
ture—activity refinement and other studies before being eligible
for preclinical or clinical trials. Therefore in the rational approach
to discovery and modification of leads, the optimization cycle is
missing out in most of the drug screening attempts.

Another approach to drug discovery is to use traditional
medicine as a beacon for identification of active compounds
against a disease, combined with optimization. The molecular
mechanism of action of majority of plant extracts or their
active compounds used in traditional medicine is still
unknown despite the fact that they possess safe and proven
therapeutic eftects which people have been witnessing for cen-
turies in different cultures of the world. As mentioned earlier,

ALGrawany
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Identify clinically i
important enzyme

Computational/
crystallographic P i
analysis of

target: lead P e

Optimization " Identify leads
l cycle

New synthetic l

modifications
PrecTieal Kinetic studies,
_ SAR, toxicity, and
lnieel wiels pharmacokinetics
Figure 1.1 A rational approach to screening, identification, and opti-
mization of drug candidates or enzyme inhibitors directed toward
clinically important targets. In drug screening efforts, majority of
identified promising leads do not enter the phase of studies involving

structure—activity relationship, toxicity, pharmacokinetics, preclinical
or clinical trials, and lead optimization cycle.

Screen against
candidate inhibitors

the most common drug development strategy is to identify
targets and leads followed by optimization. However, this
approach often results in major obstacles that make the opti-
mization process more challenging chiefly in the areas of syn-
thesis, pharmacokinetics, and toxicity. In order to curb such
challenges, it is important to first explore the mechanism of
action of plant extracts and the compounds therein because
their therapeutic effects in the treatment of diseases have
already been proven for centuries, followed by focused opti-
mization cycle involving synthetic chemistry, pharmacokinet-
ics, toxicity, and structural and computational biology.

There exists a spectrum of conceivable reasons to address
the challenges in further development of promising leads
including, but not limited to, obstacles in the university—
industry relationships, conflicts in the practice of intellectual
property ethics, limited in-house drug development programs
at university level, limited funding for specialized research,
and, last but not least, the budget cutdowns. One of the
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convincing facts that can also aggravate severity of the chal-
lenge 1s that in the perspective of moving forward in the field
of drug discovery, the scientific community is somewhat
reluctant to look backward to find “needles” in that ever-
growing haystack of active compounds. There may be tens or
hundreds of compounds that could become promising candi-
dates for drug development if re-explored. Re-exploring is
indeed a challenging work, nevertheless, it can be equally
rewarding, especially in the perspective of diseases or clinical
conditions awaiting promising drugs for their treatment for
decades.

One such target that this book intends to highlight to the sci-
entific community is urge for re-exploring a-glucosidase inhibi-
tors for potential development into oral antidiabetic drugs,
because this area has been witnessing no significant progress for
years. Development of antidiabetic drugs is yet to see launching
of new oral a-glucosidase inhibitors since no new drug has been
developed in the last two decades.

Therefore, this work intends to create a groundwork for
identifying promising «-glucosidase inhibitors of natural and
synthetic origins by gauging their potential for becoming suitable
candidates for optimization and, if applicable, for preclinical or
clinical trials based on available in wvitro and in wvivo data.
Moreover, it will also draw the attention of the scientific com-
munity, especially the drug development scientists, to look back,
reconsider, and take the challenge of transforming promising
lead ai-glucosidase inhibitors into potential antidiabetic drugs.

S 1.2 Diabetes mellitus and the antidiabetic drugs

Diabetes mellitus is one of the most prevalent metabolic
diseases in the world. Type 1 diabetes is due to insulin

ALGrawany
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deficiency affecting around 5%—10% of the diabetic popula-
tion, whereas type 2 is most common and mainly due to insu-
lin resistance [1]. Diabetes is one of the leading causes of
morbidity and mortality characterized by hyperglycemia that is
associated with a number of complications including neuropa-
thy, nephropathy, heart disease, stroke, and vascular diseases
[2]. The worldwide prevalence of diabetes in all age groups
has been rising and it is estimated that it might increase from
2.8% (171 million) in the year 2000 to 4.4% (366 million) in
the year 2030. According to the World Health Organization
projection, there will be a 42% increase in diabetes cases (from 51
to 72 million) in the developed countries, while 170% increase
(from 84 to 228 million) in the developing countries. The occur-
rence of diabetic complications in the developing world is more
common and is partly due to socioeconomic reasons [3].

Alarmingly, the Middle East and North Africa have the
highest comparative prevalence of diabetes worldwide (11%).
In Saudi Arabia alone, approximately 25% of the adult popula-
tion is suffering from the disease making it seventh highest in
the world [3,4]. The trend has been rising, and the country
has witnessed a ten-fold increase in the disease over the last
three decades. It is estimated that by the year 2030, there will
be about 5.5 million cases of diabetes in the country [5—10].
Furthermore, diabetes has been a continuous cause of rising
health-care costs globally. According to the American Diabetes
Association, in United States alone, the total costs of diagnosed
cases of diabetes were estimated to be $245 billion in 2012
compared to $174 billion in 2007 [11].

Current therapeutic approaches to treat type 2 diabetes
include oral antidiabetic drugs such as sulfonylureas, thiazolidi-
nediones, metformin, a-glucosidase inhibitors, and glycosurics.
New therapies include peptides such as glucagon-like peptide-
1 agonists (exenatide and liraglutide), and dipeptidyl peptidase-
IV inhibitors (sitagliptin and vildagliptin), whereas emerging
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therapies include cannabinoid receptor type 1 antagonists and
bile acid sequestrants [12]. Retarding or inhibiting the digestion
and absorption of carbohydrates has therapeutic implications
for controlling postprandial hyperglycemia in type 2 diabetes.
In this regard, inhibition of digestive a-glucosidase is one ther-
apeutic approach that slows down carbohydrate digestion and
glucose absorption, therefore, stabilizing blood glucose levels
and preventing hyperglycemia in diabetic patients [13].

g 1.3 a-Glucosidase inhibitors—past and present

Glucosidases belong to the diverse class of glycoside
hydrolase (GH) enzymes that cleave the glycosidic bond to
release glucose from the nonreducing end of their oligosaccha-
ride substrates. Glucosidases including o-glucosidases (o-D-
glucoside glucohydrolase; EC 3.2.1.20) are a group of enzymes
that play pivotal roles in carbohydrate metabolism and glyco-
protein processing. a-Glucosidases specifically hydrolyze the
a-glucopyranosidic bond (a-1,4) in complex carbohydrates to
release glucose. Their functions in mammals include glycogen
degradation, N-linked oligosaccharide processing for glyco-
protein folding and maturation, and intestinal digestion of
dietary carbohydrates. There are five GH families in which
a-glucosidases are distributed: GH4, GH13, GH31, GH63,
and GH97 [14].

The GH13 and GH31 families are composed of two major
classes of a-glucosidases with different substrate specificities. In
the predigestion phase, the salivary and gastric a-amylases
hydrolyze carbohydrates into maltose, maltotriose, a-1,6- and
a-1,4-oligoglucans [15], which are then hydrolyzed in the
intestinal lumen by maltase-glucoamylase (MGAM; EC
3.2.1.20, 3.2.1.3) and sucrose-isomaltase (SI; EC 3.2.1.48,

ALGrawany
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3.2.1.10) enzymes anchored on the small-intestinal brush bor-
der membrane through an O-glycosylated link from their
N-terminal [16]. These enzymes are divided into two
categories bearing the N-terminal (MGAM-N and SI-N) and
the C-terminal (MGAM-C and SI-C) catalytic subunits [17].
The carbohydrate-active enzymes (CAZY) classification desig-
nates the enzymes as members of the GH31 family subgroup 1
with conserved catalytic centers [18]. The three-dimensional
structure and carbohydrate recognition by the enzymes in the
GH13 family have been extensively studied that include the
most widely characterized enzymes such as a-xylosidase,
6-a-glucosyltransferase, 3-a-1somaltosyltransferase, and
a-glucosidases. The catalytic function of the GH31 family of
enzymes is common to all members, that is, hydrolysis of a
terminal carbohydrate moiety. However, they catalyze a wide
range of hydrolytic activities due to their preference for
substrates that vary in size from disaccharides to large storage
polymers such as starch and glycogen [19,20].

Management of hyperglycemia in diabetes mellitus by oral
a-glucosidase inhibitors is currently limited to acarbose, vogli-
bose, and miglitol aimed at delaying digestion of dietary car-
bohydrates to maintain postprandial blood glucose at normal
levels (Fig. 1.2). The drugs inhibit the membrane-bound
a-glucosidase at the brush border of the small intestine that
catalyzes the hydrolysis of di-, tri-, and oligosaccharides to glu-
cose and other monosaccharides. The inhibition subsequently
reduces the intestinal digestion of dietary starch and other
sugars thereby preventing hyperglycemia and its complications
and maintaining normal blood glucose levels [21].

Acarbose (Glucobay™), a bacterial oligosaccharide analo-
gous to a-glucosidase substrate, was the first a-glucosidase
inhibitor launched in 1990 for treatment of type 2 diabetes. It
is a potent sucrase inhibitor (IC5y = 0.5 pM) first isolated from
the Actinoplanes utahensis bacteria that reduced postprandial
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OH

OH "OH
OH
HO N~
HO OH
OH
Miglitol

Voglibose

Figure 1.2 The chemical structures of acarbose, miglitol, and vogli-
bose. Currently these drugs are the only oral a-glucosidase inhibitors
that are clinically prescribed for the management of hyperglycemia
in diabetes mellitus.

blood glucose and increased insulin secretion in rats and
healthy human volunteers [22—24]. Acarbose prevents diges-
tion of starch and oligosaccharides by competitively inhibiting
a-glucosidases and other digestive enzymes present in the
brush border of the enterocyte lining of the intestine thus
reducing blood glucose levels [21].

Voglibose and miglitol are structurally unrelated to glucosi-
dase substrate possessing the piperidine-3,4,5-triol and tetraol-
cyclohexane moieties, respectively. Previous studies reported
that Streptomyces hygroscopicus bacteria produced valiolamine
with promising inhibitory activity against intestinal maltase and

sucrase  (IC50 =22 and 0.049 pM, respectively) [25].
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Voglibose (Basen™) is one of the synthetic derivatives of
N-substituted valiolamine that was selected as potential antidia-
betic agent in 1994. It delays the digestion of complex carbohy-
drates and oligosaccharides by inhibiting the maltase and sucrase
enzymes (ICs) = 15 and 4.6 nM, respectively) [26]. Voglibose is
the newest addition to the battery of a-glucosidase inhibitors
launched in 2009 in Japan for treatment of type 2 diabetes [24].
A randomized double-blind trial on voglibose involving 1780
Japanese patients found that it significantly regulated blood glu-
cose to normal levels and delayed the progression of the disease
[27], with fewer side effects than other a-glucosidase inhibitors
but with lesser efficacy than that of acarbose [28].

Further research on natural inhibitors of a-glucosidase led to
the identification of nojirimycin (NJ), which was first reported
in 1966 as antibiotic produced by the Streptomyces roseochromo-
genes bacteria [29]. NJ is a potent inhibitor of o~ and
3-glucosidases from different species [30—34]. A variety of deri-
vatives and analogues of NJ was synthesized later and studied
for a-glucosidase inhibition. 1-Deoxynojirimycin (DNJ), also
called moranoline (Fig. 1.3), was synthesized from NJ which
was later isolated from the roots of mulberry plant [35], particu-
larly the N-hydroxyethyl denvatives of DNJ that showed strong
in vitro inhibitory activity against a-glucosidase, however, their
in vivo efficacy was proved to be moderate [36]. Out of these
derivatives, miglitol (Glyset™) was selected to be the most effec-
tive inhibitor for therapeutic use in 1999. It inhibits carbohy-
drate digestive enzymes at the intestinal border thereby
preventing the digestion and absorption of glucose. Unlike acar-
bose, miglitol is almost completely absorbed through the intes-
tine indicating that it may have systemic effects [37,38].
However, previous studies showed no evidence to support that
it exerts extraintestinal therapeutic effects [39].

Oral a-glucosidase inhibitors are generally well tolerated
because their gastrointestinal side effects are mainly
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8CH,0H 5 'GH20H
4 HO 2 -NH
HO 5 ~NH HO i 6
HO : 4 OHl7
s 2on OH CH,OH
Nojirimycin a-Homonojirimycin
H
OH HOH,C N
HO NH H
HO QHZ
Ol OH CHZOH
1-Deoxynojirimycin Homo-DMDP

Figure 1.3 The chemical structures of NJ, DNJ, a-homonojirimycin,
and homo-2,5-dideoxy-2,5-imino-p-t-glycero-o-manno-heptitol. These
promising a-glucosidase inhibitors were discovered during the early
pioneering work on oral antidiabetic drug discovery leading to identi-
fication of a number of new inhibitors. DNJ, 1-Deoxynojirimycin; NJ,
nojirimycin.

nonsystemic compared to that of other antidiabetic drugs. Since
they inhibit the digestion of complex carbohydrates in the intes-
tine, the side effects are usually confined to flatulence, abdominal
pain, and diarrhea due to bacterial action on undigested carbohy-
drates [40]. One of the greatest advantages of a-glucosidase inhi-
bitors over other antidiabetic drugs is that they exhibit localized
action accompanied by minimal absorption hence limiting the
systemic side effects. Since their discovery more than two decades
ago, less attention has been paid to development of new
a-glucosidase inhibitors with ability to exert localized therapeutic
effects and minimal systemic absorption despite publication of
hundreds of reports on a-glucosidase inhibitors to date.

§ 1.4 Rationale

In the past few decades much of the interest has been
diverted toward screening of antidiabetic drugs possessing a
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broad spectrum of mode of action that resulted in the devel-
opment of a number of promising drugs currently prescribed
by clinicians. However, the area of a-glucosidase inhibitor
drug development has been unattended since the launch of
acarbose, voglibose, and miglitol with no significant progress to
date, leaving a wide gap in the field. This demands the need for
re-exploration and development of new a-glucosidase inhibi-
tors with minimal side effects and better efficacy.

While it is convincing to accept that other antidiabetic drugs
do exhibit promising therapeutic benefits, new a-glucosidase
inhibitors may provide a better therapeutic output when used
in combination with those drugs [41]. Therefore, their impor-
tance cannot be undermined when taken into the perspective
of nonsystemic side effects or combination therapy.

On the contrary, the treatment of type 2 diabetes with
acarbose, voglibose, and miglitol in various patient populations
has been currently facing challenges pertaining to efficacy, side
effects, and improving quality of life despite relative benefits.
These have been attested by a number of clinical trials con-
ducted on the drugs. A survey of 41 clinical trials on oral
a-glucosidase inhibitors was conducted to evaluate mortality
or morbidity in patients with type 2 diabetes that included 30
trials on acarbose, seven on miglitol, one on voglibose, and
three that compared various a-glucosidase inhibitors. The
drugs reduced fasting and postprandial blood glucose levels
that eventually reduced glycated hemoglobin (HbAlc) levels.
However, the survey found no statistically significant eftects of
the drugs on the mortality, morbidity, and quality of life in
patients with type 2 diabetes. Moreover, there were no signifi-
cant therapeutic effects of the drugs on the plasma lipid profile
and body weight of the patients. The overall gastrointestinal
side effects of the drugs were more adverse than that of other
drugs specifically sulfonylureas. The efticacy of sulfonylureas in
terms of glycemic control along with the side effects was

ALGrawany
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better than that of a-glucosidase inhibitors, but the efficacy of
a-glucosidase inhibitors was better than that of some sulfony-
lureas in terms of decreasing the fasting and postprandial insu-
lin levels [42,43].

In this work, searching through that haystack of active com-
pounds has revealed a significant number of natural and syn-
thetic a-glucosidase inhibitors identified to date. Some of the
compounds have been found to be more efficacious than acar-
bose, miglitol, and voglibose in terms of potency and in vivo
antihyperglycemic activity. Despite existence of a wide chemi-
cal diversity of «-glucosidase inhibitors identified to date,
unfortunately majority of them are solely piled up in publica-
tions and reports let alone considered for further development
into drugs. Based on this rationale, the primary objective of
writing the book is to utilize a focused approach to pinpoint
selective promising a-glucosidase inhibitors that may become
potential candidates for development into antidiabetic drugs.

The Clarivate Analytics Web of Science database search
from 1900 to 2019 identified a number of a-glucosidase inhi-
bitors. Out of these, 390 natural and synthetic promising inhi-
bitors have been selected to be discussed in the book. The
criteria for selection are based on the availability of in wvitro
and/or in vivo data that include inhibition potency and ability
to reduce blood glucose levels. The book also highlights and
discusses chemically diverse pharmacophores or active moieties
or chemical groups identified from the compounds that signifi-
cantly contribute to potent a-glucosidase inhibition including
the ones that are unfavorable to the inhibitory activity.
Inhibitors with 1Cs or K; values in nanomolar or low micro-
molar ranges are considered and discussed along with their
structure—activity relationship, structural biology and/or
computational simulations where available. A comprehensive
list of a-glucosidase inhibitors discussed in the book is pre-
sented in the Appendix with data on their ICs5, and/or K|
values, and in vivo antihyperglycemic activity where available.
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2.1 Introduction

The sugar-mimicking inhibitors of glycosidases including
that of a-glucosidase are of particular interest due to their struc-
tural and transition state analogy to sugar substrates. They are
promising candidates for treatment of diabetes mellitus, immune
disorders, viral infections, neoplasia, and lysosomal storage diseases
[1—3]. Sugar mimics and their derivatives are divided into three
major types: iminosugars, thiosugars, and carbaglycosylamines. In
imino and thiosugars, a nitrogen and sulfur atom replaces the ring
oxygen of monosaccharides, respectively, whereas in carbaglyco-
sylamines a methylene group replaces the ring oxygen. Sugar
mimics are the most widely studied class of a-glucosidase inhibi-
tors with promising in vitro and in vivo biological activity profiles.

Alpha-glucosidase Inhibitors. © 2020 Elsevier Ltd.
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g 2.2 Iminosugars

Iminosugars are found in nature and are generally classi-
fied into two groups: monocyclic iminosugars that include
five-membered pyrrolidines, six-membered piperidines, and
seven-membered azepanes, and bicyclic iminosugars that
include pyrrolizidines, indolizidines, and nortropanes [4].
Iminosugars are the most widely studied class of compounds
among other sugar mimics, which exhibit promising therapeu-
tic potential for treatment of hyperglycemia in type 2 diabetes
by inhibiting a-glucosidases to slow down carbohydrate diges-
tion and absorption [3,5—8]. This is witnessed by a number of
patents registered to date specifically for imino and thiosugars
due to their promising oral bioavailability [9]. Sugar-
mimicking a-glucosidase inhibitors have been discussed in
great detail in the literature [1,2,4,9—11]; some of which are
classic and well-known inhibitors of a-glucosidase that are
presented at the beginning of this chapter for reference pur-
poses followed by a discussion on other promising sugar
mimics recently identified as a-glucosidase inhibitors.

2.2.1 Polyhydroxylated pyrrolidines

Natural iminosugar glycosides have been reported to inhibit a
range of glycosidase enzymes. 3-Fructofuranose analogs such as
1,4-dideoxy-1,4-imino-p-arabinitol (DAB) (1) and 2R,5R-
dihydroxymethyl-3R,4R-dihydroxypyrrolidine (DMDP) (2)
[12] were first 1solated from the fruit of Angylocalyx boutiqueanus
[13] and the leaves of Derris elliptica [14], respectively. Naturally
occurring 2,5-dideoxy-2,5-iminoheptitol such as homo-
DMDP was first isolated from the leaves of Hyacinthoides
nonscripta (bluebell) belonging to the Hyacinthaceae family
[15]. Since their discovery more than three decades ago, a
number of natural and synthetic derivatives of iminosugars
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have been studied for a wide range of biological activities includ-
ing a-glucosidase inhibitory activity. Kato et al. [16] studied
a-glucosidase inhibitory activity of natural derivatives of DMDP
and compared it with DAB (Fig. 2.1). Baphia nitida, an African
medicinal tree, is reported to contain a variety of polyhydroxy-
lated pyrrolidines, piperidines, and their glycosides particularly
iminosugar glycosides that inhibit a number of glycosidases.
DAB is a more potent inhibitor of yeast o-glucosidase
(IC50 = 0.15 pM) and rat intestinal isomaltase (ICsy, = 5.8 pM)
than DMDP (compound 2; yeast a-glucosidase ICs)=
0.71 pM; rat intestinal isomaltase 1Csy =91 pM) that lacks
one hydroxymethyl group. 3-0-3-p-Glucopyranosyl-DMDP
(3) 1s found to show promising inhibitory activity against
rice a-glucosidase (IC50=0.79 pM), rat intestinal maltase
(ICs50 =4.7 pM), and sucrase (IC5)=5pM). In these com-
pounds, presence of 3-D-fructofuranosyl residue at C; or Cy of

6
HOH,C N HoH.C R
5 2
H HO)
4 3CH2
OH OH
0
HOH,C N HOM.C o
R H
CH,OH CH,OH
OH OH
4

2R=H

3 R = B-p-glucopyranose
Figure 2.1 DMDP (2) and its natural derivatives: DAB (1), 3-o-3-p-glu-
copyranosyl-DMDP (3), and (3-p-fructofuranosyl-DMDP (4). Some of
these compounds are promising inhibitors of a-glucosidase with anti-
hyperglycemic effects in vivo. Reproduced from U. Ghani, Re-exploring
promising a-glucosidase inhibitors for potential development into oral
anti-diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem.
103 (2015) 133—162. © 2015 French Société de Chimie Thérapeutique
published by Elsevier Masson SAS. All rights reserved.
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DMDP (as in compound 4), substantially lowered its yeast
a-glucosidase inhibitory activity. However, it possessed more
specificity to a-glucosidase (ICsy =22 pM) and rat intestinal
maltase (ICsy = 65 pM) than that of DMDP alone.

Jenkinson et al. [17] synthesized carbon branched iminosugars
including enantiomeric pairs of isoDMDP, 1soDGDP, and
1s0DAB, and evaluated their inhibitory activities on various gly-
cosidases. The activities of the compounds were compared to
that of linear isomeric natural products such as DMDP, DGDP,
and DAB. Comparison of the iso-pD-iminosugar activity with that
of natural unbranched analogs showed that both types of com-
pounds exhibited weak inhibition of glycosidases, including
some that were inactive against the target enzymes. Comparison
of iso-L-iminosugars with their natural product analogs showed
that both forms inhibited the same type of enzymes. It is impor-
tant to highlight 1-150-DMDP (5) presented in Fig. 2.2, which
was identified as competitive inhibitor of rat intestinal maltase
(IC50=0.19 pM; K; = 0.081 pM), sucrase (ICsy = 0.38 pM),
isomaltase  (IC5o = 8.8 uM), and rice a-glucosidase (ICso=
2.0 pM); however, its D-iminosugar, iso-DMDP showed no
activity against any of these enzymes. Additionally, it exerted
in vivo antihyperglycemic effects by significantly decreasing blood
glucose levels within 15—30 minutes in maltose-loaded mice at a

H
HOH,C., N

S%CHZOH
OH

HO

5

Figure 2.2 (-Iso-DMDP: a competitive inhibitor of rat intestinal malt-
ase, sucrase, isomaltase, and rice «-glucosidase. Reproduced from
U. Ghani, Re-exploring promising a-glucosidase inhibitors for potential
development into oral anti-diabetic drugs: finding needle in the hay-
stack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French Société
de Chimie Thérapeutique published by Elsevier Masson SAS. All rights
reserved.
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dose of 1.0 mg/mL bodyweight similar to that of miglitol but
with better efficacy. The Iso-iminosugars are promising
a-glucosidase inhibitors that may be regarded as future-
generation candidates for antidiabetic drug development due to
their high efficacy of reducing postprandial glucose levels and
inhibiting a-glucosidase. Moreover, none of these iminosugars
inhibit endoplasmic reticulum (ER) glucosidases, therefore the
probability of developing unwanted side effects similar to that of
miglitol would be lower.

Studies on 1,4-dideoxy-1,4-imino-r-arabinitol (LAB) (6)
(Fig. 2.3), an r-enantiomer of DAB, revealed that it is a potent
inhibitor of rat intestinal isomaltase (ICsy = 0.08 pM) [18].
Structural modification of DAB including enantiomerization,
epimerization at C, or Cjs, substitution at C;, and introduction
of a sulfur to replace ring nitrogen drastically lowered or abol-
ished its inhibitory activity against various glucosidases.
Addition of a hydroxymethyl group in the 3-orientation at C,
of DAB has been shown to significantly lower its enzyme
inhibitory activity. Moreover, the imino group substitution by
a sulfur atom in DAB also decreased the activity [18,19].

Further synthetic work by Natori et al. [20] on derivatives
of LAB yielded a-1-C-alkyl-r-arabinoiminofuranoses (a-1-C-
alkyl-LAB) containing alkyl groups substituted at the anomeric
position (Fig. 2.4). These imino-C-glycosides were prepared
by replacing the oxygen atom of the N,O-acetal function by a
methylene group. The compounds exhibited selective inhibition

HO OH

[ ;-.,,/OH

N
H

6
Figure 2.3 1,4-Dideoxy-1,4-imino-t-arabinitol (LAB) is an t-enantiomer
of DAB that exhibits promising inhibitory activity against rat intestinal
isomaltase.
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OH OH

8 R=CHj3(CHy)4
9 R=CHj;(CHy)s
10 R=CH3(CH2)6
11 R=CH3(CHy)7

Figure 2.4 The «-1-C-Butyl-LAB and its derivatives. In these deriva-
tives, a strong correlation is observed between the chain length of
the aglycone group and the extent of enzyme inhibition. Regarded
as new class of a-glucosidase inhibitors, the compounds also lower
postprandial blood glucose levels with higher efficacy than that of
miglitol. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

of various intestinal a-glucosidase showing a strong correlation
between the chain length of the aglycone group and the
potency of inhibition. The «-1-C-butyl-LAB derivative (7)
strongly inhibits rat intestinal sucrase (ICso=0.032 pM) and
maltase (IC5y = 0.2 pM). Its promising sucrase inhibitory activity
1s more promising than that of oral a-glucosidase inhibitors cur-
rently prescribed clinically. The activity of other compounds
such as 8, 9, 10, and 11 carrying linear alkyl chains from Cs to
Cg reasonably compared with that of the oral a-glucosidase
inhibitors. These compounds potently inhibited rat intestinal
maltase (ICso = 0.71, 0.51, 0.38, and 0.32 pM, respectively) and
sucrase (ICso = 0.19, 0.11, 0.24, and 0.45 pM, respectively). In
general, the activity of the compounds was inversely propor-
tional to a specific alkyl chain length; however, compounds with
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shortest (C,—C3) and longest (Co—Cyq) chains showed lower
enzyme inhibitory activities.

Recently, investigators from the same group further
extended their work on the a-1-C-alkyl-LAB derivatives by
conducting in vivo and molecular docking studies. a-1-C-
Butyl-LAB, identified as highly potent inhibitor of intestinal
a-glucosidase, strongly suppressed postprandial hyperglycemia
at early stage similar to that of miglitol but at a dose 10 times
lower than that of miglitol to exhibit the same effect. It cer-
tainly differs from miglitol in that it does not interfere with
oligosaccharide processing and maturation of glycoproteins as
revealed from the proteomic analysis. Molecular docking stud-
ies showed that despite being competitive inhibitors of
a-glucosidases, the orientation and enzyme interaction of the
alkyl chains in miglitol and o-1-C-butyl-LAB are distinct.
Each of the alkyl groups in these inhibitors has been proposed
to preferably interact with different hydrophobic pockets of
the enzyme. The o-1-C-alkyl-LAB derivatives particularly
a-1-C-butyl-LAB are regarded as a new class of promising
a-glucosidase inhibitors with higher efficacy for treating post-
prandial hyperglycemia than that of miglitol [21].

In continuation of their work on arabinoiminofuranoses,
Natori et al. [22] also synthesized a number of a-1-C-40-aryl-
butyl-L-arabinoiminofuranoses carrying functional groups on
the phenyl ring demonstrating comparable potency of
a-glucosidase inhibition to that of o-1-C-butyl-LAB (7).
Compound 12, a difluorophenylbutyl derivative, shown in
Fig. 2.5, exhibited more promising activity against rat intestinal
isomaltase (ICsy = 0.22 pM) than that of a-1-C-butyl-LAB
and oral a-glucosidase inhibitors. Furthermore, its activity
against rat intestinal sucrase (ICsy = 0.026 pM) compares well
with that of a-1-C-butyl-LAB (ICs, = 0.032 pM) and more
improved than that of oral a-glucosidase inhibitors that are in
current clinical practice [22].
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HO, OH
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Figure 2.5 The difluorophenylbutyl derivative of «-1-C-butyl-LAB.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.

A number of natural and synthetic derivatives of radica-
mines exhibiting potent a-glucosidase inhibitory activity
have been reported. Radicamines are natural polyhydroxy-
lated pyrrolidines possessing an aromatic substituent on the
iminosugar ring. The compounds were originally isolated
from Lobelia chinensis LOUR (Campanulaceae) whole plant by
Shibano and coworkers [23]. The plant is used as antidote,
diuretic, hemostat, and as remedy for stomach cancer in
Chinese herbal medicine. Radicamine A (13) and B (14)
isolated from the plant potently inhibited yeast a-glucosidase
(ICs50 = 6.7 and 9.3 pM, respectively) (Fig. 2.6). Similarity of
the aromatic ring of these compounds to that of deoxynojir-
imycin (DN]J) appears to be partially responsible for their
inhibitory activity [23].

Li et al. [24] recently synthesized eight fluorinated derivatives
of radicamine A and B and evaluated their inhibitory activity
against a-glucosidases from yeast and rice, and rat intestinal
maltase. In these derivatives (15—18), the position of the fluorine
atom played a central role in the activity (Fig. 2.7). Fluorination
at C; and Cy; was proves to be unfavorable to the activity,
however, at Cg and C; positions, it is optimal for the enzyme
inhibition. The C;g-fluorinated derivative (15) (ICsy = 1.4 pM)
of radicamine A exhibited more potent yeast a-glucosidase
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.y OCHs y OH
HOH,C... o HOHZC:. N
HO “OH HO “OH
13 14

Figure 2.6 Natural polyhydroxylated pyrrolidines: radicamine A and
B. The aromatic rings of the compounds bear similarity to that of
DNJ. Reproduced from U. Ghani, Re-exploring promising «a-glucosidase
inhibitors for potential development into oral anti-diabetic drugs: find-
ing needle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. ©
2015 French Société de Chimie Thérapeutique published by Elsevier
Masson SAS. All rights reserved.
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15. Ry= F, Ry,R3= H, R4= OH
16. R{,Ro,R3=H,R4y=F

17. Ry,R3= H, Ro=F, R4= OH
18. R1,R2= H, R3= F, R4= OH

Figure 2.7 The fluorinated derivatives of radicamine A and B show
a-glucosidase inhibitory activity similar to their natural counterparts.

inhibitory activity than that of radicamine A alone, whereas the
Cg-fluorinated derivative (16) (ICs5, = 4.9 pM) showed compara-
ble level of yeast ai-glucosidae inhibition to that of radicamine A.

Conversely, fluorination at C; and Cy; positions significantly
reduced the inhibitory activity most likely due to the bonding
of fluorine with the adjacent N—H group of the same com-
pound. This bonding apparently interferes with the interaction
of the group with enzyme active site residues by changing the
interfacial angle between the sugar ring and the aryl group,
which is not the case with Cg- and C;-fluorinated derivatives.
Fluorine may act as a chemical isostere of either hydrogen or
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hydroxyl group resulting in no influence of the compounds on
reducing the inhibitory activity. Therefore, these derivatives
exhibited inhibitory activities similar to that of their natural
counterparts.

Broussonetines are naturally occurring iminosugars (polyhy-
droxylated pyrrolidine alkaloids), isolated from the branches of
the deciduous tree Broussonetia kazinoki that commonly grows
in China and Japan. The plant has been used as diuretic,
detoxicating, and hemostatic agent in Chinese medicine [25].
Shibano et al. reported six new natural pyrrolidine alkaloids
including broussonetines and broussonetinines from the
branches of the Broussonetia kazinoki tree with inhibitory activ-
ities against various glycosidases. Two of the alkaloids namely
broussonetine E (19) and F (20) were found to be promising
inhibitors of yeast o-glucosidase (ICs)=3.3 and 1.5 pM,
respectively; Fig. 2.8). In these compounds, presence of a
hydroxyl group at the C;" position is significant for high inhi-
bition potency [25].

Further interest in exploring the structure—activity diversity
of broussonetine yielded first total synthesis of broussonetine I
(21) and ], (22), and their enantiomers ent-broussonetine I (23)
and J, (24) (Fig. 2.9) exhibiting a-glucosidase inhibitory activity
[26]. Both types of compounds displayed difterent activity pro-
files; broussonetine I (21) J, (22) inhibited bovine liver
3-glucosidase, whereas their corresponding enantiomers 23 and
24 inhibited rat intestinal maltase (ICso=0.33 and 0.53 pM,
respectively). The enantiomers were more selective to
a-glucosidase inhibition than their corresponding compounds.

Moreover, the first total synthesis of (+)-broussonetine
W (25) and its analogs has been recently reported (Fig. 2.10).
The analogs were also evaluated for their inhibitory activity
against a number of glycosidases including yeast and rice
a-glucosidases, rat intestinal maltase and sucrase, intestinal
isomaltase, and ER a-glucosidase II. The enantiomer of
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Figure 2.8 The broussonetine E and F alkaloids. Presence of a
hydroxyl group at the C;’ position is central to high inhibitory
potency exhibited by the alkaloids. Reproduced from U. Ghani, Re-
exploring promising a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.
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Figure 2.9 Broussonetine | and J,, and their enantiomers. The enan-
tiomers are more selective to a-glucosidase inhibition than their cor-
responding compounds. Reproduced from U. Ghani, Re-exploring
promising a-glucosidase inhibitors for potential development into oral
anti-diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem.
103 (2015) 133—162. © 2015 French Société de Chimie Thérapeutique
published by Elsevier Masson SAS. All rights reserved.
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Figure 2.10 (+)-Broussonetine W and its synthetic analogs. Their
a-glucosidase inhibition potency depends on the configuration of
the polyhydroxylated pyrrolidine, the length of the side chain, and
presence of the o,3-unsaturated ketone group functionality.

(+)-broussonetine W (26) demonstrated strong and selective
inhibition of rat intestinal maltase (IC5y = 0.047 pM). A gen-
eral correlation of the inhibitory activities of the analogs with
the configuration of the polyhydroxylated pyrrolidine ring was
observed. Furthermore, the length of the side chain and the
a,B-unsaturated ketone group functionality played minor roles
in glycosidase inhibition.

Compound 26 also displayed promising inhibitory activities
against rice a-glucosidase and rat intestinal sucrase and isomal-
tase (ICso=0.73, 0.20, and 1.5 pM, respectively), which were
comparable to that of L-DMDP since both compounds share
similar features at the core pyrrolidine structural level.

Compound 27 was found to be a weaker inhibitor of
a-glucosidase than its natural counterpart (+)-broussonetine
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W mainly due to differences in the Cj; configuration of the
polyhydroxylated pyrrolidine ring. In contrast, its enantiomer
28 remarkably exhibited more potency of inhibition against
rat intestinal maltase and sucrase (IC59=3.5 and 3.4 pM,
respectively) than (+)-broussonetine W (ICs5o =67 and
216 pM, respectively).

Attempts involving modifications of the side-chains of the
analogs did not dramatically change the levels of activity of the
compounds rather the activity was merely directly proportional
to the side-chain length. Moreover, the terminal substitutions
of the side chain did not impart a significant effect on the pat-
tern of glycosidase inhibition. Compounds bearing the satu-
rated cyclohexanone group were slightly weaker inhibitors
than the natural (+)-broussonetine W and its analogs contain-
ing the same group. However, it is noteworthy to mention
that relative to compound 27 that holds the unsaturated cyclo-
hexenone group, compound 29 exhibited much more inhibi-
tory activity against rice o-glucosidase, rat intestinal maltase,
and sucrase (IC50=7.9, 1.6, and 3.1 pM, respectively) [27].

Novel a-geminal dihydroxymethyl piperidine and pyrroli-
dine iminosugar inhibitors of wvarious glucosidase enzymes
have been recently synthesized (Fig. 2.11). All pyrrolidine
iminosugars (e.g., 30 and 31) and piperidine iminosugars (e.g.,
32, 33, and 34) inhibited rice a-glucosidase (ICs,=0.028—
5.0 uM; K; =0.083—3.0 pM). The hydroxymethyl group at
Cs position of compound 33 is crucial for promising rice
a-glucosidase inhibitory activity when compared to DNJ.
However, compounds 30 and 33 exhibited moderate inhibi-
tion of yeast a-glucosidase. Molecular docking confirmed that
the higher affinity of 30, 33, and 34 to rice a-glucosidase is
due to strong hydrogen bonding with the enzyme as indicated
by their lower free energies. Each of the inhibitors forms
approximately five to six strong and stable hydrogen bonds
with the active site residues of the enzyme [28].
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Figure 2.11 The a-geminal dihydroxymethyl piperidine and pyrroli-
dine iminosugars. The compounds form strong hydrogen bonding
with yeast a-glucosidase active site as revealed by molecular docking
studies. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.
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36 R=3-methoxyphenyl

37 R=3,4-dimethoxyphenyl

38 R=2,4-dimethoxyphenyl

39 R=2,5-dimethoxyphenyl
Figure 2.12 The substitutions on the aryl ring of the 2-aryl polyhy-
droxylated pyrrolidine derivatives are important for inhibition and
selectivity to different glucosidases. Reproduced from U. Ghani, Re-
exploring promising a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

Tsou et al. [29] synthesized and screened a library of 2-aryl
polyhydroxylated pyrrolidines against various glucosidases
including bacterial  (Bacillus  stearothermophilus) and  yeast
a-glucosidases (Fig. 2.12). In these compounds, the substitu-
tions on the aryl ring determined the potency of inhibition
and selectivity to different glucosidases. Compounds with the
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D-gluco configuration were found to be more selective inhibi-
tors of a-glucosidases than (3-glucosidases and mannosidases.
Compounds with mono-substitution on the aryl ring with
para (35) (IC50=0.5pM) and meta (36) (ICsy = 2.4 pM)
methoxy groups showed higher levels of yeast a-glucosidase
inhibition than those containing a para-hydroxyl group only.
Compounds with the 3,4-dimethoxy-substitution, such as in
37, showed more promising activity than those possessing the
same substitution at the 2,4- or 2,5-positions as in compounds
38 and 39, respectively. Compound 37, a competitive inhibitor
of yeast a-glucosidase (K; = 0.7 pM), behaves like a transition
state analog in glycosidic catalysis since its conformation and the
orientation of its hydroxyl groups are ideal for optimal inhibi-
tion of the enzyme. Increasing the hydrophobicity of the com-
pounds by incorporating a methyl or a butyl group to the
imino moiety resulted in a significant loss of inhibitory activity,
further confirming that the hydroxyl groups in these com-
pounds that apparently participate in the interactions with the
enzyme active site residues are crucial for potent inhibition.
Recently, a limited library of alkaloids and scaftolds, based
on natural bicyclic iminosugars bearing the polyhydroxylated
pyrrolidine and varied ring skeletons, have been synthesized
[30].  Polyhydroxylated pyrrolizidines and piperidines are
monocyclic iminosugars that have been widely studied [31,32]
due to their broad spectrua of biological activities including
inhibition of various glucosidases that are implicated in diabe-
tes, cancer, and lysosomal storage diseases [33]. In their work,
Cheng et al. [30] identified two libraries with promising
a-glucosidase inhibitory activity, which showed a general pat-
tern of structure-dependent inhibition. In these libraries, the
structural features responsible for promising enzyme inhibition
include the stereocenter on the ring B and the structure of the
substituent. Furthermore, the inhibitors carrying phenyl moie-
ties exhibited more potent enzyme inhibition than those
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Figure 2.13 The bicyclic iminosugar-based alkaloids and scaffolds
mainly inhibit a-glucosidase through their stereocenter on the ring B
and the type of the substituent group.

bearing the alkyl, benzyl, or alicyclic groups. Comparison of
the structures and activity of inhibitors 40 (possessing a bromo
group at the meta position; 1Cso = 0.2 pM) and 41 (possessing
methyl groups at the meta and para positions; 1Csy = 0.4 pM)
revealed that the hydrophobic substituents on the phenyl moi-
ety tend to enhance the potency of inhibition. These com-
pounds inhibited a-glucosidase with more potency than DAB,
particularly compound 40 whose potency also exceeded that of
monocyclic DMDP. The compound competitively inhibited
bacterial a-glucosidase (K; =71 nM), which appears to be a
mechanism-based inhibitor since it mimics the transition state
during catalysis. The monocyclic compound 42 inhibited
a-glucosidase, albeit 500 times weaker than the bicyclic com-
pound 40 (Fig. 2.13). It appears that the inhibitory activity of
both compounds is generally due to protonation of their amine
groups in the acidic assay conditions in which they, most likely,
act as transition state analogs. However, the discriminating fac-
tor that dictates potent activity is the bicyclic conformationally
restricted scaftold (as in compound 40) rather than charge
distribution.

2.2.2 Polyhydroxylated pyrrolizidines

Polyhydroxylated pyrrolizidines are naturally occurring alka-
loid inhibitors of glucosidases with potential therapeutic effects
for treatment of diabetes mellitus, cancer, and HIV [34—306].
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Figure 2.14 (—)-Hyacinthacine A,. Reproduced from U. Ghani, Re-
exploring promising a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

Asano et al. [37] first 1solated hyacinthacines A; and A, from
the bulbs of Muscari armeniacum (Hyacinthaceae) with signifi-
cant inhibitory activities against rat intestinal lactase, rat epidid-
ymis «-L-fucosidase, and amyloglucosidase enzymes. Later,
Calveras and coworkers [38] attempted the first chemoenzy-
matic synthesis of these alkaloids particularly the stereoisomers
of hyacinthacines A; and A,. (—)-Hyacinthacine A, (43), an
enantiomer of (+)-hyacinthacine A,, is a competitive inhibitor
of rice a-glucosidase (K;=4.7 pM) (Fig. 2.14); conversely,
(+)-hyacinthacine A, is inactive. The exclusive inhibition of
the enzyme by (—)-hyacinthacine A, obviously explains their
preferred selectivity of the active site for that specific
stereochemistry.

Natural bicyclic iminosugars such as (+)-casuarine (44;
IC50=0.7 pM) and casuarine 6-0-a-glucoside (45; 1Csq =
1.1 pM) are of interest in terms of their promising biological
activities especially a-glucosidase inhibition (Fig. 2.15).
(+)-Casuarine and casuarine 6-o-a-glucoside, isolated from
the bark of Casuarina equisetifolia and the leaves of Eugenia
Jjambolana, respectively, were originally identified as inhibitors
of fungal maltase—glucoamylase originating from Aspergillus
niger [39]. Casuarine is also a promising inhibitor of rice
a-glucosidase  (IC50=1.2uM) and rat intestinal maltase
(IC50 = 0.7 pM) [40]. The first total synthesis of casuarine and
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Figure 2.15 Casuarine and its glycoside. Reproduced from U. Ghani,
Re-exploring promising a-glucosidase inhibitors for potential develop-
ment into oral anti-diabetic drugs: finding needle in the haystack, Eur. J.
Med. Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

casuarine 6-0-a-glucoside has been reported by Denmark and
Hurd [41], and Cardona et al. [42], respectively. Further work
on its biological activities revealed that casuarine also potently
inhibits the N-terminal domain of human intestinal malta-
se—glucoamylase (MGAM-N) (K; = 0.45 pM) [42]. Discussion
on the crystal structure of casuarine in complex with MGAM-
N will follow in Chapter 7: Computational and structural
biology of a-glucosidase-inhibitor complexes: clues to drug
optimization and development.

2.2.3 Polyhydroxylated quinolizidines

There are several reports on the synthetic polyhydroxylated
quinolizidine iminosugars exhibiting moderate a-glucosidase
inhibitory activity [43,44]|. However, no natural polyhydroxy-
lated quinolizidine has been isolated and studied to date.
Recent work by Da Cruz et al. on the synthesis and biological
activity of quinolizidine iminosugar derivatives carrying a
hydroxymethyl group at the ring junction has identified a
number of highly potent a-glucosidase inhibitors with 1Cs,
values in nanomolar range [45|. The derivatives (46, 47, 48,
and 49) were synthesized using the r-sorbose-derived ketoni-
trones as starting material, which were also evaluated for
a-glucosidase inhibitory activity (Fig. 2.16). All p-gluco con-
tigured quinolizidines (46, 48, and 49) potently and selectively
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Figure 2.16 The polyhydroxylated quinolizidine iminosugars.

inhibited the enzyme, particularly the compound 46 that dem-
onstrated highest inhibitory activity against rice a-glucosidase
(ICsp = 47 nM) compared to that of DNJ (ICsy, = 35 nM). The
compound, a mixed-type inhibitor, showed tight binding attin-
ity with the enzyme active site (K; =57 nM). Additionally, it
also inhibited yeast a-glucosidase but with much lower potency
(ICs0 = 300 pM). Compound 47 with the r-ido configuration
for the polyhydroxylated ring exhibited modest inhibitory
activity against rice a-glucosidase (ICso = 107 pM). It is impor-
tant to mention that the hexahydroxylated quinolizidines (48
and 49) were found to be promising inhibitors of rice
a-glucosidase (ICsy = 0.26 and 0.79 pM, respectively). Kinetic
studies showed that these compounds bind to the enzyme with
much lower affinity than that of 46 since they contain an addi-
tional dihydroxylated cyclic structure. Interestingly, presence of
these additional hydroxyl groups in 48 and 49 markedly sup-
pressed their yeast a-glucosidase inhibitory activity.

2.2.4 Hydroxymethyl-branched polyhydroxylated
indolizidines

The piperidine and polyhydroxylated indolizidine derivatives
have shown to be promising a-glucosidase inhibitors. The for-
mer are analogs of DNJ with an improved o-glucosidase
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Figure 2.17 The o,a-disubstituted piperidine and 8a-branched poly-
hydroxylated indolizidine derivatives.

inhibitory profile than that of DNJ. Boisson et al. [46] synthe-
sized and evaluated «,a-disubstituted piperidine and 8-
branched polyhydroxylated indolizidine derivatives for
a-glucosidase inhibitory activity (Fig. 2.17). The tetrahy-
droxylated indolizidines such as 50 (ICsy)=2.2uM) and 51
(ICs50 =0.052 pM/K; = 31 nM) have shown to inhibit rice
a-glucosidase with high potency. Dihydroxylation of these
derivatives yielded compound 52 exhibiting comparable levels
of rice a-glucosidase inhibition (ICsy= 1.5 pM) indicating
that the dihydroxylation exerted similar inhibitory effects
despite carrying six hydroxyl groups. The tetrahydroxylated
N-propyl o,a-disubstituted piperidines (53 and 54) showed
comparable levels of rice a-glucosidase inhibition as well
(IC50 =2.3 pM).
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2.2.5 Nojirimycin derivatives

a-Homonojirimycin (a-HNJ), a C;-branched derivative of
DNJ, is a natural product first discovered in 1988 [47]. Since
then numerous natural derivatives of a-HNJ have been iso-
lated and synthesized, many of which displayed promising
a~glucosidase inhibitory activity including its 7-0-3-p-gluco-
side with potential for treatment of hyperglycemia in type 2
diabetes [48—51].

Suregada glomerulata, a plant native to China with no report
on its medicinal use, has been investigated by Yan et al. for its
potential medicinal value [52]. The water extract of its leaves
showed a-glucosidase inhibitory activity that led to isolation
of 10 new piperidine iminosugars closely related to o-HN]J
including one known pyrrolidine (homo-DMDP) and nine
known natural derivatives of a-HN]J. All compounds inhibited
rat small intestinal maltase including four that also lowered
postprandial  blood glucose levels in healthy mice.
Interestingly, the N-methyl, N-butyl, and N,N-dimethyl
derivatization of the piperidine compounds resulted in a signif-
icant loss of a-glucosidase inhibitory activity. However, the
N-methylation of a-HN]J, a-7-deoxyhomonojirimycin and 4-
deoxy-a-homonojirimycin yielded better inhibitors (e.g., 55;
IC50 = 0.72 pM).

More importantly, the 4-deoxygentaion of these com-
pounds at the C, position remarkably suppressed the activity
suggesting a decisive role of the 4-hydroxyl group in enzyme
inhibition especially with 3 orientation. The «-1-C-hydro-
xyoctyl derivative of DNJ (56), presented in Fig. 2.18, showed
moderate activity (ICsy = 5.53 pM) suggesting that DN]J bear-
ing long hydroxylated side chains may potentially become a
new class of a-glucosidase inhibitors. Some of the known nat-
ural derivatives of HN]J were also found to significantly reduce
postprandial blood glucose levels in healthy mice using oral
starch and sucrose tolerance tests.
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Figure 2.18 Natural derlvatlves of a-HNJ and DNJ. The 4-hydroxyl
group, especially with 3 orientation, is responsible for promising
activity. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

In order to study the influence of a variety of chiral centers and
conformations on the selectivity and potency of inhibition of glu-
cosidases, Asano et al. [49] synthesized a series of natural epimers
of a-HNJ and its N-alkylated derivatives, and screened them
against various glucosidases (Fig. 2.19). a-HNJ (57) showed potent
inhibition of a number of a-glucosidases (ICs) = 0.04—8.4 pM),
whereas (-HNJ (58), a-homomannojirimycin (59), and
3-homomannojirimycin (60) were inactive against 3-glucosidases
and mannosidases despite being moderate inhibitors of some
mammalian a-glucosidases. (3-4,5-di-epi-HN]J (61), N-methyl-
a-HNJ (62), and N-butyl-a-HNJ (63) inhibited various
a-glucosidases. The structure of a-HINJ features a chair conforma-
tion with the C; hydroxyl group equatorial to the piperidine ring,
whereas the N-methyl-a-HN]J (62) carries an axial orientation.
From these studies, the investigators proposed that the axial con-
formation of the C; hydroxyl group is essential for promising glu-
cosidase inhibition, rendering more specificity to rat liver
a-glucosidases I than IT unlike N-butyl-a-HN]J (63) and N-butyl-
DNJ (64), both of which lack this type of conformation. The ICs,
values of the compounds are listed in the Appendix.

It is noteworthy to mention the synthetic alkylated deriva-
tives of (+)-DNJ especially compounds 65 (ICs,=0.108;
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Figure 2.19 The axial conformation of the C; hydroxyl group is
essential for potent inhibition of a-glucosidase by the natural epi-
mers of o-HNJ and their N-alkylated derivatives. Reproduced from
U. Ghani, Re-exploring promising a-glucosidase inhibitors for potential
development into oral anti-diabetic drugs: finding needle in the hay-
stack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French Société
de Chimie Thérapeutique published by Elsevier Masson SAS. All rights
reserved.

1.9 uM) and 66 (ICs,=0.017; 0.3 pM) that exhibited more
stronger inhibition of rat liver a-glucosidases I and II than that
of N-butyl-DNJ (IC;5,=0.68; 10.8pM) (Fig. 2.20).
Particularly, the aryl azide (66) that showed promising inhibi-
tion of rat liver a-glucosidase I in nanomolar range
(ICs0 =17 nM), whereas compound 67 inhibited rat liver
a-glucosidase II with ICsy = 0.29 pM [53].
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Figure 2.20 The alkylated derivatives of (+)-DNJ. Reproduced from U.
Ghani, Re-exploring promising «-glucosidase inhibitors for potential
development into oral anti-diabetic drugs: finding needle in the hay-
stack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French Société
de Chimie Thérapeutique published by Elsevier Masson SAS. All rights
reserved.

Ardes-Guisot et al. [54] synthesized a series of neoglyco-
conjugates of DNJ by click connection with functionalized
adamantanes (Fig. 2.21).

All  compounds (68—74) significantly inhibited rice
a-glucosidases, rat intestinal maltase, and sucrose with an ICs,
range of 0.025—7.3 uM showing a direct correlation of the
level of inhibition with increasing side-chain length. Com-
pounds containing shorter side chains displayed moderate inhi-
bition of the enzyme when compared to miglitol and DNJ.

Hatano et al. [55] synthesized and characterized five new
fluorescent DINJ conjugates (75—79) by linking fluorescent
molecules to DNJ through click azide—alkyne coupling reaction
(Fig. 2.22). This type of conjugation resulted in compounds
exhibiting moderate to potent a-glucosidase inhibitory activity.
The conjugate 75 was active against rice o-glucosidase, rat
intestinal maltase, rat intestinal isomaltase, and rat intestinal
sucrase, whereas the inhibitory activity of the conjugate 75 was
comparable to that of DNJ and miglitol. The conjugate 76
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Figure 2.21 There is a direct correlation of inhibition potency to
increasing side-chain length of the neoglycoconjugates of DNJ.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.
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Figure 2.22 The fluorescent deoxynojirimycin conjugates. In these
compounds, the DNJ moiety and the linking hydrophobic chromo-
phores act in concert to influence the activity.

exhibited more activity against the above enzymes than that of
75; it inhibited both a- and 3-glucosidases. The activity of con-
jugates 77 and 78 was found to be lower than that of other
conjugates on the target enzymes. Conjugate 79 inhibited rat
intestinal maltase with highest potency (ICso= 0.1 pM) but
exhibited moderate potency of inhibition on rat intestinal
isomaltase  (ICsp = 13.6 pM). These DNJ conjugates are an
interesting class of compounds that inhibit a variety of
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a-glucosidases. Their inhibitory effect on several a-glucosidases
is particularly due to the DNJ moiety and the linking hydro-
phobic chromophores that act in concert for the net eftect.
Molecular docking studies have confirmed that the conjugates
strongly inhibit «a-glucosidase by optimally binding to the
enzyme active site, and through electrostatic interactions involv-
ing the Ny,N-alkylation of DNJ at position 1.

2.2.6 Other derivatives

A variety of plants from the Beilschmiedia genus have been
used in African folklore medicine for treatment of tumors,
rheumatism, and lung diseases [56]. Natural compounds
isolated from the Beilschmiedia alloiophylla plant have shown
to possess promising «-glucosidase inhibitory activity.
Recently, isolation of a new alkaloid namely 2-hydroxy-9-
methoxyaporphine, along with 10 known compounds
from the plant with yeast a-glucosidase inhibitory activity,
has been reported (ICsy=8-—55pM). Since 2-hydroxy-9-
methoxyaporphine (ICs5y =40 pM) contains the aromatic
ring system and substitutions similar to that of NJ, its
inhibitory activity can be justified by the presence of these
structural similarities. Among other compounds oreobei-
line, 6-epioreobeiline, B3-amyrone, and (S)-3-methoxynor-
domesticine also showed inhibitory activity with ICsq
values of 8, 10, 20, and 10 pM, respectively [57]. More
details of the inhibitor structures have been provided in
the original article [57].

[t 1s important to discuss the synthetic N-alkylated imi-
nosugar mimics (S-alkylated, cyclic sulfonium ions) featur-
ing varying alkyl chain lengths that have been reported to
inhibit human intestinal maltase—glucoamylase (K range =
6—75 pM). Example includes compound 80 (K;=6 pM)
(Fig. 2.23) [58].
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Figure 2.23 The cyclic sulfonium ion of S-alkylated iminosugars.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.
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Figure 2.24 The benzamide, cinnamide, gallamide, and caffeoyl ami-
nosugars. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

§ 2.3 Aminosugars

The synthetic N-substituted 1-aminomethyl-3-p-gluco-
pyranoside aminosugar derivatives (Fig. 2.24) are of interest
since they inhibit a range of glycosidases including vyeast
a-glucosidase, rat intestinal maltase and sucrase enzymes (ICsq
range = 2.3 pM—2.0 mM). In these compounds, the type of
N-substitution greatly affects the activity. The amidosugar
series of the compounds constitute benzamide and cinnamide
derivatives; out these, two of the cinnamic amide derivatives
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81 (IC50=23puM) and 82 (IC5)=5.6 uM) are promising
inhibitors of yeast a-glucosidase. Changes in the aromatic ring
substituents on the cinnamide moiety resulted in a significant
loss of inhibitory activity, specifically the groups incorporated
at position 4 impart marked effect on the activity.

The gallamide derivative 83 and the cafteoyl amide deriva-
tive 84 inhibited rat intestinal maltase (IC5y=7.7 and 5.1 pM,
respectively) and rat intestinal sucrase (ICso=15.9 and
10.4 pM, respectively). The latter is a competitive inhibitor of
rat intestinal maltase and sucrase (K; = 4.8 and 17.1 pM, respec-
tively). The 3,4,5-triacetoxy motif in the former augments
higher inhibitory potency possibly due to favorable role of acet-
oxy groups in apparent hydrogen bonding with the enzyme.
Generally, the amidosugar series of compounds are more prom-
1sing inhibitors of the target enzymes than aminosugars [59].

Three pseudoaminosugars namely validamine, valienamine,
and valiolamine have been tested for rat liver a-glucosidases I
and II, and rat liver lysosomal a-glucosidase inhibitory activi-
ties. Valiolamine (85) (Fig. 2.25) potently inhibited
a-glucosidases I and II (IC5) = 12 pM each). Moreover, it is
also a competitive inhibitor of rat liver lysosomal a-glucosidase
(K;=8.1 and 11 pM) using maltose and glycogen substrates,
respectively) [60].  As discussed earlier, valiolamine was

CH,OH

I

OH
Valiolamine (85)

Figure 2.25 Valiolamine—a promising lead compound that paved
way for the development of voglibose. Reproduced from U. Ghani, Re-
exploring promising a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.
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identified as promising lead compound that later resulted in the
drug development of voglibose. The compound and its deriva-
tives may still provide further avenues for studying oligosaccha-
ride processing by glucosidases and for developing new
antidiabetic drugs.

S 2.4 Thiosugars

Salacia reticulata has been used in Ayurvedic traditional
medicine for treatment of type 2 diabetes mellitus. In vivo
experiments have shown that the aqueous extract of the stem
and roots of the plant significantly reduced blood glucose
levels [61] and bodyweight [62] in rats without acute toxicity.
Additionally, the plant extract has shown to significantly
reduce blood glucose levels in patients with type 2 diabetes
[63]. Salacia reticulata contains well-known and widely studied
a-glucosidase inhibitors such as salacinol, kotalanol, and de-o-
sulfonated kotalanol, which possess the 1,4-anhydro-4-thio-p-
arabinitol moiety and the polyhydroxylated acyclic side chain.
One of the characteristics of the sulfonium ion inhibitors is
that they carry a permanent positively charged sulfur that is
assumed to interact with the a-glucosidase active site in a fash-
ion similar to that of protonated amines. This section high-
lights some of the natural and synthetic thiosugars with
promising a-glucosidase inhibitory activity.

In Asian traditional medicine, the stem and roots of Salacia
chinensis are widely used for treatment of diabetes. Hot-water
extract of the plant stem has shown promising in vivo antidia-
betic activity in a type 2 diabetes mellitus mice model. The
extract significantly lowered postprandial glucose as well as
HDbA1C (glycated hemoglobin) levels [64|. The plant is known
to contain kotalanol (86), salacinol, and other compounds that



Natural and synthetic sugar mimics 47

OH OH OH
- OH
st i OH
HO/\Q 5505~
HO  OH

Kotalanol (86)

Figure 2.26 Kotalanol—a thiosugar a-glucosidase inhibitor isolated
from Salacia reticulata featuring the 1-deoxyheptosyl-3-sulfate anion
and the 1-deoxy-4-thio-p-arabinofuranosyl sulfonium cation. Reproduced
from U. Ghani, Re-exploring promising «-glucosidase inhibitors for
potential development into oral anti-diabetic drugs: finding needle in
the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French
Société de Chimie Thérapeutique published by Elsevier Masson SAS. All
rights reserved.

are widely recognized as classic glucosidase inhibitors. Kotala-
nol and salacinol are extensively studied natural thiosugars
with potent a-glucosidase inhibitory activity. Yoshikawa and
coworkers [65] first isolated kotalanol from the water soluble
extract of the roots and stems of Salacia reticulata, a woody
climbing plant from the submontane forests of Southeast Asia.
Use of roots and stems of the plant are common in traditional
medicine for treatment of diabetes mellitus. Chemically, kota-
lanol is a thiosugar derivative composed of the 1-
deoxyheptosyl-3-sulfate anion and the 1-deoxy-4-thio-p-ara-
binofuranosyl sulfonium cation (Fig. 2.26). It is a more potent
competitive inhibitor of rat intestinal maltase (K;=0.18 pM)
than acarbose.

Moreover, Yoshikawa and coworkers [66] also first isolated
salacinol (87) from the same plant and reported its biological
activities (Fig. 2.27). Salacinol is a potent competitive inhibitor
of rat intestinal maltase, isomaltase, and sucrase (K;=0.31,
0.47, 0.32 pM, respectively). The water-soluble fraction of the
roots and stems of the plant significantly reduced blood glu-
cose levels in rats. Additionally, the same fraction inhibited rat

ALGrawany
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Figure 2.27 Salacinol. Reproduced from U. Ghani, Re-exploring promis-
ing a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

intestinal  maltase  (IC50 =35 pM) and sucrase (ICso=
26 uM) in wvitro. High doses of the fraction did not show
significant effects on alloxan-induced hyperglycemia in mice
indicating that the plant possibly lowers blood glucose levels
by inhibiting intestinal o-glucosidase. Bioactive-guided frac-
tionation confirmed salacinol to be the active ingredient
responsible for this effect. The inhibitory activities of salacinol
on rat intestinal maltase, sucrase, and isomaltase are comparable
to that of acarbose (K; = 0.12, 0.37, 75 uM, respectively).

The inhibitory effects of a series of natural thiosugars and
their analogs on human recombinant glucosidases (maltase—
glucoamylase, sucrase—isomaltase) have been reported recently
[67,68]. These include neosalacinol (88), neokotalanol (89)
ponkoranol (90), and neoponkoranol (91) which potently
inhibited human intestinal maltase—glucoamylase (ICsy = 3.9,
3.9, 5.0, and 4.0 pM, respectively) (Fig. 2.28). The compounds
exhibited rat intestinal maltase inhibitory activities similar to
that of acarbose, miglitol, and voglibose [62].

Several synthetic derivatives of salacinol and related com-
pounds have been reported since its original isolation from
Salacia reticulata. Ishikawa et al. [69] utilized a diastereoselective
approach to designing of promising salacinol-type a-glucosidase
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Figure 2.28 Natural thiosugar analogs. Reproduced from U. Ghani, Re-
exploring promising «a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.
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Figure 2.29 Synthetic 3’-0-benzylated salacinol analogs.

inhibitors, which were synthesized by S-alkylation of thiosugars
with epoxides. The salacinol-type natural compounds, originating
from the genus Salacia, are known to inhibit a-glucosidase and
lower blood glucose levels. In this work, the 3'-o-benzylated
salacinol analogs (Fig. 2.29) were identified as potent inhibitors of
a-glucosidase with ability to reduce blood glucose levels in
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maltose-loaded mice similar to that of voglibose. Compounds
92, 93, 94, and 95 showed human intestinal maltase inhibi-
tory activities comparable to that of neosalacinol, salacinol,
voglibose, acarbose, and miglitol. Compounds 93, 94, and 95
(IC50=0.11—-0.22 pM) showed 20—45-fold more activity
than salacinol. All compounds competitively inhibited human
intestinal maltase with a K; range of 15—73 nM. Additionally,
the compounds were also tested for antihyperglycemic effects
in vivo. Oral administration of the compounds to maltose-
loaded mice with high blood glucose levels resulted in a more
effective reduction of blood glucose level than that of salacinol.

Although the inhibitory potency of compound 92
(ICs0 = 0.58 pM) was several fold less than that of other target
compounds, it displayed comparable level of hypoglycemic
activity to that of compounds 93, 94, and 95. Furthermore,
compound 95 at a dose of 0.1 mg/kg efficiently reduced
blood glucose levels in maltose-loaded mice similar to that of
voglibose. These findings imply that the net therapeutic eftects
of the target compounds is accomplished by inhibiting intesti-
nal a-glucosidase in vivo aided by an underlying systemic
mechanism through which they reduce blood glucose levels.
The compounds show potential for antidiabetic drug develop-
ment since they demonstrate promising in vitro and in vivo
a-glucosidase and antihyperglycemic activities.

Eskandari et al. [70] modified the structure of ponkoranol
(90) by replacing its sulfur moiety with a methyl ether and
investigated its eftects on the inhibition of the N-terminal cat-
alytic domain of human maltase—glucoamylase (Fig. 2.30).
Previous studies showed that de-o-sulfonated kotalanol (86)
and its stereoisomers are more potent inhibitors of human
maltase—glucoamylase than natural kotalanol and its sulfated
stereoisomers [71,72].

The de-o-sulfonated ponkoranol (96) (K; = 0.043 pM) and
its 5'-stereoisomer (97) (K;=0.015pM) were indeed more
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Figure 2.30 Synthetic de-o-sulfonated ponkoranol and its derivatives.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.

promising than natural ponkoranol (90) (K;=0.17 pM).
Structural evidence for this comes from the crystal structures
of human maltase—glucoamylase in complex with kotalanol
and de-o-sulfonated kotalanol confirming that the proximity
of the sulfate group to the bulky hydrophobic amino acids in
the active site restricts its conformational freedom. Therefore,
removal of the sulfate renders conformational freedom to the
polyhydroxylated chain so that it can optimally interact with
the enzyme active site. The activities of compound 96
(K;=43nM) and its 5'-stereoisomer (97) (K;=15nM)
proved to be more promising than that of 3'-o-methyl
ponkoranol (98; K;=0.5puM), asserting that incorporation
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of a methyl ether instead of a sulfate 1s not favorable to the
activity [70].

Continuing interest in exploring new derivatives of pon-
koranol has led to identification of a number of 3'-benzylated
analogs of 3/-epi-neoponkoranol bearing a variety of hydro-
phobic substituent groups at the 3'-position [73]. The purpose
of designing the analogs was to determine whether these struc-
tural modifications contribute to improvement in their
a~glucosidase inhibitory activities. The 3'-epi-neoponkoranol
analogs, carrying a variety of hydrophobic substituents at the
3'-position, exhibited more potent a-glucosidase inhibitory
activity than their natural counterparts mainly those with the
ortho-substituted benzyl groups. The sulfonium salts of these
thiosugars with ortho-substituted benzyl groups exhibited most
potent enzyme inhibition (99—109) (Fig. 2.31). Compound
99 exhibited comparable rat antimaltase and antisucrase activi-
ties with that of its natural counterpart neoponkoranol.
Replacement of the benzyl group with an ethyl (as in com-
pound 100) culminated in the reduction of its antimaltase
activity. However, its antisucrase activity improved six-fold
more than that of compound 99.

The inhibitory activity of the compounds significantly
depended on the type of substituents that are present on the
phenyl ring of the benzyl group; sulfonium salts possessing
para-substitutions exhibited less inhibitory potency especially

99. R=Bn
100. R = Et

FH (;DH 101. R = o-Nitrobenzyl
~ oH 102. R = m-Nitrobenzyl

cr: : 103. R = p-Nitrobenzyl
g+ OR OH 104

HO . R = 0-Chlorobenzyl
105. R = m-Chlorobenzyl
106. R = p-Chlorobenzyl

HO CH 107. R = o-(Trifluoromethyl)benzyl
108. R = m-(Trifluoromethyl)benzyl
109. R = p-(Trifluoromethyl)benzyl

Figure 2.31 The 3’-epi-neoponkoranol analogs.
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against sucrase. Compound 107 with the ortho-substituted tri-
fluoromethyl group on the phenyl ring exhibited more inhibi-
tory potency than that of all natural compounds studied in the
series. It is a competitive inhibitor of both maltase and sucrase
exhibiting ten-fold more potency than that of acarbose.

Comparison of these compounds with previously studied
3/-alkylated analogs of neosalacinol containing the 3'S-OR
stereochemistry indicated that majority of the ortho- and meta-
substituted analogs showed comparable sucrase inhibitory
activity but lower antimaltase activity. Therefore, the stereo
inversion and changes in the specific hydrophobic substitutions
of these compounds did not further optimize their
a-glucosidase inhibitory activity.

S 2.5 Carbasugars

Pericosines A—E metabolites, produced by the Periconia
byssoides fungus, are structurally similar to carbasugars.
Pericosine E is a novel compound containing an o-linked car-
basaccharide structure between the pericosine A-like and peri-
cosine B-like moieties with opposite absolute configurations
(Fig. 2.32). It is the only natural o-linked carbadisaccharide
found in nature to date as an enantiomeric mixture. Synthesis
of pericosine E is highly challenging due to its complicated
stereochemistry. However, attempts have been made recently
to synthesize the compound involving first total synthesis of
(—)-pericosine E [74]. Usami et al. [75] recently reported the
enantiospecific synthesis of both enantiomers and six diastereo-
mers of pericosine E possessing a-glucosidase inhibitory activ-
ity. Although all pericosines exhibited some level of
a-glucosidase inhibitory activity, (—)-pericosine E (110) and
(+)-pericosine E (111) were distinct in terms of high potency
of inhibition (IC5, = 12 and 31 pM, respectively).
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Figure 2.32 Pericosine E—an o-linked carbadisaccharide found in
nature as enantiomeric mixture.
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Polyphenols are secondary metabolites abundant in the plant
kingdom with a broad range of biological activities. Due to
their diverse therapeutic effects, they are a focus of interest in
traditional medicine and drug development. Polyphenols pos-
sess a broad spectrum of biological activities such as antioxi-
dant, antihypertensive, and a-glucosidase inhibitory activities.
As their name suggests, polyphenols are aromatic compounds
that bear one or more hydroxyl groups, which are divided
into phenolic acids and flavonoids. Phenolic acids are further
classified as hydroxybenzoic acids (e.g., gallic acid and related
derivatives) and hydroxycinnamic acids (e.g., caffeic acid and
related derivatives). The subtypes of flavonoids include flavo-
nols, flavones, isoflavones, flavans, catechins (flavan-3-ols),
anthocyanins, and chalcones. This chapter focuses on polyphe-
nol a-glucosidase inhibitors that are divided into chalcones,
xanthones, flavonoids, and others for clarity and organizational
purposes [1,2].

3.1 Chalcones

Chalcones are widely distributed in the plant kingdom
and have been reported as precursors of flavonoids and

Alpha-glucosidase Inhibitors. © 2020 Elsevier Ltd.
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isoflavonoids. They possess a wide range of medicinal proper-
ties that include antidiabetic [3], antiinflammatory [4], antican-
cer [5], and immunomodulatory activities [6]. The chalcone
skeleton (1,3-diphenyl-2E-propene-1-one) comprises a benzy-
lideneacetophenone scaffold in  which a three-carbon
a~-,3-unsaturated carbonyl bridge joins the two aromatic struc-
tures [7]. In nature, chalcones exist in a number of forms con-
jugated with other moieties. It is an intermediate featuring an
open-chain structure in aurones synthesis of flavones [8,9].
Interest in chalcones as antidiabetic agents has identified various
promising a-glucosidase inhibitors. New galloyl, caffeoyl, and
hexahydroxydiphenyl esters of dihydrochalcone glucosides
identified from the aerial tissues of Balanophora tobiracola plant
exhibited yeast a-glucosidase inhibition (Fig. 3.1). Compounds
1, 2, 3, 4, and 5 inhibited the enzyme with 1Cs, values of 0.4,
0.8, 1.1, 1.8, and 1.6 pM, respectively. Compounds containing
the 3-o-galloyl-4,6-0-HHDP-glucose moiety (1 and 2) were
most potent inhibitors in the series [10].

Ryu et al. [11] isolated and identified various chalcone
a-glucosidase  inhibitors from  Broussonetia  papyrifera  plant
(Fig. 3.2). These include broussochalcone B (6), 3,4-dihydroxyi-
solonchocarpin (7), 4-hydroxyisolonchocarpin (8), kazinol A (9),
and B (10) (IC5o = 11.1—19.1 pM). All compounds inhibited the
enzyme noncompetitively except kazinol A and B which were
mixed-type inhibitors (K;=9.7—16.2 pM). In the target com-
pounds, a free resorcinol motif in the A ring (as in compound 2)
was more selective to enzyme inhibition than the corresponding
products of oxidative cyclization of the alcohol group onto the
pendant allyl group (as in compounds 3 and 4).

Seo et al. [12] synthesized a new series of chalcones that
includes amino and nonaminochalcones. Aminochalcones
specifically the sulfonamide chalcones are reported to be noncom-
petitive inhibitors of yeast a-glucosidase (11, ICsy = 12.4 pM; 12,
IC50 = 15.6 pM; 13, 1C50 = 0.98 pM; and 14, 1Cso = 0.4 pM;
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Figure 3.1 The dihydrochalcone glucoside derivatives exhibit promising
inhibition of a-glucosidase mainly due to the 3-o-galloyl-4,6-0-HHDP-
glucose moiety. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

Fig. 3.3). Sulfonamide chalcones are a new promising class of
nonsugar a-glucosidase inhibitors with potential for treatment of
type 2 diabetes mellitus.

Wang et al. [13] extended the work on sulfonamide chalcones
by incorporating the phenylsulfonamide chalcone substructure
into the benzopyran backbone forming the 3-[4-(phenylsulfona-
mido)benzoyl]-2H-1-benzopyran-2-one derivatives (Fig. 3.4).
The synthetic approach yielded more potent yeast a-glucosidase
inhibitors than the simple sulfonamide chalcones.

In the R* = H series, addition of a halogen (F) at Cq posi-
tion of compound 15 (ICsy = 7.18 pM) weakened the inhibi-
tory activity relative to compound 16 (ICs, = 3.28 pM). The
effects of chlorine and bromine halogens was detrimental to
the activity of the compounds. Compound 16 was more
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Figure 3.2 Broussochalcone B and other a-glucosidase inhibitors iso-
lated from Broussonetia papyrifera plant.

H X = X
Ri=N- | JRe
/ /

11 R4=3-p-tosyl, Ry=4-hydroxy

12 R4=3-p-tosyl, R,=3,4-dihydroxy

13 Ry=4-p-tosyl, Ry=4-hydroxy

14 Ry=4-p-tosyl, Ry=3,4-dihydroxy
Figure 3.3 Sulfonamide chalcones are a promising new class of non-
sugar a-glucosidase inhibitors with potential for treatment of type 2
diabetes mellitus. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.
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15 R1=F, R2=H, R3=H, R4=H

16 R1=H, R2=H, R3=H, R4=H

17 R1=C(CH3)3, R2=H, R3=C(CH3)3, R4=H
18 R1=H, Ry=0H, R3=H, R4=H

19 R4=OCHs, Ry=OH, R3=H, R4=H

20 R1=H, R2=OH, R3=H, R4=CH3

21 R1=H, R2=N(C2H5)2, R3=H, R4=CH3
22 R4=OCHj3, Rp;=OH, R3=H, R;=CH3

2 4 5

, R
2% 1] & —
¥ S—N" 70720 TR,
o H 5 1 8
R3 6"

23 Ry=OCHj3, Ry=OH, Ry=F
24 R4=OCH3, Ry=OH, R3=ClI
25 Ry=H, Rp=H, Ry=Br

26 R1=OCH3, R2=OH, R3=BI'
27 Ry=H, Rp=H, R3=OCHj
28 Ry=H, Ry=OH, R3=OCHj

Figure 3.4 The phenylsulfonamide chalcone substructure with the
benzopyran backbone. Reproduced from U. Ghani, Re-exploring promis-
ing a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

potent than 17 (IC5p=7.13 pM) containing the bulky
tert-butyl groups at C4 and Cg positions that are apparently
unfavorable for enzyme binding. Interestingly, the activity
significantly reduced when the C; was substituted with a
methoxy group. However, the effect of a hydroxyl substitu-
tion at the same position was not much influential on the
potency (as in 18, ICs,=5.76 pM). Contrary to the above,
the diethylamino substitution at C; position appears to be
favorable to inhibitory activity (as in 19, IC55 = 0.19 pM).
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Similar pattern of activity was observed in the R* = CHj
series which possessed same substitutions as above. In this
series, the promising activities of compounds 20 (ICs, =
1.12 uM), 21 (ICso = 0.34 uM), and 22 (ICs, = 0.0645 uM)
appear to be due to the hydroxy or diethylamino substitutions
at C; position. Moreover, methylation of the hydroxyl group
at the same carbon atom was not favorable to the activity. In
contrast, the methoxy group at Cg4 position greatly enhanced
the activity as shown in compound 22, which was most potent
in both series of inhibitors.

Investigators from the same laboratory synthesized a new
series of substituted 3-[4-(phenylsulfonamido)benzoyl]-2H-1-
benzopyran-2-one derivatives containing methoxy or fert-
butyl groups and halogen atoms at the para position of the A
ring (Fig. 3.4). Most of the compounds with or without
halogen-substitutions  displayed more  promising  yeast
a-glucosidase inhibitory activity than previously studied inhib-
itor 16, suggesting an essential role of the para position of
the A ring in enzyme inhibition. Examples include
compounds 23, 24, 25, and 26 (ICs5,= 0.075, 0.025, 0.014,
and 0.036 pM, respectively). Similarly, comparison of 27
(ICs50 =0.073 pM) and 28 (IC5, = 0.018 pM) in the methoxy
series (R®>=OCH;) with 16 (ICs,=3.28 pM) again con-
firmed that the methoxy substitution at the same position
yields more potent inhibitors than previously studied C-ring-
substituted compounds. In contrast, the bulky fert-butyl substi-
tution at the para position of the A ring was not favorable to
the activity, which is in agreement with the C-ring-substituted
compounds as well [14].

Ansari et al. [15] synthesized a series of 2,4-diaryl-2,3-dihy-
dro- and tetrahydro-1,5-benzothiazepines from chalcones and
evaluated both classes of the compounds for a-glucosidase
activity (Fig. 3.5). One chalcone (29) and some derivatives of
1,5-benzothiazepines (30, 31, 32, and 33) have been found to
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31 Ry=2-OH, Rp=4-F
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Figure 3.5 Chalcone and benzothiazepine derivatives. Reproduced
from U. Ghani, Re-exploring promising «-glucosidase inhibitors for
potential development into oral anti-diabetic drugs: finding needle in
the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French
Société de Chimie Thérapeutique published by Elsevier Masson SAS. All
rights reserved.

inhibit yeast a-glucosidase with ICs, values of 15, 12.8, 12,
12, and 12 pM, respectively.

Recently enzymological and computational studies on a
series of synthetic furanochalcone derivatives revealed interest-
ing clues to rat intestinal maltase inhibition and interactions
with its active site. In these compounds, the number and posi-
tion of the hydroxyl groups in the B ring of chalcones influ-
enced the level of inhibition (Fig. 3.6). Compound 34
(ICs0 = 15.2 pM) carrying hydroxyl groups at positions 3 and
4 exhibited more promising activity than others. The activity
did not alter much despite a change in the conformation of
the furan ring from angular to linear form as long as the
hydroxyl groups at positions 3 and 4 remain there (35,
IC5p = 18.9 pM). Removal of the hydroxyl group at position
3 of the angular furanochalcones yielded better inhibitors (36,
IC50 = 10.9 pM). However, removal of the same from the
linear furanochalcones weakened their inhibitory activity

ALGrawany



68 Alpha-glucosidase Inhibitors

34 R4=R4=H, Ry=R3=OH 35 R4=R4=H, Ry=R3=OH
36 R1=R2=R4=H, R3=OH 37 R1=R2=R3=R4=H

Figure 3.6 The number and position of the hydroxyl groups in the B
ring of chalcones determines the potency of a-glucosidase inhibition
by these furanochalcone derivatives. Reproduced from U. Ghani, Re-
exploring promising a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

(37, 1C50=14.5pM). The results were in agreement with
molecular docking studies conducted on the compounds [16].

Chalcones are an interesting class of compounds with
potential for antidiabetic drug development since they are
known to exert significant antihyperglycemic effects in vivo
and inhibit a-glucosidase [12—16]. They target pancreatic
3-cells where they act as insulin secretagogues to maintain glu-
cose homeostasis upon hyperglycemia. In vivo studies on the
naphthylchalcones (38—46) (Fig. 3.7) demonstrated that they
significantly exert rapid and long-term antihyperglycemic
effects in glucose-loaded rats.

Furthermore, the eftect is accompanied by improvement in
the insulin management upon hyperglycemia possibly suggest-
ing that chalcones reduce blood glucose levels through appar-
ent stimulation of insulin from the (3-cells. The results also
showed that the presence of the nitro group and its position in
the phenyl rings are primarily responsible for the antihypergly-
cemic effects. Example includes compound 39, which
improved glucose tolerance in vivo augmented by stimulation
of insulin secretion [17].
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Figure 3.7 The naphthylchalcones reduce blood glucose levels by stim-
ulating insulin and inhibiting a-glucosidase. Reproduced from U. Ghani,
Re-exploring promising «-glucosidase inhibitors for potential develop-
ment into oral anti-diabetic drugs: finding needle in the haystack, Eur. J.
Med. Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

45 R=3'-nitrophenyl
46 R=4'-nitrophenyl

g 3.2 Xanthones

Xanthones (9H-xanthen-9-ones) are secondary metabo-
lites found in some bacteria, fungi, and lichens, and in higher
plant families including but not limited to Moraceae,
Guttiferae, and Polygalaceae. The xanthone skeleton carries a
variety of substituents that include hydroxyl, methoxyl, glyco-
syl, and prenyl groups. Moreover, it also exists as dimer, poly-
cyclic, and xanthonolignoid chemical entities. Xanthones
exhibit antiinflammatory, antidiabetic, anticancer, and antioxi-
dant activities including a number of natural and synthetic
derivatives that have been identified as a-glucosidase inhibitors
[18—21].

Seo et al. [22] reported natural xanthone-derived
a-glucosidase inhibitors isolated from Cudrania tricuspidata.
Although the plant has been previously reported to contain
compounds exhibiting antioxidant, antiatherosclerotic, and



70 Alpha-glucosidase Inhibitors

O OH
HO ! l =
HO ¢ OH
| 48
|
O OH O OH
O, O
0 ¢ OH HO ¢ OCHj
=
49 | 50 |

Figure 3.8 Natural derivatives of xanthones isolated from Cudrania
tricuspidata plant. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

antiinflammatory activities [23,24], it is the first report on yeast
a-glucosidase inhibition by natural xanthones from the plant.
Noteworthy inhibitors include macluraxanthone B (47,
K;=8.9 pM), cudraxanthone L (48, K;=7.4 pM), 1,3,7-tri-
hydroxy-4-(1,1-dimethyl-2-propenyl)-5,6-(2-2-dimethylchro-
meno)xanthone (49, K; =5.8 pM), and cudratricusxanthone F
(50, K;=7.0 pM) (Fig. 3.8). Some of the compounds exhibit
mixed-type inhibition of the enzyme. Importantly, the activity
of cudratricusxanthone F (50) significantly reduced due to
demethylation leading to a loss of polarity or hydrogen bond-
ing needed to interact with the enzyme residues. Additionally,
the alkyl substitution at the position 4 of these compounds
was not supportive to potency despite contribution to inhibi-
tion by the groups at other positions.

Garcinia mangostana is a tree of Southeast Asian origin com-
monly known as mangosteen. Its seedcases have been reported
to contain a range of oxygenated and prenylated xanthones [25].
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Figure 3.9 Mangostin xanthones: presence of free hydroxyl groups
and the type of alkyl substitution are important for a-glucosidase
inhibition. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

Ryu et al. [26] reported xanthone inhibitors of yeast
a-glucosidase namely mangostins from the plant demonstrating
comparable activity to that of deoxynojirimycin (Fig. 3.9).
Kinetic studies revealed that the compounds exhibited mixed-
type inhibition of the enzyme. The activity of these com-
pounds was exclusively due to dependence on free hydroxyl
groups and alkyl substitution. The number of free hydroxyl
groups in the A and B rings of mangostin greatly augmented
the inhibitory activity as shown in compounds 51, 52, and 53
(ICso = 1.5, 5.0, and 14.4 pM, respectively). Similarly, com-
pounds yielded much less potency when the C; hydroxyl
group was masked with a hemiterpene moiety in the A ring.
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Additionally, the alkyl substitution is also significant for
a-glucosidase  inhibition 1implying that the geranylated
xanthones are more active than their prenylated counterparts.
Prenylation yielded better inhibitors than the ones with prenyl
hydrate substitution.

Swertia mussotii has been used to treat liver diseases in South
Asian folklore medicine [27]. Although there are no reports of
the plant on treatment of diabetes mellitus, the other species
of the same genus have been reported to possess antidiabetic
effects [28]. Zheng et al. [29] first reported isolation of 14
xanthones exhibiting yeast a-glucosidase inhibition notably
54, 55, and 56 (IC5,=7.3, 5.2, and 13.3 pM, respectively;
Fig. 3.10). Comparison of the inhibitory activities showed that
the nonglycosylated xanthones were more promising than
their glycosylated analogs.

OH

54

“°
OH O OH

HO OH
O O PR-on
HO
OH O OH

56

Figure 3.10 Glycosylated and nonglycosylated xanthones. The latter
are promising a-glucosidase inhibitors. Reproduced from U. Ghani, Re-
exploring promising a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.
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Liu et al. [30] synthesized a series of hydroxyxanthones and
their acetoxy and alkoxy derivatives, all of which inhibited
yeast a-glucosidase with the exception of the parent xan-
thone. In these polyhydroxyxanthone derivatives, the number
and position of the hydroxyl groups dictate their inhibitory
activity. Compounds with three hydroxyl groups exhibit more
potency than those with a single hydroxyl group. The activity
of the hydroxyxanthones was directly proportional to the
number of hydroxyl groups. Moreover, incorporation of the
acetoxy and alkoxy groups did not exert significant effects on
the activity. Liu et al. [31] also synthesized novel xanthone
derivatives by inserting one aromatic ring to extend the
m-conjugated systems, which resulted in an amplification of
a-glucosidase inhibitory activity by several-fold. Although the
role of the m-conjugated systems has been tested in other bio-
logical activities [32—35], it is the first report that targeted yeast
a-glucosidase inhibition. Benzoxanthones, carrying four fused
aromatic rings, as shown in Fig. 3.11, possessed more inhibitory

57 Ry=Rp=H
58 R4=H, R,=OH
59 R4=OH, Ry=H

61

Figure 3.11 Novel xanthone inhibitors of a—gluc05|dase featuring
extended mw-conjugated systems. Reproduced from U. Ghani, Re-
exploring promising a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.
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activity (57, 58, 59, 1C5, = 9.3, 5.8, 8.0 pM, respectively) than
the ones with three rings (60, IC5, = 160.8 pM). Apparently,
the enzyme prefers binding to compounds carrying linearly
fused aromatic rings than those with angularly fused rings.
Interestingly, partially destroying the T-conjugated system in
compounds 57 (IC5y = 9.3 pM) and 61 (IC5) = 39.9 pM) dras-
tically compromised their inhibitory activities as seen in 62
(IC50 = 27.8 pM), further confirming the important role of
m-stacking in a-glucosidase inhibition.

Investigators from the same laboratory also reported a
series of noncoplanar and flexible xanthone derivatives that
noncompetitively inhibited yeast o-glucosidase. Similar to
their previous work, a-glucosidase inhibition is greatly influ-
enced by both the coplanar and noncoplanar fused
m-systems in addition to hydrophobicity and structural flexi-

bility [36].

S 3.3 Flavonoids and other polyphenols

The branches, leaves, and roots of Broussonetia papyrifera have
been used as diuretic, tonic, and edema suppressant in Chinese
folk medicine. The plant is mainly rich in polyphenols including
chalcones, flavans, and flavanols. In addition to the chalcones dis-
cussed earlier in the chapter, Ryu et al. [11] also identified 12
polyphenols with yeast a-glucosidase inhibitory activity including
two new compounds with a rare 5,11-dioxabenzo-[3]-fluoren-
10-one skeleton. All compounds were active notably brousso-
chalcone A (63), dimethylally-tetrahydroxyflavonol derivative
(64), and papyriflavonol A (65) (Fig. 3.12). Broussochalcone A
(63), a prenylated chalcone containing the catechol and resor-
cinol moieties, noncompetitively inhibited yeast a-glucosidase
(Ki = 5.3 pM). Its resorcinol moiety is selective to activity over
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Figure 3.12 Increasing number of prenylation is crucial for the inhibi-
tory activity of these natural polyphenols. Reproduced from U. Ghani,
Re-exploring promising «-glucosidase inhibitors for potential develop-
ment into oral anti-diabetic drugs: finding needle in the haystack, Eur. J.
Med. Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

corresponding moieties present in other compounds. Com-
pounds with one prenyl group on the C ring displayed lowest
activity. Compounds 64 (K;=4.2pM) and 65 (K;= 2.3 pM)
also showed comparable results whose inhibitory activities and
the levels of prenylation are similar. The inhibitory activity of
these polyphenols depends on increasing number of the prenyl
groups.

Plant species in the genus Dorstenia are rich in coumarins and
flavonoids especially prenylated and geranylated flavonoids. The
plants are used for antivenom, antiseptic, and antirheumatic ther-
apy in Africa, Central, and South America. Six new Cj-
triprenylated flavonols called dorsilurins have been isolated from
the roots of the Cameroonian plant Dorstenia psilurus with yeast
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67

Figure 3.13 Dorsilurin F and G flavonols isolated from the roots of
the Cameroonian plant Dorstenia psilurus. Reproduced from U. Ghani,
Re-exploring promising a-glucosidase inhibitors for potential develop-
ment into oral anti-diabetic drugs: finding needle in the haystack, Eur. J.
Med. Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

a-glucosidase inhibitory activity. Dorsilurin F (66, 1C5, =
4.13 pM) and dorsilurin G (67, IC5o = 7.51 pM) possessed high-
est affinities to the enzyme in the series (Fig. 3.13). The former
with three native prenyl groups exhibited highest activity com-
pared to those carrying a single native prenyl group. A correlation
of the inhibitory activity with the number of native prenylated
groups is clearly observed in these compounds as well [37].
Myrcia multiflora 1s a tree common in Brazil, Peru, Paraguay,
and Guianas where its leaves and bark are widely used for
treating diabetes thus commonly known as “plant insulin.”
Studies on the extracts and pure compounds from its leaves
showed significant reduction in blood glucose levels in rats
including inhibition of intestinal a-glucosidases. Two new fla-
vanone glucosides called myrciacitrins 1 (68) and II (69), and
two new acetophenone glucosides called myrciaphenones A
(70) and B (71) have been identified (Fig. 3.14). The impor-
tance of the medicinal use of the plant for treatment of
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Figure 3.14 Flavanone glucosides myrciacitrins | (68) and Il (69), and
acetophenone glucosides myrciaphenones A (70) and B (71) are part
of the constituents of Myrcia multiflora tree that is widely used for
treating diabetes mellitus often called “plant insulin.” Reproduced
from U. Ghani, Re-exploring promising «-glucosidase inhibitors for
potential development into oral anti-diabetic drugs: finding needle in
the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French
Société de Chimie Thérapeutique published by Elsevier Masson SAS. All
rights reserved.

diabetes cannot be underestimated despite the weak in wvitro
intestinal maltase and sucrase inhibitory activities of its consti-
tuents (IC50 =100—700 pM) [38]. This warrants further
exploration of the plant for in vivo antihyperglycemic activity.
A number of flavonol rhamnoside a-glucosidase inhibitors
from the leat extract of Machilus philippinensis have been reported.
The acylated rhamnosides (72) and (73) exhibited potent inhibi-
tion of bacterial a-glucosidase from Bacillus stearothermophilus
(IC50 = 6.1 and 1.0 pM, respectively; Fig. 3.15). However, nona-
cylated rhamnosides such as quercetin-3-o-rhamnopyranoside

ALGrawany
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Figure 3.15 The acylated flavonol rhamnosides are more potent inhi-
bitors of «-glucosidase than their nonacylated counterparts.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.

and kaempferol-3-o-rhamnopyranoside were weak inhibitors of
the enzyme (ICs,=33.05 and 228.11pM, respectively).
Coumaroylated flavanol mono-rhamnosides inhibited the
enzyme more efficiently than those possessing the individual
moieties [39]. Acylation has a significant contribution to enzyme
inhibition, which is in agreement with previous studies con-
ducted on the a-glucosidase inhibitory activity of acylated antho-
cyanins and caffeoylquinic acids [40,41].

Studies on the phytochemistry of soybean by Tadera et al.
[42] identified a wide variety of flavonoids as a-glucosidase
inhibitors. These include genistein (74) and dadzein isoflavones
(75) that potently inhibited yeast a-glucosidase (ICs, =7 and
14 pM, respectively) as shown in Fig. 3.16. Methylation and
methoxylation have been found to compromise the inhibitory
activity of the former [43]. Similar studies on formononetin
and afromosin isolated from the leaves of soybean plant have
also confirmed that methoxylation at the Cg4 position of
formononetin significantly reduced its yeast o-glucosidase

inhibitory activity [44].
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Figure 3.16 The denistein, dadzein, kaempferol, myricetin, fisetin,
and quercetin isoflavones.

Furthermore, other phytochemical studies have also identi-
fied flavonols such as kaempferol (76), myricetin (77), fisetin
(78), and quercetin (79) with a-glucosidase inhibitory activi-
ties (IC59 =5—13 pM). Flavan and flavan-3-ols are abundant
in plants including tea and cacao. Their structure contains the
2-phenyl-3,4-dihydro-2H-chromen and 3-ol backbones,
respectively. Flavan-3-ols bear two chiral carbon atoms at 2
and 3 positions, examples of which include catechin, epicate-
chin, epicatechin gallate, and theaflavin. Tadera and coworkers
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[42] also identified a number of flavan and flavan-3-ols as
a-glucosidase inhibitors such as catechin, epigallocatechin, and
epigallocatechin gallate (80). In these compounds, presence of
the galloyl group at 3-position of the flavan moiety augments
inhibition of the enzyme as exhibited by epigallocatechin gal-
late (ICs0 =2 pM). It is also interesting to mention that the
synthetic planar catechin analogs bearing variable alkyl side
chain lengths tend to be potent inhibitors of yeast and B. stear-
othermophilus ci-glucosidase than the catechin itself.

Recently, Nur-e-Alam et al. [45] isolated and character-
ized three new derivatives of prenylated flavones namely
retamasin C—E, four new derivatives of prenylated isofla-
vones namely retamasin F—I, and two other new isoflavones
isolated from Retama raetam. The plant is a bush that belongs
to the Fabaceae family, which grows in North Africa, Eastern
Mediterranean, and Middle East regions including Saudi
Arabia where it is used for treating diabetes mellitus and
hypertension in traditional medicine. Studies on the plant
extracts have previously confirmed that they lower plasma
glucose and lipid levels in normal and diabetic rats [46]. The
antidiabetic effects of the plant are correlated to its ability to
enhance stimulation of insulin and limit intestinal absorption
of glucose [47]. The therapeutic effects of the plant have
been further confirmed by the identification of five of the
retamasin flavones and isoflavones that enhance glucose-
induced insulin secretion by pancreatic islets of mice in addi-
tion to a-glucosidase inhibition [45].

Ghani et al. [48] further extended work on the retamasin
flavonoids by studying their a-glucosidase inhibition kinetics
and docking simulations. Retamasin C, F, and H (compounds
81, 82, and 83, respectively) are especially highlighted since
they exhibited higher potency of inhibition than other com-
pounds (K;=19.93, 14.45, and 12.06 pM, respectively;
Fig. 3.17). All three compounds competitively inhibited the
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Retamasin H (83)

Figure 3.17 The retamasin isoflavones and flavones exert antidiabetic
effects by using two different mechanisms of action: a-glucosidase
inhibition and enhancement of glucose-induced insulin secretion by
pancreatic islets.

enzyme with the exception of retamasin H which showed
noncompetitive inhibition. All seven isoflavones and flavones
contained various Cq and Cg substituent groups, respectively.
The activity of the compounds primarily depended on the
type of substitutions at these positions in addition to the main
skeleton carrying various hydroxyl and methyl groups. The
highest potency exhibited by retamasin H appears to be
mainly due to presence of the ~-lactone substitution at Cq
position. Moreover, five flavonoids including retamasin C and
F enhanced glucose-induced secretion of insulin from the pan-
creatic islets of mice. Molecular docking simulation of retama-
sin C and F in complex with modeled yeast a-glucosidase
showed that the inhibitors are mainly stabilized by hydrogen
bonding interactions with the active site residues. Compounds
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Figure 3.18 The analogs of planar catechins carry potential for fur-
ther development into antidiabetic drugs. Reproduced from U. Ghani,
Re-exploring promising «-glucosidase inhibitors for potential develop-
ment into oral anti-diabetic drugs: finding needle in the haystack, Eur. J.
Med. Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

with dual insulin secretory and a-glucosidase inhibitory activi-
ties are highly valuable in drug discovery since they exert the
antidiabetic effects by utilizing two separate mechanisms of
action for a better control of hyperglycemia in diabetes.
Retamasin flavonoids are one such promising example.

Hakamata et al. [49] synthesized planar catechin analogs and
identified promising inhibitors of yeast and bacterial
a-glucosidase from B. stearothermophilus (ICsy = 0.7—47.5 pM).
Example includes compound 84 (Fig. 3.18). Planar catechins
are promising o-glucosidase inhibitors than simple catechins.

A number of hydrolysable tannins have been isolated from
the petals of Rosa gallica. The flower, commonly known as gal-
lic rose or French rose, has been used in Uygur traditional
medicine of China for treating diabetes mellitus. Tellimagrandin
with an HHDP and three galloyl groups have been identi-
tied as yeast a-glucosidase inhibitors specifically tellimagran-
din I (85) and II (86) (Fig. 3.19). The latter is more potent
(ICs0 = 6 pM) than the former bearing an HHDP and two
galloyl groups (ICs59 =13 pM). Furthermore, rugosin A and
D displayed promising inhibition of a-glucosidase (IC5o =8
and 2 pM, respectively), with comparable levels of enzyme
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Figure 3.19 The bulky, hydrolysable tannins such as tellimagrandin |
and Il are promising inhibitors of «-glucosidase. Reproduced from
U. Ghani, Re-exploring promising a-glucosidase inhibitors for potential
development into oral anti-diabetic drugs: finding needle in the hay-
stack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French Société
de Chimie Thérapeutique published by Elsevier Masson SAS. All rights
reserved.

inhibition to acarbose. These studies conclude that the bulky
hydrolysable tannins are more promising inhibitors of
a-glucosidase than other tannins [50].

The Edgeworthia chrysantha plant carries a history of its use
in Chinese folklore medicine for treating rheumatism and
traumatic injury. Eight daphnodorin monomers have been
recently characterized from the stems and twigs of the plant as
a-glucosidase inhibitors (ICs5y = 3.14—19 pM). Both mono-
mers and dimers showed comparable activities [51].

Tannins are natural polyphenols that are widely used in
tood industry for stabilizing and improving color and taste of
food products. Gallotannin, also known as tannic acid, is a
commercial version of tannins that exhibits anticancer activity
at multiple levels. It is regarded as a promising candidate for
cancer treatment since it inhibits metastasis, invasion, and pro-
liferation of malignant prostate gland cells. Additionally, it is
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also considered as a potential drug for prevention of breast and
squamous cell carcinomas. Studies directed toward a-glucosidase
inhibition by tannins have recently started to emerge in the lit-
erature [52,53]. Gallotannin is a potent mixed-type inhibitor of
a-glucosidase (K; = 0.41 pM) as shown by a recent report that
conducted enzyme kinetics and molecular docking studies.
Computational studies showed that the functional ring structure
of gallotannin binds to the substrate-binding pocket of
a-glucosidase leading to prevention of substrate catalysis. Addi-
tionally, there appears to be a promising role of the phenolic
hydroxyl groups of gallotannin in the enzyme inhibition that
enhances the binding stability by strongly interacting with the
active site residues [54].

Macaranga tanarius leaves and Terminalia chebula Retz. plant
contain a number of ellagitannins with moderate to strong
a-glucosidase inhibitory activity. These types of compounds
possess the 'C4 glucose core conjugated by galloyl, HHDP,
valoneayl, and/or tanaroyl groups. T. chebula Retz. is commonly
used in traditional medicine for treating drooling and heartburn
[55]. Some ellagitannins isolated from the plant possess promis-
ing intestinal maltase inhibitory activity such as chebulinic acid
(IC50=36 uM) and chebulagic acd (ICsy=97 pM).
Structure—activity relationship studies on ellagitannins showed
that their activity was directly dependent on the number of
flexible galloyl units. For structural details of the compounds
discussed in the preceding three paragraphs, please refer to the
corresponding references.

Hydroxycinnamic acids are generally composed of a carbon
backbone that varies in length from Cg to C; with a variety of
substituents such as caffeic acid, chlorogenic acid, and quinic
acid. The compounds are abundant in the plant kingdom and
are found in blueberry leaves and coffee beans. It is important to
highlight three cinnamic acids (87, 88, and 89) exhibiting prom-
sing a-glucosidase inhibitory activity (Fig. 3.20). The rhizomes
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Figure 3.20 Natural hydroxycinnamic acids isolated from the rhi-
zomes of Kaempferia galangal plant.
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of Kaempferia galangal contain trans-cinnamic acids 87 and 88
exhibiting microbial a-glucosidase inhibitory activity (ICs, = 40
and 50 pM, respectively) [56] whereas, N-p-coumaroyltyramine
(89), 1solated from the methanol extracts of Allium fistulosum,
commonly called Welsh onion, inhibited yeast a-glucosidase
(K; = 0.84 pM) [57].

Proanthocyanidins are widely distributed in plants as phe-
nolic secondary metabolites with oligomeric or polymeric
structures. These chains consist of flavan-3-ol monomers
bonded mainly through C,-Cg or C4-Cy (type B) or through
C4-Cg and C,-O5 linkages (type A). The Pyracantha fortuneana
fruit has been traditionally used in Chinese folklore medicine
for treatment of indigestion. Moreover, extracts of various
parts of the plant have been reported to exhibit immunopro-
tective and antioxidant activities, particularly the phenolic
extracts that carry a-glucosidase inhibitory activity. A number
of proanthocyanidins have been identified from P. fortuneana
fruit’s extract with promising a-glucosidase inhibitory activity
[58]. Further details on proanthocyanidins have been provided
in the corresponding reference.

Eugenia caryophylata (clove) has been used in natural medi-
cine for treating toothaches, infections, and digestive disorders
[59], and as spice. The clove essential oil contains a variety of
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Isoeugenol (90)

Figure 3.21 Natural isoeugenol and similar phenolic compounds pro-
vide interesting clues to developing potent a-glucosidase inhibitors
since they inhibit the enzyme in nanomolar range.

compounds including eugenol, isoeugenol, and eugenyl ace-
tate. Chemically, isoeugenol is 2-methoyxy-4-propenyl-phenol
(90), which is used as antioxidant, preservative, and sweetener
in food and pharmaceutical industry [60], in addition to anti-
microbial agent [61]. Isoeugenol (Fig. 3.21) has been recently
identified as potent yeast a-glucosidase inhibitor demonstrating
noncompetitive inhibition of the enzyme in nanomolar range
(ICs0 = 19.25 nM; K;=21nM) [62]. Natural phenolic com-
pounds like isoeugenol provide structural and functional clues
to synthesis and identification of new similar compounds for
promising a-glucosidase inhibition in nanomolar range.

The Aspergillus flavipes fungus of marine origin is known to
be a rich source of marine natural products. Its secondary
metabolites have shown to possess antioxidant, insecticidal,
antimicrobial, and antitumor activities [63]. The fungus, col-
lected from the coastal sea sediment samples from Lianyungang
in the Jiangsu province of China, contains chemically diverse
secondary  metabolites.  Three new  2,3-disubstituted
~-butenolide derivatives namely flavipesolides A—C (91—-93)
have been identified from the fungus exhibiting a-glucosidase
inhibitory activity in addition to 13 known compounds [64].
These include compound 94, aspernolide A (95), emodin (96),
questin  (97), geodin hydrate (98), 7-methyldichloroasterrate
(99), monomethylosoic acid (100), asterric acid (101), methyl 3-
chloroasterric acid (102), and epicoccolide B (103) (Fig. 3.22).
Compounds 91—-96, 98—100, and 103 showed promising
a-glucosidase inhibition with lower cytotoxic effects on Caco-2
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Figure 3.22 The butenolides (flavipesolides A—C) and other flavonoid
derivatives.

cells than a-deoxynojirimycin and acarbose. Compounds
94—96 and 99 demonstrated noncompetitive inhibition of
the enzyme (K; values = 0.43, 2.1, 0.79, and 2.8 pM, respec-
tively) whereas compounds 91-93, 98, 100, and 103
were mixed-type inhibitors. Compounds 91 and 92 bearing
esterification inhibited the enzyme more potently than
compound 93. However, in the anthraquinones, presence of
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o-methylation on the 1-OH group reduced the inhibitory
activity by several folds as seen in the structure—activity com-
parison of compounds 96 and 97. Moreover, the compounds
containing the diphenyl ether group exhibited more inhibition
potency than the benzophenone derivatives.

Berries are regarded as an important food for consumption
and for beneficial health effects [65—67]. One of the pharmaco-
logical eftects of berry fruits is inhibition of carbohydrate diges-
tion enzymes leading to reduction of blood glucose levels and
increasing insulin sensitivity in diabetes. Previous studies have
demonstrated that oral administration of mulberry anthocyanin
extracts in diabetic mice improved insulin sensitivity [68].
Anthocyanins are known to inhibit a-glucosidase, however,
there is a very limited number of reports that discussed their
structure—activity relationship in detail. Synthesis of monomeric
anthocyanins is challenging due to presence of the flavylium cat-
ion in their skeleton. Therefore, isolation from natural sources is
still a preferred method for characterizing anthocyanins.

Xu et al. [69] recently developed an efficient
chromatography-based protocol for isolation of natural antho-
cyanin o-glucosidase inhibitors from plant sources that were
subjected to systematic structure—activity relationship studies.
This includes 18 monomeric anthocyanins constituting six
types of anthocyanidins and five types of glycosyl moieties
present in their structures. In particular, natural pelargonidin-
3-o-rutinoside (104) (Fig. 3.23), a mixed-type o-glucosidase
inhibitor, exhibited highest potency of inhibition among other
anthocyanins studied in the work (IC5, = 1.69 pM). Moreover,
it also suppressed postprandial hyperglycemia in mice.

Natural lignans are biosynthesized through phenylpropa-
noid coupling. A variety of lignans with diverse chemical
structures and biological activities exist in nature such as neo-
lignans, oxyneolignans, and mixed lignans. Magnolol and hon-
okiol are typical examples of lignans, isolated from the bark of
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Figure 3.23 Natural pelargonidin-3-o-rutinoside.

Magnolia species of plants, which have been used in Chinese
and Japanese traditional medicine for treating anxiety, allergy,
and gastrointestinal disorders. The lignan constituents of
Magnolia officinalis bark have been studied to exhibit a spectrum
of biological activities including but not limited to anticancer,
antiinflammatory, antidepressant, and antimicrobial eftects. In
view of their promising and diverse biological effects, several
groups of synthetic and medicinal chemists studied synthetic
analogs of magnolol and honokiol including bisphenol neo-
lignans with diverse biological activities such as modulation of
GABA receptors, antimicrobial, antiinflammatory, and antican-
cer activities [70—74].

Magnolol (105) and honokiol (106) have been shown to
inhibit a-glucosidase enzyme (ICs0=2.0 and 23.0 pM,
respectively). Pulvirenti et al. [75] recently synthesized a series
of bisphenols based on the magnolol structure using chemoen-
zymatic methods (Fig. 3.24). The compounds potently inhib-
ited yeast a-glucosidase (ICsy=0.15—4.1 pM) particularly
1,1'-dityrosol-8,8'-diacetate (107, ICs0=0.15pM). The
bisphenol derivatives such as 108, 109, and 110 demonstrated
comparative enzyme inhibition (ICsy=0.49, 0.5, 0.86 pM,
respectively). Compound 108, a catechol analog of magnolol,
showed more potency than that of magnolol alone; similar
level of activity difference was also observed in compound 109
when compared to 111. Compounds 107 and 110, which are
devoid of the catechol moiety, also showed considerable
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Figure 3.24 Natural lignans including magnolol-based compounds
are an emerging class of a-glucosidase inhibitors.

enzyme inhibition, suggesting the importance of the dityrosol
structure in enzyme inhibition. The relatively moderate activity
of honokiol appears to be due to presence of a hydroxyl group
ortho to the allyl chain in the ring B. Enzyme inhibition kinetic
studies conducted on compound 107 revealed that it is a com-
petitive inhibitor (K;= 0.86 pM). Magnolol-based synthetic
derivatives possess potential for antidiabetic drug candidacy.
Salvia miltiorrhiza, commonly called Danshen in China, is
used to treat cardiovascular diseases. The chemical constituents
of the plant are known to possess antioxidant, antitumor, and
antithrombosis activities. Therapeutic preparations containing
antidiabetic constituents of the Danshen root have shown to
exhibit hypoglycemic eftects [76]. Since several a-glucosidase
inhibitors have been identified from the plant [77], the hypogly-
cemic effect is apparently due to inhibition of intestinal
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Figure 3.25 Salvianolic acid C and A isolated from Salvia miltiorrhiza
plant.

a-glucosidase. Tang et al. [78] recently conducted a-glucosidase
inhibition assays on some compounds isolated from the plant.
Additionally, they also compiled a list of inhibitors isolated from
the plant to date, and performed molecular docking studies to
validate their interaction with the enzyme. In these studies,
two interesting compounds with potent a-glucosidase inhibi-
tory activities were identified namely salvianolic acid C (112)
and A (113) (Fig. 3.25). The former was identified as a mixed-
type inhibitor (ICsy=4.31 pM) whereas the latter showed
competitive inhibition of the enzyme (IC5o = 19.29 pM).
Bromophenols from marine algae are known to inhibit
a-glucosidase [79]. Examples include bis-(2,3,6-tribromo-4,5-
dihydroxybenzyl) ether, bis-(2,3-dibromo-4,5-dihydroxyben-
zyl) ether [80], 2,3,6-tribromo-4,5-dihydroxybenzyl alcohol
[81], and 2,4,6-tribromophenol [82]. Bis-(2,3,6-tribromo-4,5-
dihydroxybenzyl) ether (114, 1Csy, = 0.03 pM) and bis-(2,3-
dibromo-4,5-dihydroxybenzyl) ether (115, 1C5, = 0.098 pM),
which are potent inhibitors of yeast a-glucosidase (Fig. 3.26).
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Figure 3.26 Marine bromophenols. Reproduced from U. Ghani, Re-
exploring promising a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.

Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

Liu et al. [83] synthesized compound 115 and determined its
interactions with yeast a-glucosidase using circular dichroism
and molecular docking techniques. The enzyme-inhibitor
binding involves a number of hydrophobic interactions and
hydrogen bond formation. Moreover, the inhibitor induced
minor conformational changes to the enzyme.

Natural curcumin and its related derivatives are found in
Curcuma longa (turmeric), a very common yellow spice used in
Asia. It 1s effective for treatment of diabetes in Chinese herbal
medicine [84] besides its antioxidant, antiinflammatory, and
anticancer properties [85]. C. longa plant extract inhibits
a-glucosidase and lowers blood glucose level in diabetic
patients [86]. Interest in this particular property of the plant
involves study of curcuminoid and synthetic curcumin analog
inhibitors of a-glucosidase. Natural curcumin, demethoxycur-
cumin, and bis-demethoxycurcumin displayed comparable
a-glucosidase inhibitory activity to that of acarbose.

Generally, the synthetic curcumin analogs exhibited more
potent enzyme inhibitory activity than their natural counter-
parts. Compounds carrying the tetrahydroxyl groups (116,
117, and 118) possessed highest inhibitory activity against yeast
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Figure 3.27 Analogs of curcumin. Reproduced from U. Ghani, Re-
exploring promising a-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

a-glucosidase  (IC50)=2.8, 2.6, and 1.6 uM, respectively;
Fig. 3.27). Compounds containing a methoxyl group at the
ortho position of the phenols exhibited much lower activity, in
contrast to incorporation of a bromic group at the same posi-
tion that potentiated the activity. A significant decrease in the
activity was observed when the bulky ortho-tetrabutyl groups
replaced these groups. Interestingly, compounds with no
hydroxyl groups were inactive obviously suggesting that the
para hydroxyl groups in the curcumin analogs are important
pharmacophores for a-glucosidase inhibition. Moreover, it is
proposed that presence of the ortho-dihydroxyl groups may
also contribute to higher affinity of the compounds to the
enzyme active site.

Noncompetitive inhibitors such as bis-demethoxycurcumin
and compound 118 were further studied by circular dichroism
spectroscopy for their eftects on the overall secondary structure
of the enzyme. The compounds interact with the enzyme by
a  mechanism that induces changes in the o-helix
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conformation to other forms of secondary structures [87].
Curcuminoids and curcumin analogs can be studied further
and developed into potential antidiabetic drug candidates
either at preclinical or clinical level.
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g 4.1 Terpenoids

Terpenoids are ubiquitous in nature with a range of bio-
logical activities including antidiabetic [1], antimalarial [2], and
antimicrobial [3] activities. There are about 200 types of triter-
penoids with different structural features, most of which are
biologically active as antiviral, antitumor, antioxidative, and
antiinflammatory agents. Currently, the pentacyclic triterpe-
noids are of special interest due to their antidiabetic activities
[4]. Some dammarane terpenoids have been reported to regu-
late glucose metabolism with potential for suppressing blood
glucose levels in hyperglycemia |[5]. Several synthetic
approaches involving incorporation of a variety of chemical
moieties into the terpenoid skeleton have resulted in the iden-
tification of some promising a-glucosidase inhibitors with bet-
ter efficacy than that of acarbose [6—8].

Recently, a variety of triterpenes isolated from the man-
groves have been identified as o-glucosidase inhibitors [9].
Mangroves are halophytes that mainly grow in the tropical
and subtropical regions. The plants are part of traditional med-
icine for treatment of skin infections, tuberculosis, and diarrhea
[10]. Studies on the medicinal chemistry of mangroves have
led to identification of a number of alkaloids, flavonoids,

Alpha-glucosidase Inhibitors. © 2020 Elsevier Ltd.
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triterpenes, and saponins [11,12]. Lopez et al. [9] isolated five
pentacyclic triterpene inhibitors of yeast a-glucosidase from
Pelliciera rhizophorae mangroves of Panama using bioassay-
guided fractionation. These include a-amyrine (1), 3-amyrine
(2), ursolic acid (3), oleanolic acid (4), and betulinic acid (5),
which inhibited the enzyme in a concentration-dependent
fashion (ICsq values of 1.45, 0.02, 1.08, 0.98, and 2.37 pM,
respectively) (Fig. 4.1). The levels of enzyme inhibition

Figure 4.1 Pentacyclic triterpenes: a-amyrime (1), 3-amyrine (2), urso-
lic acid (3), oleanolic acid (4), and betulinic acid (5). The highest
potency of a-glucosidase inhibition by 3-amyrine (IC5o = 0.02 pM) is
contributed by the gem dimethyl group and the methyl group at
positions 20 and 28, respectively.
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exhibited by the compounds were found to be similar to each
other since the main pentacyclic moiety contained only minor
substitutions with the exception of compound 2 bearing a
gem dimethyl group and a methyl group at positions 20 and
28, respectively. It is apparently these two groups that enable
them to be potent in the series. All five compounds competi-
tively inhibited yeast a-glucosidase.

Mohamed et al. [13] screened known triterpenes isolated
from a number of plants for yeast a-glucosidase inhibition.
One of the compounds called lupeol (6; IC5,=2.0 pM)
from Diospyros mespiliformis exhibited several-fold activity
more than that of acarbose and deoxynojirimycin (Fig. 4.2).
Introduction of additional hydroxyl groups and the acetyl
functionality to these triterpenes compromised their activity.
Furthermore, novel a-amyrin and lupeol hybrids have been
synthesized that showed moderate a-glucosidase inhibition
(IC50 =5.0 uM) and antihyperglycemic activity in diabetic
rats [14].

Moreover, report on the constituents of Lagerstroemia specio-
sa leaf extract has shown to contain lupeol-like pentacyclic tri-
terpenes with ability to inhibit yeast a-glucosidase (Fig. 4.3).

Lupeol (6)

Figure 4.2 Lupeol isolated from Diospyros mespiliformis. Reproduced
from U. Ghani, Re-exploring promising «-glucosidase inhibitors for
potential development into oral anti-diabetic drugs: finding needle in
the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French
Société de Chimie Thérapeutique published by Elsevier Masson SAS. All
rights reserved.
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HO,,

HO

H3C\ Maslinic acid (8)

HO.,

HOH,C
23-Hydroxyursolic acid (9)

Figure 4.3 Pentacyclic triterpenes from Lagerstroemia speciosa leaves:
corosolic acid, maslinic acid, and 23-hydroxyursolic acid. Reproduced
from U. Ghani, Re-exploring promising «-glucosidase inhibitors for
potential development into oral anti-diabetic drugs: finding needle in
the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French
Société de Chimie Thérapeutique published by Elsevier Masson SAS. All
rights reserved.

Examples include corosolic acid (7; ICsy = 3.53 pM), maslinic
acid (8; 1Csp=5.52 M), and 23-hydroxyursolic acid (9;
ICs0 = 8.14 pM) [15].

Alpinia is the largest genus of Zingiberaceae family that
includes species such as Alpinia galangal notable for antidiabetic
effects in Asian traditional medicine [16,17]. Phytochemical
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Figure 4.4 The labdane diterpenes | and Il noncompetitively inhibit
yeast a-glucosidase. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

investigations on Alpinia nigra (tora seeds), a closest species to
Alpinia galanga, for potential antidiabetic activity led to isola-
tion of labdane diterpenes I (10) and II (11) (Fig. 4.4) demon-
strating noncompetitive inhibition of yeast o-glucosidase
(K;=11.61 and 11.87 pM, respectively) [18].

Xu et al. [19,20] reported 15-alkylidene andrographolide
inhibitors of yeast a-glucosidase (Fig. 4.5). The ~-alkylidene
butenolide moiety and the aromatic group at the 3,19-
hydroxyls are essential for the activity. Conversely, epoxida-
tion of the double bonds [A*"”] was not favorable to the
activity. Examples of potent inhibitors from this class of
compounds include 4-methoxylphenylidene derivative (12)
(IC50 =16 pM) and  15-p-chlorobenzylidene-14-deoxy-
11,12-didehydro-3,19-dinicotinate-andrographolide (13) (ICs5, =
6 pM). Additionally, synthetic work by the same investigators on
similar derivatives identified a number of a-glucosidase inhibitors
including one with the p-(IN,N-dimethyl)-CsH, substitution (14)
(ICsp = 8.3 pM).

Khusnutdinova et al. [21] synthesized a number of A-ring
tused heterocycles of lupine, oleanane, ursane, and dammarane
triterpenoids and investigated their a-glucosidase inhibitory
activity. Out of these, the indolo- and pyrazino-fused triterpe-
noids showed more potency of enzyme inhibition than that of
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Figure 4.5 The alkylidene andrographolides. Reproduced from U. Ghani,
Re-exploring promising a-glucosidase inhibitors for potential develop-
ment into oral anti-diabetic drugs: finding needle in the haystack, Eur. J.
Med. Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

acarbose. Comparison of the activities of the compounds showed
that the 2,3-indolotriterpenoids were more efficient inhibitors than
the corresponding 3-oxo derivatives. The most potent in the series
was 2,3-indolo-lup-20(29)-ene-28-oic acid (15; IC5, = 1.8 pM)
that exhibited ten-fold higher activity than that of betulonic
acid (16; 1Csy = 18.4 pM). The 2,3-indolo-triterpenic acids of
oleanone (17) and ursane (18) were next potent inhibitors of
a-glucosidase  (ICs0=15.5 and 7.9 pM, respectively) including
3-oxo-oleanolic (19) and 3-oxo-ursolic (20) acids (ICs)= 6.5
and 22.5 pM, respectively). The indoles of lupine (15), oleanane
(17), and ursane (18) bearing a carboxyl group at C;; showed
more activity than the denvatives of allobetulin or dammarane
(Fig. 4.6).

Recently, Sun et al. [22] performed chemical-epigenetic
modification of the marine algicolous fungus Aspergillus terreus
yielding biosynthesis of new and structurally diverse meroterpe-
noids and other natural products. Since the biosynthetic gene
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17 Ry =H, Ry = CHs 19 Ry = H, R2 = CHj
18R1=CH3, R2=H 20R1=CH3, R2=H

Figure 4.6 All the A-ring fused heterocycles of lupine, oleanane,
ursane, and dammarane triterpenoids particularly the indolo- and
pyrazino-fused triterpenoids possess promising activity.

pool of microorganisms is merely expressed under the normal
culture conditions, it is essential to modify those conditions in
order to stimulate transcription of silent genes that might induce
biosynthesis of diverse natural products. Some of the identified
compounds (Fig. 4.7) showed promising a-glucosidase inhibitory
activity including (R,E)-3-(2,2-dimethylchroman-6-yl)-4-hydroxy-
5-((2-(2-hydroxypropan-2-yl)-2,3-dihydrobenzofuran-5-yl)methy-
lene)furan-2(5H)-one (21; IC5,=24.8 pM) and rubrolide S
(22; IC5y = 1.2 pM). The latter displayed noncompetitive inhi-
bition of a-glucosidase (K; = 1.42 pM).

Oleanolic acid is a natural pentacyclic triterpenoid found in
plants either as a glycoside or free compound with promising
antitumor [23], antidiabetic [24], antimicrobial [3], and hepa-
toprotective activities [25]. It is a noncompetitive inhibitor of

ALGrawany
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Figure 4.7 The natural meroterpenoids expressed by Aspergillus terreus
fungus under modified culture conditions.

a-glucosidase  with in vivo hypoglycemic eftects [26,27].
Despite its diverse activity profile, high molecular weight, and
hydrophobicity, oleanolic acid has always been a barrier to
optimal bioavailability and therapeutic applications. Attempts
have been made in the past to structurally modify oleanolic
acid and its derivatives in order to increase the solubility and
bioavailability while retaining or even improving its biological
activities. These include amidation or oxidation of groups at
C;, esterification at Cs,g, and addition of a lactone between
Cyz and Cs,g positions [7,28,29]. Moreover, fluorination has
shown to increase the Dbioavailability of oleanolic acid by
enhancing its chemical stability, protein-binding affinity, and
membrane permeability [30].

Recently, Zhong et al. [31] synthesized novel oleanolic
acid analogs (Fig. 4.8) exhibiting a-glucosidase inhibition
and in wvivo hypoglycemic effects (compounds 23—34).
Compounds 23, 24, 25, and 26 noncompetitively inhibited
the enzyme (K; = 0.52, 1.49, 0.88, and 1.19 pM, respectively).
The condensation modification at the C, position was crucial
for potent inhibition of a-glucosidase as observed in compound
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Figure 4.8 Synthetic analogs of oleanolic acid. In these compounds,
the condensation modification at C, position is pivotal to potent inhi-
bition of a-glucosidase. The compounds showed significant antihy-
perglycemic effect with ability to resist increase in blood glucose
levels for up to 12 days.

23 (IC5y = 0.33 pM), the most potent inhibitor in the series.
Moreover, incorporating substituents at the para-position of
the phenyl ring resulted in the improvement of inhibitory
activity as seen in compounds 27 and 28 (ICsy,=1.92 and
2.74 pM, respectively). A comparable level of enzyme inhibi-
tion was exhibited by compounds 26, 29, 30 and 31, 25, 32
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owing to exchange of the phenyl ring at C, position with a
pyridyl or pyrazine ring. Conversely, 33 and 34 displayed
lower potencies apparently due to structural bulkiness intro-
duced by the pyridyl and imidazole rings at the para-position
of the phenyl ring. The in vivo hypoglycemic activity of the
potent compounds 23—34 was also tested in diabetic mice.
The compounds significantly decreased blood glucose levels
at nine hours after oral administration except for compound
23, the eftect of which appeared in seven hours. The antihy-
perglycemic effect of the compounds was generally compara-
ble to that of acarbose. Compound 26 exerted long term
eftect by maintaining lower blood glucose levels for two
hours. Additionally, the target compounds were able to resist
increase in blood glucose levels in diabetic mice for up to 12
days of initial administration followed by a decrease in the
levels thereafter for up to 18 days. The mice showed signifi-
cant glucose tolerance as observed in oral glucose tolerance
test, with no changes in body weight.

Ursolic acid (35) is a triterpenoid natural product found in
a number of medicinal plants and fruits (Fig. 4.9). The struc-
tural features of ursolic acid provide an important framework
for developing and optimizing new derivatives as leads for
drug development. Wu et al. [32] synthesized two series of
ursolic acid analogs exhibiting a-glucosidase inhibitory activ-
ity. The ursolic acid ester analogs inhibited the enzyme with
the 1Csy range of 2.51—15.23 pM, all of which were more
potent than ursolic acid alone. In these compounds the type
of side chain and presence of large ester group at C; position
compromised the activity in varying degrees. The second series
of compounds (36—39) inhibited a-glucosidase with an ICs
range of 0.71—10.32 pM; their potency of inhibition depended
on the type of condensation groups (Fig. 4.9). The activity of
ursolic acid improved two-fold when its hydroxyl group was
oxidized to a ketone (as in compound 36; 1C5, = 2.47 pM).
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Ursolic acid (35) 36

Figure 4.9 Ursolic acid analogs. The type of condensation groups
mainly influences the activity of these inhibitors.

Similar analogs were synthesized based on this ketone including
compounds 37 (ICsy=10.32 uM) and 38 (ICs) = 7.49 pM),
which were more promising than compound 36 indicating
noticeable influence of the length of the substituent group on
the activity. An inverse correlation was observed with the
length of the substituent group and activity. Moreover, repla-
cing the substituent groups at the C, position with a phenyl
group substantially increased the enzyme inhibition as seen in
compound 39 (ICso=0.71 pM) bearing a p-trifluoromethyl
benzaldehyde substituent.
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g 4.2 Steroid derivatives

Tibolone is a synthetic derivative of 19-nortestosterone
that mimics the action of estrogen especially in postmeno-
pausal hormone replacement therapy. It has been shown to
decrease blood glucose levels with improvement in insulin sen-
sitivity of cells [33—36]. Atta-ur-Rahman et al. [37] conducted
microbial transformation of tibolone by Cunninghamella elagans
and Gibberilla fujikuruoi fungi that yielded a number of deriva-
tives exhibiting promising inhibition of yeast o-glucosidase.
Compounds carrying the A*® bond with 3-oxo group conju-
gation, and a 6a- or 15a-hydroxy group exhibited potent
inhibitory activity (40, 41; IC5,=0.07 pM each) (Fig. 4.10).
The unconjugated A*"” compounds with a 683-hydroxy
group also showed comparable levels of activity similar to that
of the conjugated ones. Additionally, the same group of inves-
tigators also conducted fungal transformation of cedryl acetate
that yielded metabolites demonstrating promising a-glucosidase
inhibition [38].

40 41

Figure 4.10 Steroids obtained from the microbial transformation of
tibolone by Cunninghamella elagans and Gibberilla fujikuruoi fungi.
Reproduced from U. Ghani, Re-exploring promising «a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.
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Mangifera plants are widely distributed in the tropical and
subtropical regions of Asia. Some of the species of the genus
are famous for their delicious mango fruit especially in
Pakistan. Mangifera mekongensis plant is abundant in the tropi-
cal and subtropical areas of Asia including Southeast Asia. It
is used in Vietnamese traditional medicine as antidiabetic,

Figure 4.11 Natural steroid a-glucosidase inhibitors isolated from the
bark of Mangifera mekongensis. Noteworthy inhibitors include
mekongsterols B (43) and magiferonic acid (47).
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vermifuge, and antiaging agent [39,40]. Previous work on the
constituents of mango fruit identified compounds with anti-
hypoglycemic and a-glucosidase inhibitory activities. The n-
hexane extract of the bark of M. mekongensis has been reported
to exhibit promising activity. Studies on natural steroids from
the bark of M. mekongensis plant have recently identified two
new steroids namely mekongsterols A (42) and B (43), and
several known compounds with a-glucosidase inhibitory
activity (Fig. 4.11). Sterols with saturated fatty ester chain or
sugar group at C; (compounds 42—44) showed potent activ-
ity. Additionally, the cycloartane triterpenes (compounds
45—47) also showed promising enzyme inhibition. Among
these compounds, mekongsterols B (43) and magiferonic acid
(47) (IC50 = 2.5 and 1.2 pM) offer promising candidature for
development of antidiabetic drugs [41].
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Azoles and related derivatives
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Azoles are a group of compounds that contain a five-membered
ring with nitrogen and other atoms such as sulfur and oxygen.
Although they possess a range of biological activities, they are
especially known as antifungal agents commonly prescribed in
clinical practice [1]. The azole ring system is chemically diverse
comprising thiadiazole, oxadiazole, triazole, imidazole, isoxa-
zole, pyrazole, and other chemically related rings. Thiadiazoles
contains a five-membered ring system with a sulfur and two
nitrogen atoms. Natural thiadiazoles exist in four isomeric
forms 1,3,4-, 1,2,3-, 1,2,5-, and 1,2,4-thiadiazole. Derivatives
of 1,3,4-thiadiazole are highly active compounds demonstrat-
ing antibacterial, antifungal, anticancer, anticonvulsant, antiin-
flammatory, antiviral, and antileishmanial properties [2].

The oxadiazole ring system comprises one oxygen and two
nitrogen atoms. The forms of oxadiazoles include 1,3,4-, 1,2,3-,
1,2,5-, and 1,2,4-oxadiazole. Substituted oxadiazoles have
been identified as antidiabetic, anticonvulsant, anti-HIV, anti-
Alzheimer’s, antimicrobial, antiinflammatory, immunosuppres-
sant, and anticancer agents. The 1,3,4-oxadiazole ring system

Alpha-glucosidase Inhibitors. © 2020 Elsevier Ltd.
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has also been studied for its role in enzyme inhibition targeting
cancer and other diseases. In this regard, derivatives of 1,3,4-
oxadiazole have been reported to inhibit telomerase, methio-
nine aminopeptidase, histone deacetylase, focal adhesion
kinase, and thymidylate synthase enzymes [3].

Triazoles contain a five-membered ring system with three
nitrogen and two carbon atoms. The isomeric forms of triazole,
primarily conjugated with heterocyclic derivatives, exhibit
diverse chemical and biological properties making them prom-
ising for drug development and other applications. The two
tautomeric forms of the triazole ring namely 1,2,3-triazole and
1,2,4-triazole have attracted attention of the drug development
community since they are promising for treatment of a variety
of diseases. The 'H and *H-1,2,4-triazole derivatives have been
studied on a number of clinically important targets due to their
interesting biological activity profile. The 1,2,4-triazole ring
system, incorporated into antimicrobial, antiinflammatory, anti-
migraine, and CNS stimulatory drugs and their candidates, has
been thoroughly studied. Examples include antimycotic drugs
such as voriconazole, itraconazole, and fluconazole, anticonvul-
sant drugs such as estazolam, and antiviral drugs such as ribavi-
rin. Triazole derivatives possess a wide range of biological
activities, therefore, they are of focal interest in drug develop-
ment. A number of 1,2 ,4-triazole-3-thione and 1,2,4-triazole-
3-(4H)-thione derivatives have shown to exert promising
in vivo activities including anticonvulsant, antidepressant, anti-
bacterial, antiviral, anticancer, antifungal, antiinflammatory,
analgesic, and antioxidant activities [4].

The biological activity profile of azoles and related deriva-
tives also includes a-glucosidase inhibition. The scientific liter-
ature has witnessed a number of reports on azoles exhibiting
promising inhibition of the enzyme. This chapter discusses
promising azole derivatives and related compounds identified
as a-glucosidase inhibitors.
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g 5.1 Thiadiazoles, oxadiazoles, and triazoles

Kashtoh et al. [5] reported synthesis of a series of thiadia-
zole and oxadiazole derivatives. Although majority of the
compounds showed moderate inhibition of yeast
a-glucosidase, three oxadiazoles (1—3) and two thiadiazoles (4
and 5) are noteworthy to mention (Fig. 5.1). The former are
all noncompetitive inhibitors (K; =12, 4.36, and 11.2 pM,
respectively) whereas the latter are each competitive and non-
competitive inhibitors (K;=6.0 and 14.3 pM, respectively).
The activity of the compounds is primarily dependent on the
oxadiazole and thiadiazole moieties, the carbonyl oxygen and
the substitutions on the aromatic rings.

The yeast a-glucosidase inhibitory profile of benzothiazole
compounds containing the benzohydrazide moiety is also simi-
lar to that of thiadiazoles, especially for the compounds 6, 7,
and 8 (ICs0=5.55, 5.58, and 5.31pM, respectively)
(Fig. 5.2). Molecular docking showed strong binding affinity
of the compounds to the C-terminal domain of a-glucosidase
with no significant correlation of binding energies to ICs
values. Compounds bearing higher dipole moment and weak-
er hydrogen bonding interactions displayed lower inhibitory
activity [6].

Recently, the synthetic diamine-bridged coumarinyl oxa-
diazole conjugates have shown to potently inhibit
a-glucosidase  (IC59 = 0.07—0.76 pM) [7]. The conjugates
were synthesized using three different types of linkers namely
phenylenediamine, benzidine, and 4,4’ -oxydianiline.
Generally, compounds from all the series displayed comparable
inhibition of the enzyme. Compound 9 (ICs5,=0.07 pM)
with the 4,4’-oxydianiline linker and the meta-bromo substitu-
tion on the aryl ring highest affinity to the enzyme in the
series. Moreover, compounds possessing the phenylenediamine
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Figure 5.1 The thiadiazole and oxadiazole inhibitors of a-glucosidase.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.
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Figure 5.2 Benzothiazole derivatives containing the benzohydrazide
moiety. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique pub-
lished by Elsevier Masson SAS. All rights reserved.

linker also exhibited promising activity including the ones
bearing electron-poor and electron-rich substituents
(IC50=0.11-2.18 pM). The position and the type of sub-
stituents played a central role in the activity. Conjugates
containing the benzidine linker inhibited the enzyme with
an 1Csy range of 0.11—0.76 pM. Conjugates bearing the
4,4'-oxydianiline linker exhibited relatively higher level
of 1inhibition potency. These include compound 10
(ICs0 = 0.09 pM) carrying a methyl group at the para-position
of the aryl ring, and compound 11 (IC5, = 0.09 pM) carrying a
chloro substituent at the ortho and para-positions of the aromatic
ring (Fig. 5.3).

A series of 4-substituted 1,2,3-triazoles conjugated with
D-xylose, D-galactose, D-allose, and D-ribose sugars have been
synthesized and screened for yeast maltase inhibitory activity.
Compound 12, a 3-p-ribosyl triazole, exhibited highest potency
among other denvatives studied (ICs)= 3.8—24.7 pM)
(Fig. 5.4). Molecular docking suggested that the target inhibitors
bind to the enzyme active site by mimicking the transition state
of the substrate. Moreover, the role of the Nj; atom in the
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H O
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9 3-Br

10 4-Me

11 2,4-Clp
Figure 5.3 The diamine-bridged coumarinyl oxadiazole conjugates.
Compounds possessing the phenylenediamine linker exhibited
potent activity including the ones bearing electron-poor and
electron-rich substituents.

N:

O& —\QOCHs

Figure 5.4 (3-p-Ribosyl triazole: computatlonal studies show that it
acts as a ftransition state analog of «-glucosidase substrate.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.

triazole ring and the R, substituent is also important. Oral
administration of some of these triazoles to normal rats also sup-
pressed postprandial glucose levels [8].

Wang et al. [9] synthesized and evaluated a series of 5,6-
diaryl-1,2,4-triazine  thiazole derivatives as «-glucosidase
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Figure 5.5 The 5,6-diaryl-1,24-triazine  thiazole  derivatives.
Manipulation of R; substitution especially incorporation of electron-
withdrawing groups such as fluorine or bromine yielded potent inhi-
bitors of a-glucosidase.

inhibitors. Compound 13 (IC5, = 2.8 pM) bearing an R bro-
mine and an R, methoxy group exhibited highest level of
enzyme inhibition (Fig. 5.5). A general comparison of the
activities showed that incorporation of electron-withdrawing
groups such as fluorine or bromine at R; position enhanced
the level of inhibition. Therefore, the type of substitution at
R, position has greater influence on a-glucosidase inhibition
than the one at R,,.

S 5.2 Other related derivatives

5.2.1 Oxindoles

Synthesis and evaluation of oxindole derivatives for yeast
a-glucosidase inhibitory activity have identified compounds
14, 15, and 16 (IC5, = 2.71, 11.41, and 14.2 pM, respectively)
(Fig. 5.6). Molecular docking wusing a model of vyeast
a-glucosidase suggested that the oxindole moiety optimally
fits into the active site pocket of the enzyme allowing impor-
tant interactions with corresponding residues [10].

Luthra et al. synthesized a library of oxindole derivatives
by scaffold hopping of known a-glucosidase inhibitors namely
synthetic oxindole, natural piperidine and cytidine, and
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Figure 5.6 The oxindole a-glucosidase inhibitors. Reproduced from
U. Ghani, Re-exploring promising «-glucosidase inhibitors for potential
development into oral anti-diabetic drugs: finding needle in the haystack,
Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

pyridofuranone derivative [11]. The final compounds displayed
promising a-glucosidase inhibitory activity with an ICs, range
of 0.64—10.22 uM (Fig. 5.7). Compound 17 was 3—4 fold
more potent than its precursors that were initially used to
design the library. The structural motifs in these compounds
apparently responsible for a-glucosidase inhibition include the
indole moiety, pyridine ring, and the amide group. Also, the
Cs fluoro substitution of the indole ring enhances the potency
of inhibition as in compound 17 (a competitive inhibitor),
which is three-fold more potent than the compounds 18 and
19. In contrast, the compounds containing the nitro group (as
in 20) displayed less potency of inhibition probably due to its
strong electron-withdrawing properties. Compounds 18 and 21
with amide moieties (pyrrolidine and piperidine) also showed
promising enzyme inhibition.

5.2.2 2-Arylquinazolin-4(3H)-one derivatives

The yeast a-glucosidase inhibitory activity of 2-arylquinazo-
lin-4(3H)-one derivatives 1is primarily dependent on the
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Figure 5.7 The oxindole derivatives synthesized by scaffold hopping
of known a-glucosidase inhibitors such as synthetic oxindole, natural
piperidine, cytidine, and pyridofuranone derivatives. The indole moi-
ety, pyridine ring, and amide group are the structural motifs responsi-
ble for a-glucosidase inhibition.

2-arylquinazolin-4(3H)-one skeleton and the benzene ring at
C, which is substituted with various electron-donating and
withdrawing structures. Compound 22, a competitive inhibi-
tor of the enzyme and the most potent in the series, carries
ethoxy and hydroxyl groups at C;' and C, positions of the
phenyl ring, respectively (IC50=0.3pM; K;=0.43 pM)
(Fig. 5.8). In this compound, presence of the two groups is
essential for promising enzyme inhibition.

Compound 23 showed activity similar to that of 22 despite
being substituted with only one methoxy group at C,’ posi-
tion (ICsp=0.4 uM). However, it inhibited the enzyme
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30 31 32 33

Figure 5.8 The activity of arylquinazoline derivatives primarily
depends on their 2-arylquinazolin-4(3H)-one skeleton and the ben-
zene ring at C, position, substituted with various electron-donating
and withdrawing groups.

noncompetitively (K; = 0.25 pM). When substituted with one
more methoxy group at C;’ position (as in compound 24), the
activity was compromised by two-fold relative to that of 23
(ICs50 = 0.86 pM; competitive inhibition, K;= 0.28 pM).
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Addition of one more methoxy group at Cs’ position resulted
in a significant loss of inhibitory activity as shown by compound
25 (IC50 = 118 pM). Replacement of the C3' methoxy group
of compound 24 with a hydroxyl group (as in 26) suppressed its
activity by almost two-fold (IC5, = 1.9 pM). Since the C;’ eth-
oxy group partly plays an important role in enabling the com-
pound 22 to exhibit highest affinity to the enzyme, the activity
profiling of other positions of the ethoxy group in the same
benzene ring would be worth exploring. Example in this regard
includes compound 27, a mixed-type inhibitor substituted by
an ethoxy group at C,’ rather than C5’, that also showed prom-
ising activity (ICso = 0.57 pM; K; = 6.6 pM).

In contrast, the C, ethoxy substitution in 28 drastically
compromised its activity (ICsy = 3.25 pM). Interestingly, the
dihydroxy substitution at C;" and C, positions also afforded a
potent inhibitor, that is, 29 (IC5y, = 1.5 pM). Generally, the
dihyroxy-substituted compounds tend to be more potent inhi-
bitors than their monohydroxy counterparts. Moreover, the
proportion of the distance between the methoxy and hydroxyl
groups also contributed to the activity. Compound 30
(ICs0 = 1.15 pM), which 1s substituted by the hydroxyl and
ethoxy groups at C,' and Cs/, respectively, exhibited more
potency than 31, which is substituted by the same groups at
C,' and Cy/, respectively (ICs5, = 14.6 pM).

The chlorine analogs studied in the series also exhibited
promising inhibitory activities. Chlorine and nitro substitutions
at C,’ position of the phenyl ring were found to be most opti-
mal for the activity within the series as observed in compounds
32 and 33 (IC5( = 1.3 and 1.45 pM, respectively) [12].

5.2.3 Bis-Indolylmethanes

Bis-Indolylmethanes naturally exist as metabolites in a wide
range of plant species with aromatase inhibitory effects for
cancer treatment, antimicrobial, and anti-HIV activities. They
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possess therapeutic effects on estrogen metabolism in humans,
and are used for treatment of fibromyalgia and irritable bowel
disease [13]. Recently, a series of synthetic bis-indolylmethane
sulfono-hydrazide derivatives have been identified as
a-glucosidase inhibitors (ICs) = 0.1—5.1 pM) [13]. The activ-
ity of the compounds, bearing chloro groups at the phenyl
ring, is mainly influenced by their number and position. Same
applies to the nitro group-containing compounds in which the
a-glucosidase inhibitory activity is mainly driven by the posi-
tion of the nitro group. The structure and activity details of
the compounds are cited in the original article [13].

5.2.4 Metallophthalocyanines

Macrocyclic compounds such as phthalocyanines have multi-
ple applications in clinical, biomedical and analytical devices
and procedures including gas sensors, catalysts, electrochromic
devices, photosensitizers, and photodynamic cancer therapy
[14]. Derivatives of phthalocyanine-containing aminopyrazole
moieties are of interest in medicinal and pharmaceutical chem-
istry due to their wide spectrum of biological activities includ-
ing antimicrobial activity [14]. Moreover, latest work on the
aminopyrazole-substituted metallophthalocyanines has shown
that they inhibit a-glucosidase in nanomolar range (ICsy =
2.15-11.01 nM/K; = 1.55—10.85 nM). The compounds
demonstrated much higher potency of a-glucosidase inhibition
than that of acarbose especially the phthalonitrile derivative (34;
ICsp = 11.01 nM/K; = 10.85 nM) and its metal complex chlor-
omanganese(IIl) phthalocyanine (35; ICsy=2.15nM/K;=
1.55 nM), as shown in Fig. 5.9.

5.2.5 Thiobarbiturates

Barbiturates or malonylurea compounds are commonly used as
anesthetics, and for treatment of epilepsy, anxiety, and psychi-
atric  diseases. Similar to thiouracil, they carry various
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Figure 5.9 The aminopyrazole-substituted metallophthalocyanines
inhibit a-glucosidase in nanomolar range.

substituents at Cs position which influence their activity and
lipid solubility [15]. The eftects of the Cs substitution on yeast
a-glucosidase inhibitory activity have been explored using
various synthetic 5-arylidene-N,N'-diethylthiobarbituric acid
derivatives [15]. The compounds exhibited varying degree of
enzyme inhibition with noticeable activities by compounds
36, 37, and 38 (Fig. 5.10). Compound 37, the most potent in
the series (ICsy = 0.6 nM), is a noncompetitive inhibitor carry-
ing three hydroxyl groups at the 2’, 3/, and 4’ positions. It
appears that these hydroxyl groups are essential for activity
since compounds containing the hydroxyl groups either at 3’
and 4 positions or at 4’ position alone markedly displayed
weak inhibitory activities. Compound 38, with a naphthyl
substitution, showed more potency of inhibition (ICsy,=
19.18 uM) than the one bearing a phenyl substitution.
Interestingly, introduction of a nitro group at 3’ position of
the phenyl substitution dramatically enhanced the potency as
seen in compound 36 (ICs,= 18.91 uM). However, presence
of a nitro group at other positions of the phenyl substitution
did not yield promising inhibitors.
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Figure 5.10 The 5-arylidene-N,N'-diethylthiobarbituric acid deriva-
tives. Presence of hydroxyl groups in compound 37 (IC5o = 0.6 nM) is
essential for promising enzyme inhibition.

5.2.6 Carbazoles and hydrazone-bridged thiazole-
pyrrole derivatives

Carbazoles and hydrazone-bridged thiazole-pyrrole derivatives
have been previously synthesized and reported as antimicrobial
agents [16—18]. The compounds are an emerging class of
a-glucosidase inhibitors, and the literature has started to witness
reports on 1,2,4-triazine-carbazoles [19], 1,2,3-triazole-carba-
zoles [20], thiosemicarbazines [21], and chromone-hydrazone
derivatives [22].

Ghani et al. [23] recently identified carbazoles and hydra-
zone-bridged thiazole-pyrrole derivatives as «-glucosidase
inhibitors that add new structural diversity to a-glucosidase
inhibitors discovered to date (Fig. 5.11). The carbazole series
of derivatives were identified as noncompetitive inhibitors of
yeast a-glucosidase. The most potent inhibitor in the series
was 39 containing the 2-benzoimidazole substitution
(Ki;=0.17 pM) that appears to play a primary role in the
enzyme inhibition. A substantial loss of the inhibitory activity
was observed when the 2-benzoimidazole group was replaced
by a 2-benzothiazole group (40; K; = 8.25 pM). The rings of
both substitutions differ only by a nitrogen and a sulfur atom,
which markedly discriminated their activities. The —NH
group of the benzoimidazole moiety 1s highly selective for
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enzyme inhibition apparently due to its participation in form-
ing important hydrogen bonds with the enzyme active site.
Compound 41 (K;=11.75pM) bearing the 2-benzoxazole
ring exerts inhibitory effects similar to that of compound 40.
Moreover, compounds 42 and 43 also exhibited similar levels

of inhibition (K;= 14.53 and 14.35 pM, respectively). In the
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Figure 5.11 The carbazoles (39—43) and hydrazone-bridged thia-

zole-pyrrole inhibitors (44—47) of a-glucosidase offer new structural
diversity to antidiabetic drug development.
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carbazole series of compounds, the order of potency is based
on the type of the substituent ring, that is, imidazole >
thiazole > oxazole.

Ghani et al. [23] also studied hydrazone-bridged thiazole-
pyrrole derivatives which demonstrated competitive enzyme
inhibition. Promising inhibitors in this series include com-
pounds 44 bearing a 4-nitrophenyl group (K; = 3.03 pM), and
45 with a 4-bromophenyl group (K; = 3.18 pM). Both com-
pounds exhibited similar levels of activity despite being differ-
ent only by a nitro and a bromo group. Moreover,
compounds 46 (K;=9.18 uM) and 47 (K;= 6.7 pM), which
are chemically different only by a methyl group on the pyrrole
ring, exhibited different levels of potencies. Comparison of
their activities showed that the absence of the methyl group in
compound 47 is substantially favorable for a-glucosidase inhi-
bition. The carbazoles and hydrazone-bridged thiazole-pyrrole
inhibitors of a-glucosidase offer new structural diversity that
can be further explored for antidiabetic drug development.
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CHAPTER SIX

Cyclitols and miscellaneous
inhibitors

Contents
6.1 Cyclitols 137
6.2 Polycyclitols 139
6.3 Aminocyclitols 140
6.4 Conduritols 141
6.5 Inositols 141
6.6 Miscellaneous derivatives 142
6.6.1 Anthraquinones 142
6.6.2 Sarcoviolins and terphenyl derivatives 144
6.6.3 Stilbenes 145
6.6.4 Stilbene-based urea derivatives 145
6.6.5 Depsidones 148
6.6.6 Macrolides 149
6.6.7 Peptides 150
6.6.8 Ganomycin | and its derivatives 152
6.6.9 Carbenes 154
6.6.10 Pyranoquinolinyl-acrylic acid diastereomers 154
6.6.11 N,N'-bis-Cyanomethylamine and alkoxymethylamine derivatives 155
References 159

6.1 Cyclitols

As discussed in Chapter 2: Natural and synthetic sugar
mimics, the Salacia plant species is known to possess in vivo anti-
diabetic effects [1]. Salacia reticulata, commonly known as
kothala-himbutu in Southeast Asia [2], is also reported to con-
tain thiocyclitol (1) (Fig. 6.1). It 1s a novel compound with a
13-membered ring structure first isolated by Oe and Ozaki [3]
exhibiting potent a-glucosidase inhibitory activity (ICs, rat
intestinal maltase = 0.23 pM; rat intestinal sucrase = 0.19 pM)

Alpha-glucosidase Inhibitors. © 2020 Elsevier Ltd.
DOI: hetps://doi.org/10.1016/B978-0-08-102779-0.00006-X All rights reserved. 137 |
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Figure 6.1 The thiocyclitol demonstrates significant a-glucosidase
inhibitory activity and antihyperglycemic effects in maltose and
sucrose-loaded rats. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem.
103 (2015) 133—162. © 2015 French Société de Chimie Thérapeutique
published by Elsevier Masson SAS. All rights reserved.

comparable to that of salacinol. Additionally, it showed signifi-
cant antihyperglycemic effects in maltose and sucrose-loaded
rats. Muraoka et al. [4] redetermined the structure of thiocyclitol
and claimed that it was actually the de-o-sulfonated kotalanol as
supported by spectral data but with a subtle deviation allowing
to consider with a fair degree of confidence that these two com-
pounds are either the same or have similar structure [4].

Pluchea indica, a traditional herb ubiquitous in South Asia car-
ries antioxidant, antiulcer, and antiinflammatory properties. The
leaves of the herb have been used as tea to treat diabetes, which
1s scientifically supported by in vivo experiments on diabetic rats
[5]. Arsiningtyas et al. [6] identified five derivatives of caffeoyl-
quinic acid from the herb leaves carrying rat intestinal maltase
inhibitory activity. In these compounds, the increasing number
of caffeoyl groups bound to quinic acid is central to high aftin-
ity to rat intestinal a-glucosidase. Furthermore, the methyl
esterification of the quinic acid carboxylic group has important
contribution to inhibition of the enzyme. Examples include
3,4,5-tri-o-caffeoylquinic acid methyl ester, 3,4,5-tri-o-caffeoyl-
quinic acid, and 1,3,4,5-tetra-o-cafteoylquinic acid (IC5, = 2.0,
13, and 11 pM, respectively).

ALGrawany
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Figure 6.2 In the methylated derivatives of dicaffeoylquinic acid,
the number and position of the caffeoyl groups primarily deter-
mine the potency of «-glucosidase inhibition. Reproduced from
U. Ghani, Re-exploring promising a-glucosidase inhibitors for potential
development into oral anti-diabetic drugs: finding needle in the hay-
stack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French Société
de Chimie Thérapeutique published by Elsevier Masson SAS. All rights
reserved.

Gynura divaricata 1s used for treatment of diabetes in
Chinese traditional medicine. Detailed phytochemical analysis
of the plant identified caffeoylquinic acid derivatives possessing
yeast a-glucosidase inhibitory activity. The methylated derivatives
of dicaffeoylquinic acid such as methyl-3,4-dicaffeoylquinate
(2) (ICs50=12.23 pM) and methyl 4,5-dicaffeoylquinate (3)
(Fig. 6.2) (IC50 = 13.08 pM) were more potent than their non-
methylated counterparts, confirming previous studies that sug-
gested that the number and position of the cafteoyl groups in
the quinic acid derivatives primarily determine their potency of
enzyme inhibition [5].

E 6.2 Polycyclitols

Novel synthetic bicyclitols featuring conduritol and car-
basugar hybrid molecules have been reported to selectively
inhibit yeast o-glucosidase (Fig. 6.3). The decalin-based
carbasugar analog (4; K, =12 pM) showed more promising
activity than the hydrindane-based polyol (5; K;= 84 uM).
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Figure 6.3 Bicyclitols: the conduritol and carbasugar hybrid mole-
cules are highly selective to «-glucosidase inhibition. Reproduced
from U. Ghani, Re-exploring promising «-glucosidase inhibitors for
potential development into oral anti-diabetic drugs: finding needle in
the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French
Société de Chimie Thérapeutique published by Elsevier Masson SAS.
All rights reserved.

However, both of the compounds including other diastereomeric
isomers were inactive against almond 3-glucosidase, galactosidases,
and mannosidases. The apparent selective affinity of the inhibitors
for a-glucosidase can be explained by the influence of subtle ste-
reochemical variations in their structures [7].

E 6.3 Aminocyclitols

Two new diastereomeric amine-linked diquercitols
(6 and 7) from natural (+)-proto-quercitol have been synthe-
sized by Worawalai et al. [8] (Fig. 6.4). The compounds inhib-
ited rat intestinal maltase (IC5o = 3.1 and 3.6 pM, respectively)
and sucrase (ICs50=3.7 and 4.0 pM, respectively) more
potently than yeast a-glucosidase (ICsy=32.3 and 40.1 pM,
respectively). The cyclitol moiety and the N-linked glycosidic
bond make these compounds more promising than the origi-
nal aminoquercitol.
Additionally, the bioconjugates of (+)-proto-quercitol and
cinnamic analogs called quercitylcinnamates also have been
synthesized that selectively inhibited rat intestinal maltase and
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Figure 6.4 The cyclitol moiety and the N-linked glycosidic bond
make diastereomeric amine-linked diquercitols more potent than the
native aminoquercitol. Reproduced from U. Ghani, Re-exploring promis-
ing a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique
published by Elsevier Masson SAS. All rights reserved.

sucrase with higher potency than their precursors. The conju-
gates were identified as mixed-type inhibitors of the target
enzymes |9].

§ 6.4 Conduritols

Recently, four novel conduritol derivatives containing
the indoline and indole moieties have been synthesized as bac-
terial (Bacillus stearothermophilus) a-glucosidase inhibitors (ICs
range = 11—18 pM) (Fig. 6.5). Varations in the activities of
these indole conduritols (8—11) are primarily due to the type
of groups in the ortho, meta and para positions to the OAc and
OH moieties [10].

E 6.5 Inositols

Inositol is one of the most common members of naturally

occurring cyclitols. Myo-inositol, a stereoisomer of inositol plays
essential roles in cellular function and metabolism [11—13].
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Figure 6.5 The novel condurltol derivatives bearing indoline and
indole moieties. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem. 103
(2015) 133—162. © 2015 French Société de Chimie Thérapeutique
published by Elsevier Masson SAS. All rights reserved.

Four new isomeric hydroxy-skipped bis-homoinositol analogs
have been synthesized from both enantiomers of 5-
hydroxymethyl-2-cyclohexenone. Three of these compounds
(12—14) inhibited yeast a-glucosidase with ICs values of 16,
18.5 and 6.5 uM, respectively (Fig. 6.6). The structures of
the compounds mimic the transition state of glucosidase
substrate [14].

S 6.6 Miscellaneous derivatives

6.6.1 Anthraquinones

Yang et al. [15] studied four anthraquinones from the extract
of  Polygonum multiflorum plant namely emodin (15), aloe-
emodin (16), physcion (17) and rhein (18) (IC5, = 4.12, 4.56,
5.32, 5.68 uM, respectively) (Fig. 6.7), by employing a new
assay method for yeast a-glucosidase inhibitory activity with
maltose as a substrate using LC-MS.
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Figure 6.6 The homoinositol analogs mimic the transition state of
glucosidase substrate. Reproduced from U. Ghani, Re-exploring promis-
ing a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem.
103 (2015) 133—162. © 2015 French Société de Chimie Thérapeutique
published by Elsevier Masson SAS. All rights reserved.
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17 R1=H, R2=CH3, R3=H

18 R=COOH
Figure 6.7 Natural anthraquinones: emodin, aloe-emodin, physcion
and rhein. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem.
103 (2015) 133—162. © 2015 French Société de Chimie Thérapeutique
published by Elsevier Masson SAS. All rights reserved.
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19 R4=H, Ry=prenyl, R3=OH 20
21 Rq=prenyl, Ro=H, Rz=H

Figure 6.8 Natural anthranols and quinones. The prenyl group at
the C, position is central to potent a-glucosidase inhibition by ken-
ganthranol B (19). Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-
diabetic drugs: finding needle in the haystack, Eur. J. Med. Chem.
103 (2015) 133—162. © 2015 French Société de Chimie Thérapeutique
published by Elsevier Masson SAS. All rights reserved.

The stem bark of Harungana madagascariensis contains anthra-
nol and quinone a-glucosidase inhibitors. Kouam et al. (2006)
[16] reported a number of yeast a-glucosidase inhibitors that
include kenganthranol B (19), harunganin (20) and harunganol
B (21) (IC50=6.3, 6.0 and 12 uM, respectively) (Fig. 6.8).
Kenganthranol B was most potent among the compounds; its
activity was primarily dependent on the prenyl group at C,
position when compared to relatively less potent harunganol B
carrying the prenyl group at C; position.

6.6.2 Sarcoviolins and terphenyl derivatives

Natural terphenyls are mainly p-terphenyls composed of Cig
tricyclic or polycyclic aromatic structure that commonly
possess an aromatic or a p-quinone group in the central ring
with an additional oxygen atom. One of their functions is to
provide pigmentation to mushrooms and other fungi. Their
biosynthesis in fungi involves the shikimate-chorismate path-
way which finally leads to arylpyruvic acid. The p-terphenyls
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possess a range of biological activities including antioxidant,
neuroprotective, antimicrobial, cytotoxic and immunosuppres-
sive effects. Ma et al. [17] the isolated two sarcoviolins and
seven terphenyl derivatives from the edible mushroom Sarcodon
leucopus. Sarcoviolin 3 (22) presented highest yeast a-glucosidase
inhibitory activity (ICsy = 0.58 pM) compared to that of epi-
sarcoviolin 3 (23) (ICs5o=1.07 pM) and other compounds
(IC50 = 1—10 pM). Sarcoviolins with N;3 and C,3 configura-
tions have important contribution to enzyme inhibition.
Compounds with cis configuration at Ni3 and C,3, as in sar-
coviolin 3 (22) and sarcodonin o (24) (ICsy = 1.23 pM) were
more potent than those with trans configuration. The activity
of the p-terphenyl derivatives (25—27) directly correlated to
increasing number of hydroxyl groups. The compound struc-
tures are presented in Fig. 6.9. A comprehensive list and discus-
sion on the natural terphenyls with a-glucosidase inhibitory
activity can be accessed from the original reference [18].

6.6.3 Stilbenes

Stilbenoids, namely 13-hydroxykompasinol A (28) and scirpusin C
(29), isolated from the seeds of Syagrus romanzoffiana show strong
inhibitory activity against bacterial a-glucosidase from B. stearother-
mophilus (ICso = 6.5 and 5.0 pM, respectively). Additionally, kom-
pasinol A (30) and 3,30,4,5,50-pentahydroxytrans-stilbene (31)
(Fig. 6.10) 1solated from the same plant were also able to lower
postprandial blood glucose levels in vivo [19].

6.6.4 Stilbene-based urea derivatives

Kim et al. [20] designed and synthesized novel stilbene-based
achiral (E)-1-phenyl-3-(4-strylphenyl)urea derivatives that
competitively inhibited yeast a-glucosidase (Fig. 6.11). The
rationale is based on the structural analogy of stilbenes to res-

veratrol (32), a noncompetitive inhibitor of a-glucosidase
(K;=21.5uM) [19]. The urea derivatization of stilbene-based
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25 R1=AC, R2=H
26 R1=R2=H
27 Ry=H, R,=OH

Figure 6.9 Natural sarcoviolins and terphenyl derivatives. Sarcoviolins
with cis configuration at N;3 and C,3 are more potent than those
with trans configuration. The activity of the p-terphenyl derivatives
has a direct correlation to increasing number of hydroxyl groups.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.
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Figure 6.10 The natural stilbene inhibitors of a-glucosidase. Kompasinol
A (30) and 3,30,4,5,50-pentahydroxytrans-stilbene (31) also lower
postprandial blood glucose levels in vivo. Reproduced from U. Ghani,
Re-exploring promising «-glucosidase inhibitors for potential development
into oral anti-diabetic drugs: finding needle in the haystack, Eur. J. Med.
Chem. 103 (2015) 133—162. © 2015 French Société de Chimie Thérapeutique
published by Elsevier Masson SAS. All rights reserved.
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Figure 6.11 The stilbene-based urea derivatives. Urea is found to
augment the inhibitory activity due to important contribution of its
1-phenyl moiety ensuring competitive and selective inhibition of
a-glucosidase. Reproduced from U. Ghani, Re-exploring promising
a-glucosidase inhibitors for potential development into oral anti-diabetic
drugs: finding needle in the haystack, Eur. J. Med. Chem. 103 (2015)
133—162. © 2015 French Société de Chimie Thérapeutique published by
Elsevier Masson SAS. All rights reserved.

compounds is found to augment the inhibitory activity due to
important contribution of its 1-phenyl moiety thus ensuring
competitive and selective inhibition of the enzyme. Additionally,
the substituents on both the terminal phenyl groups are pro-
posed to contribute to enzyme inhibition. Example includes
compound 33 (IC5, = 8.4 pM; K; = 3.2 pM), which 1s a com-
petitive and selective ai-glucosidase inhibitor.

6.6.5 Depsidones

Ngoupayo et al. [21] studied four new depsidones called
brevipsidones from the stem bark of Garcinia brevipedicellata
with yeast «-glucosidase inhibitory activities (IC5)=
7.04—59.64 pM) (Fig. 6.12). In these compounds, the prenyl
group plays an important role in the activity as observed in
brevipsidone D (34) (ICsy,=7.04 pM). Compounds lacking
the prenyl group or carrying both the prenyl and the 2,2-
dimethylchromene groups exhibited weak inhibitory activity.
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Figure 6.12 Brevipsidone D isolated from the stem bark of Garcinia
brevipedicellata. Its prenyl group is important for enzyme inhibition.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding nee-
dle in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015
French Société de Chimie Thérapeutique published by Elsevier Masson
SAS. All rights reserved.
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Figure 6.13 The macrolide inhibitors of «-glucosidase. Reproduced
from U. Ghani, Re-exploring promising «-glucosidase inhibitors for
potential development into oral anti-diabetic drugs: finding needle in
the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French
Société de Chimie Thérapeutique published by Elsevier Masson SAS. All
rights reserved.

6.6.6 Macrolides

Gao et al. [22] conducted first convergent total synthesis
of penarolide sulfate A, (35), a 31-membered macrolide bear-
ing a proline residue and three sulfate groups (Fig. 6.13).
The compound and its desulfated derivative (36) are reported
to inhibit yeast a-glucosidase with 1Cs, values of 4.87 and
10.74 pM, respectively.
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6.6.7 Peptides

Peptides are a rare entry to the battery of a-glucosidase inhi-
bitors. They may ofter potentially safer and cheaper alterna-
tive to treatment of type 2 diabetes mellitus. Since acarbose,
miglitol, and voglibose are sugars or sugar-based derivatives
which exert unwanted gastrointestinal side eftects, nonsac-
charide inhibitors such as peptides may offer better and safer
solutions to treatment of hyperglycemia in type 2 diabetes
with minimal unwanted side effects. Reports on the peptide
a-glucosidase inhibitors are rare and this area needs more
attention in terms of screening, identification and develop-
ment of promising inhibitors. Eichler and coworkers [23]
identified cyclic hexapeptide lactam molecules from 26
unique synthetic combinatorial libraries of cyclic peptides
with significant yeast a-glucosidase inhibitory activity. All
other libraries showed little or moderate activity with the
exception of the cyclic hexapeptide library (Fig. 6.14).

The libraries other than that of the hexapeptide lactam that
differed only in the order of r- and p-amino acid mixture
positions, showed no activity. Interestingly, only cyclic analogs
of the libraries were active; the linear ones were inactive.
Some of the active analogs of the libraries displayed more
potency than N-methyl-DNJ (K; = 6.75 pM). These include
cyclo[iWyRyN] (37), cyclo[iWyRwN], cyclo[iWyRvN] and
cyclo[iWyRiN] with K; values of 1.7, 4.3, 5.1, 6.4 pM,
respectively.

Another example of peptide inhibitors of a-glucosidase
include work by Yu et al. [24] who 1solated eight promising
antidiabetic linear peptides from egg white, which were later
synthesized by Fmoc solid phase method. The RVPSLM (argi-
nine—valine—proline—serine—leucine—methionine; ICs5 =
23.07 puM) and TPSPR (threonine—proline—serine—proline—
arginine; 1Csy = 40.02 uM) peptides showed highest activity.
Based on their in vivo antidiabetic and a-glucosidase inhibitory



Cyclitols and miscellaneous inhibitors 151

HN

LEZ

37

Figure 6.14 Only cyclic analogs of the combinatorial library of hexapep-
tide lactams are active against a-glucosidase. Reproduced from U. Ghani,
Re-exploring promising «-glucosidase inhibitors for potential develop-
ment into oral anti-diabetic drugs: finding needle in the haystack, Eur. J.
Med. Chem. 103 (2015) 133—162. © 2015 French Société de Chimie
Thérapeutique published by Elsevier Masson SAS. All rights reserved.

activities, the peptides ofter new avenues for exploring their
antidiabetic drug candidacy.

Furthermore, the identification and characterization of seri-
cin peptide by Xie et al. is worth highlighting [25]. The work
includes a-glucosidase inhibitory activity of sericin with special
focus on its interaction with the enzyme, study of thermody-
namic parameters and molecular modeling. Sericin inhibited
a-glucosidase (ICso = 2.9 pM) in a noncompetitive fashion
(K; = 1.0 pM); it binds to the enzyme at a site other than that
for acarbose. Moreover, the binding resulted in a conforma-
tional change of the enzyme’s secondary structure. A detailed
discussion on the sericin kinetics and mechanism of inhibition
will follow in Chapter 7: Computational and structural biol-
ogy of a-glucosidase-inhibitor complexes: clues to drug opti-
mization and development.



152 Alpha-glucosidase Inhibitors

6.6.8 Ganomycin | and its derivatives

In China, a variety of mushrooms belonging to the Ganoderma
species are used as food and elixir in traditional medicine.
Chemically, ganomycin I (38) is a meroterpene-type com-
pound isolated from the Ganoderma species that carries dual
a-glucosidase and HMG-CoA reductase inhibitory activities.
It demonstrates in wvivo hypoglycemic, hypolipidemic and
insulin-sensitizing activities making it a promising candidate
for treatment of metabolic syndrome and features associated
with it including hyperglycemia and hyperlipidemia. Despite
all these promising eftects, ganomycin I (38) 1s chemically
unstable due to presence of the para-dihydroxylbenzene moi-
ety, which imposes a major obstacle in its synthesis and drug
development. Recently, Wang et al. [26] synthesized chemically
stable derivatives of ganomycin I (38) that also demonstrated
dual a-glucosidase and HMG-CoA reductase inhibitory activi-
ties (Fig. 6.15). Notably, compound 39 exhibited most potent
dual inhibitory activity in the series with in vivo hypoglycemic,
hypolipidemic and weight loss eftects on both ob/ob and DIO
mice. Compounds 39, 40, 41, and 42 demonstrated more
promising a-glucosidase inhibitory activity than that of gano-
mycin [ (38). Compound 43 exhibited weaker dual activity
despite sharing similar structural features with compound 39,
indicating that it is highly selectivity to a-glucosidase inhibition.
Moreover, it is chemically more stable than genomycin I (38),
and toxicologically safer to use even after long-term adminis-
tration in mice. It effectively decreased fasting and postprandial
blood glucose levels along with HbAlc levels in a dose-
dependent manner. Additionally, it also improved glucose tol-
erance by reducing insulin resistance and enhancing insulin
sensitivity of cells.

Another significant therapeutic effect of compound 39 was
on lipid metabolism; the 0b/0b mice also significantly lost fat
mass as indicated by their reduced body weight compared to
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Figure 6.15 The ganomycin | derivatives are promising candidates
for antidiabetic drug development due to their dual a-glucosidase
and HMG-CoA reductase inhibitory activities in addition to reducing
postprandial blood glucose levels in vivo.

acarbose which exhibited weaker eftects on the body weight.
The mice reduced 68% of body weight when compared to
controls without treatment. Administration of compound 39
in ob/ob mice resulted in the reduction of serum cholesterol,
free fatty acids, and triglycerides levels in a dose-dependent
manner. Drugs with dual therapeutic effects on the glucose and
lipid metabolism are of special focus for the treatment of meta-
bolic syndrome that includes diabetes and glucose intolerance as
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Figure 6.16 The 2-hydroxyethyl substituted N-heterocyclic carbene
derivatives (ICsg = 1.73—7.96 nM/K; = 0.3—9.22 nM).

its primary components. Compound 39 is a promising and safe
drug candidate for treatment of diabetes and metabolic syn-
drome with significant therapeutic benefits including weight loss,
reversal of hepatic steatosis, and hypolipidemic and hypoglyce-
mic eftects.

6.6.9 Carbenes

A series of 2-hydroxyethyl substituted N-heterocyclic carbene
derivatives were recently synthesized that inhibited a number
of clinically important enzymes including o-glucosidase in
nanomolar range (ICsy=1.73—7.96 nM/K; = 0.3—9.22 nM)
[27]. Lead inhibitors in the series were compounds 44 and 45
(K; = 1.42 and 0.3 nM, respectively) (Fig. 6.16).

6.6.10 Pyranoquinolinyl-acrylic acid diastereomers

Four types of new pyranoquinolinyl/furoquinolinyl-acrylic
acid derivatives, demonstrating o-glucosidase inhibition, have
been synthesized utilizing a highly diastereoselective strategy
[28]. The exo-diastereomers of pyranoquinolinyl-acrylic acid



Cyclitols and miscellaneous inhibitors 155

adducts (46—49) inhibited the enzyme with an ICs, range of
0.62—4.2 uM, especially compound 47 (Fig. 6.17). In these
compounds, the trimethoxy and fluoro substitutions greatly
influenced the activity. The exoisomers demonstrated more
promising enzyme inhibition than the other diastereomers;
compound 50 (ICsy= 0.4 pM) is one example of this class
(Fig. 6.17). Furthermore, the endo-diastereomers of the pyra-
noquinolinyl-acrylic acid series showed more promising
a-glucosidase inhibition than the exo-diastereomers. In contrast,
the activity of the nitro-substituted pyranoquinolinyl-acrylic
acid endo-diastereomers were more promising than the exo-
diastereomers. Importantly, the oxygen atom in the pyranoquino-
linyl ring is crucial for potent enzyme inhibition since replacing it
with a carbon atom significantly suppressed the activity.

6.6.11 N,N’-bis-Cyanomethylamine and
alkoxymethylamine derivatives

In an effort to explore the chemical and biological properties
of N,N'-bis-cyanomethylamines and alkoxymethylamines,
Taslimi et al. synthesized novel derivatives of these com-
pounds, which inhibited a-glucosidase in nanomolar range
(ICs0 = 0.73—38.5 nM/K; = 0.15—13.31 nM) [29]. Compounds
51 and 52 (K; = 0.62 and 0.15 nM, respectively) are presented
in Fig. 6.18.

Transition metal complexes are known to inhibit
a-glucosidases [30]. Schiff base transition metal complexes may
provide new avenues for a-glucosidase inhibition. Amino acid
Schiff bases containing the C = O, C = N groups and S, O, and
N atoms have shown to act as metal chelators. Synthesis of a
series of salicylaldehyde-amino acid Schift bases and silver(l) com-
plexes of the 2,4-dihydroxybenzaldehyde-amino acid Schiff bases
were conducted which were evaluated for yeast a-glucosidase
inhibitory activity. The silver complexes (53—67) (Fig. 6.19),
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Figure 6.17 The pyranoquinolinyl/firoquinolinyl-acrylic acid derivatives.
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Figure 6.18 The N,N'-bis-cyanomethylamine and alkoxymethylamine
derivatives inhibit a-glucosidase in nanomolar range.

possessing structural similarity to flavones and xanthones, strongly
inhibited the enzyme (ICsy = 0.0092—0.246 pM).

The metal-free amino acid Schiff bases were inactive with the
exception of tyrosine and alanine derivatives. Within the silver
complexes, those with aliphatic amino acid side chains (59, 60,
62, and 64) displayed best activity (ICs, = 0.0168, 0.0202, 0.0455,
and 0.0769 pM, respectively). Nevertheless, other compounds
such as 61 (ICs5,=0.00973 puM) and 67 (ICsy,= 0.00922 pM)
showed promising inhibitory activity [31]. In these compounds
the amino group of the corresponding amino acids appears to play
a crucial role in enzyme inhibition. This is in agreement with the
previous studies suggesting an important role of amines in the
potent inhibition of various glucosidases [32]. Furthermore, contri-
bution of the silver ligand and the corresponding amino acid side

chains to enzyme inhibition 1s also acknowledged.
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Figure 6.19 The silver(l) complexes of 2,4-dihydroxybenzaldehyde-amino
acid. Schiff bases are a new class of potent a-glucosidase inhibitors.
Reproduced from U. Ghani, Re-exploring promising a-glucosidase inhibi-
tors for potential development into oral anti-diabetic drugs: finding needle
in the haystack, Eur. J. Med. Chem. 103 (2015) 133—162. © 2015 French
Société de Chimie Thérapeutique published by Elsevier Masson SAS. All
rights reserved.

In vivo and in vitro inhibition of a-glucosidase by insulino-
mimetic metal ions has also confirmed that metal ions are cata-
lytically involved in the enzyme inhibition process [30]. Some
of the representative compounds (56, 64, and 67) from the
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silver complexes exhibited noncompetitive inhibition of yeast
a-glucosidase [31], which complies with a previous report on
the role of metal ions in noncompetitive inhibition of yeast
a-glucosidase [30]. Since silver(I) complexes of the 2,4-dihy-
droxybenzaldehyde-amino acid Schiff bases are entirely a new
class of promising a-glucosidase inhibitors, further insight into
their mechanism of inhibition and in vivo studies would pro-
vide important clues to development of new antidiabetic drug
candidates.
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7.1 Crystal structure of human MGAM-C in
complex with acarbose

Inhibition of the C-terminal human maltase glucoamylase

(MGAM-C) (EC 3.2.1.20 and 3.2.1.3) is a target for treatment
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of type 2 diabetes and obesity [1]. Interest in the development
of MGAM-C inhibitors in the past led to the identification of
acarbose since it is a potent inhibitor of the enzyme. Human
MGAM-C (molecular weight ~ 100 kDA) demonstrates high-
er catalytic activity than its counterpart N-terminal human
maltase glucoamylase (MGAM-N). In fact, its activity is high-
est among all of the maltase subunits [2]. The crystal structures
of free MGAM-C and in complex with acarbose have been
solved, which provide important structural insights into the
substrate specificity and catalytic mechanism of MGAM-C and
related enzymes including MGAM-N and N-terminal sucrase-
isomaltase (SI-N; EC 3.2.148 and 3.2.10) [3]. The global con-
formation of MGAM-C is very similar to that of MGAM-N
and SI-N; its structure is composed of five domains, namely
trefoil type-P, N-terminal, catalytic, proximal C-terminal, and
distal C-terminal domains (Fig. 7.1C).

Acarbose is a pseudotetrasaccharide competitive inhibitor of
MGAM-C that contains an acarviosine group connected to a
maltose via the o-1,4-linkage. Binding of acarbose to the
MGAM-C active site does not induce significant conforma-
tional changes to the enzyme. The inhibitor occupies the —1
to +3 subsites exposing its nonreactive N-linked bond into
the catalytic center, hence forming numerous hydrogen bonds
and hydrophobic interactions with the active site residues
(Fig. 7.2). The cyclitol moiety of acarbose forms hydrogen
bonds with the His1584 NE2 and Asp1279 OD2 through its
hydroxyl groups at C; and C, positions, respectively. The first
sugar ring forms hydrophobic interactions with the side chains
of Tyr1251, Trp1523, and Trpl1418. The 4,6-dideoxy-4-
amino-D-glucose moiety of acarbose is stabilized in the subsite
+1 by engaging in hydrogen bonding interactions with the
side chain of Asp1157 through its hydroxyl groups at C, and
C; positions. Moreover, the hydroxyl group at C3 position of
the second ring interacts with the Arg1510 NH1. The first
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Figure 7.1 (A) Location of each MGAM-C domain in its primary struc-
ture. (B) The structure of acarbose. (C) The global structure of MGAM-C
in complex with acarbose. The bound acarbose is shown as sticks. The
enzyme domains are numbered as follows: 1. trefoil type-P domain;
2. N-terminal domain; 3. catalytic (3/c)8 domain; 4. catalytic domain
insert 1; 5. catalytic domain insert 2; 6. proximal C-terminal domain;
7. distal C-terminal domain. Reprinted by permission from Springer
Nature: L. Ren, et al, Structural insight into substrate specificity of
human intestinal maltase-glucoamylase, Protein Cell 2 (2011) 827—836
©2011.
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Figure 7.2 Structural details of MGAM-C-acarbose interactions. (A)
Electron density map of the complex. Acarbose is shown in the elec-
tron density surrounded by the active site residues. (B) The inhibitor
occupies the —1 to +3 subsites exposing its nonreactive N-linked
bond into the catalytic center, and forming numerous hydrogen
bonds (represented as dashed lines) and hydrophobic interactions
(represented as dashed-lined semicircles) with the active site residues.
Reprinted by permission from Springer Nature: L. Ren, et al, Structural
insight into substrate specificity of human intestinal maltase-glucoamylase,
Protein Cell 2 (2011) 827—836 ©2011.

and second rings are further stabilized by stacking eftects from
the Trp1355 and Phel559 residues. The N4B atom of the
inhibitor forms hydrogen bond with Asp1526—a potential acid:
base residue for catalysis. The third ring (at the subsite +2) and
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fourth ring (at the subsite +3) of acarbose are stacked by the
side chains of Trp1369, and Phe1560/Pro1159, respectively.

The MGAM-C prefers to bind to oligosaccharide substrates
containing 3—6 glucose rings compared to MGAM-N that
binds to 2—7 rings, suggesting high substrate specificity and
binding affinity of the enzyme for longer substrates—a property
of the enzyme supported by structural evidence from the crys-
tal structure. Sequence alignment of MGAM-C, C-terminal
sucrase-isomaltase (SI-C), MGAM-N, and SI-N showed that
the first insert of MGAM-C and SI-C contains an additional
segment of 21 amino acids which is absent in MGAM-N and
SI-N (Fig. 7.3A). These extra amino acids are part of the active
site that form an o-helix and a loop, all of which along with
other residues constitute the +2 and +3 subsites. The pres-
ence of the extra 21 amino acids clearly justifies stabilization of
the third acarbose ring at the +2 subsite through Trp1369,
which is part of the extra segment (Fig. 7.3B). Deletion of this
extra segment from the MGAM-C sequence resulted in a
mutant enzyme devoid of the subsites +2 and +3 that dem-
onstrated preference for shorter substrates similar to that for
MGAM-N with five- to ten-fold decrease in the binding affin-
ities to substrates containing 4—6 glucose units. Therefore, the
extra segment in the MGAM-C active site is essential for high
substrate specificity and affinity. Moreover, studies on the type
of substrate catalysis by MGAM-C, SI-C, MGAM-N, and SI-N
have confirmed that all enzymes hydrolyze linear a-1,4-linked
maltose except SI-N that hydrolyzes branched a-1,6-linked
isomaltose [4].

Despite having a high sequence identity ranging from
40—60% and similar carbohydrate digestion profile, these
enzymes have evolved differently in terms of substrate specifi-
cities and catalytic activities. Preference for longer substrates
1s mainly a feature of MGAM-C and SI-C enzymes, whereas
SI-N exhibits additional catalytic activity for «-1,6-linked
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Figure 7.3 (A) Sequence alignment of MGAM-C, SI-C, MGAM-N, and
SI-N showing that the first insert of MGAM-C and SI-C contains an
additional segment of 21 amino acids which is absent in MGAM-N
and SI-N. (B) The MGAM-C-acarbose superimposition on the MGAM-N
(medium gray) and SI-N (light gray) active sites. The extra 21 amino
acids form an a-helix loop (dark gray) in the active site, which along
with other residues constitute the +2 and +3 subsites, justifying sta-
bilization of the third acarbose ring at the +2 subsite through
Trp1369. Reprinted by permission from Springer Nature: L. Ren, et al.,

Structural insight into substrate specificity of human intestinal maltase-
glucoamylase, Protein Cell 2 (2011) 827—836 ©2011.

substrates. Since the distribution ratio of a-1,4 to o-1,6-linked
substrates in human diet is 19:1, there needs to be a propor-
tional distribution of the enzymes with oa-1,4 and a-1,6 cata-
lytic activities in accordance with the carbohydrate contents of
the human diet, that is, more a-1,4 catalytic activity than a-1,6.
The proportionality and activities of these four enzymes are in
harmony with starch digestion in humans because all of them
hydrolyze o-1,4-linkages with an additional a-1,6 catalytic
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activity specific to SI-N only; the enzymes act in concert for
optimal digestion and metabolism of starch. In this regard,
the drug discovery community needs to focus more on
developing antidiabetic candidates that inhibit o-1,4 hydrolytic
enzymes rather than a-1,6 hydrolytic enzymes by appreciating
this naturally balanced process of carbohydrate digestion in
humans.

S 7.2 Crystal structures of human MGAM-N in
complex with acarbose, miglitol, and salacinol

Acarbose 1s a weak inhibitor of human MGAM-N with
poor binding capabilities to the enzyme active site. The 1.9 A
resolution crystal structure of human MGAM-N in complex
with acarbose showed that the enzyme active site is composed
of the —1 and +1 subsites to which the substrate or inhibitor
binds. In the crystal structure, the two nonreducing rings of
acarbose namely the acarviosine rings bind to the subsites via
hydrogen bonds with Asp327, Asp203, His600, Arg526, and
Asp542 residues (Fig. 7.4A). The other two rings do not inter-
act with any residues since they do not fit well in the active
site as their atoms show higher B-factor values [5].

Miglitol binds only to the —1 subsite of MGAM-N active
site and interacts with the side chains of Asp327, His600,
and Asp542 residues similar to that of acarbose. The Asp443
somewhat stabilizes the ring nitrogen of the inhibitor
through hydrogen bonding. Due to its shorter structure,
miglitol does not reach the +1 subsite, therefore, it does
not interact with Asp203 and Arg526 residues (Fig. 7.4DB).
Moreover, the N-hydroxyethyl chain with a hydroxyl group
does not form any contacts with the active site as revealed in
the crystal structure [5].



170 Alpha-glucosidase Inhibitors

(A) (B) « (©)

Figure 7.4 MGAM-N in complex with (A) acarbose, (B) miglitol, and
(C) salacinol. The catalytic nucleophile Asp443, acid/base catalyst
Asp542 and other active site residues are represented as sticks.
Reprinted with permission from L. Sim, et al,, New glucosidase inhibitors
from an Ayurvedic herbal treatment for type 2 diabetes: structures and
inhibition of human intestinal maltase-glucoamylase with compounds
from Salacia reticulata, Biochemistry 49 (2011) 443—451. ©2011.
American Chemical Society.

Salacinol binds to the —1 and +1 subsites of MGAM-N
since it is relatively larger in structure than miglitol. The
side chains of Asp327 and H600 residues stabilize the
inhibitor in the —1 subsite via hydrogen bonds whereas in
the +1 subsite, the side chains of Asp203, Arg526, and
the acid—base catalyst Asp542 interact with the acyclic
chain of salacinol through its hydroxyl groups. The sulfate
group on the same chain remains free of any interactions
with the active site residues. Furthermore, the sulfonium
ion of salacinol makes electrostatic contacts with Asp443,
which is a catalytic nucleophile of the enzyme (Fig. 7.4C).
All inhibitors bind to two active site water molecules via
hydrogen bonds; each of which forms tight hydrogen
bonds with Asp366, Asp443/Asp571, and Trp539, respec-
tively (Fig. 7.5).
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Figure 7.5 The hydrogen bonding interactions (displayed as dotted
lines) between MGAM-N and (A) acarbose, (B) miglitol, and (C) salacinol.
Reprinted with permission from L. Sim, et al,, New glucosidase inhibitors
from an Ayurvedic herbal treatment for type 2 diabetes: structures and
inhibition of human intestinal maltase-glucoamylase with compounds

from Salacia reticulata, Biochemistry 49 (2011) 443—451. ©2011.
American Chemical Society.
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g 7.3 Comparison of the MGAM-N-inhibitor
complexes

Acarbose has largest structure with weaker inhibition of
the enzyme due to the fact that MGAM-N does not have
extended +2 and +3 sugar binding subsites. This in contrast
to MGAM-C which possesses these subsites where acarbose
can bind and inhibit the enzyme with more potency. Miglitol
and salacinol are potent inhibitors of MGAM-N since they
have smaller structures compared to acarbose. Presence of the
+2 and +3 subsites is not needed for these inhibitors since
their structural features are optimal for binding to the —1 and
+ 1 subsites only [5].

Superimposition of all three enzyme-inhibitor complex
structures, presented in Fig. 7.6A, revealed comparative clues to
how these inhibitors bind to the —1 and +1 subsites. Miglitol
and the valienamine ring of acarbose align well at the —1 sub-
site including their C,—C, and Cg hydroxyl groups. The C,,
Cs;, and Cs ring hydroxyl groups of salacinol (a five-membered
ring inhibitor) align well with the C;, C4, and C4 hydroxyl
groups of its six-membered counterparts. A high level of simi-
larity exits between these structures only at the —1 subsite; the
binding of the inhibitors markedly diftered beyond this subsite.
Miglitol mainly binds to the —1 subsite due to its smaller struc-
ture, and its N-hydroxyethyl group is free without involving in
any interaction with the active site. Moreover, this group moves
the side chain of Trp406 by extending into the side of the
active site and enlarges it. The resulting conformational change
causes the active site Met444 to take the space created by shift-
ing of the Trp406 side chain. Additionally, miglitol binding also
shifts the catalytic nucleophile Asp542 by ~0.4 A [5].

The acarbose and salacinol bind very differently to the +1
subsite of MGAM-N, however, the Arg526, Asp203, and
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Figure 7.6 (A) Superimposition of MGAM-N active site complexes
and their respective interactions with acarbose (1), miglitol (2), and
salacinol (3) for comparison purposes. (B) Binding of the inhibitors to
the —1 subsite is compared. The carbon ring atom numbers are
represented in black for acarbose and miglitol, and light gray for sala-
cinol. Reprinted with permission from L. Sim, et al., New glucosidase
inhibitors from an Ayurvedic herbal treatment for type 2 diabetes: struc-
tures and inhibition of human intestinal maltase-glucoamylase with
compounds from Salacia reticulata, Biochemistry 49 (2011) 443—451.
©2011. American Chemical Society.
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Asp542 residues that are involved in hydrogen bonding, align
well. In both structures, the Asp203 residue shares hydrogen
bonds with the C, of acarbose and C,’ of salacinol hydroxyl
groups. In contrast, the Cj; acarbose hydroxyl group forms
hydrogen bond with Arg526 only, whereas the C," salacinol
hydroxyl group also interacts with Asp542 in addition to Arg526.
Significant differences of binding of the three inhibitors has
been noted in the —1 subsite (Fig. 7.6B). The structure of a
GH31 xylosidase and its catalytic mechanism provides impor-
tant clues to understanding the mechanism of inhibition of
MAGAM-N by acarbose, miglitol, and salacinol. In this family
of enzymes, the substrate binds to the active site as a covalent
enzyme—substrate intermediate utilizing the *C,—*H;—'S;
conformation [2]. The mechanism of inhibition of MGAM-N
by miglitol involves the *C; structure which undergoes a tran-
sition state similar to predicted substrate-binding conformation
which is different from the charged oxacarbenium ion-like
transition state. Salacinol uses the T, conformation in the
MGAM-N active site which is same as its unbound conforma-
tion [6]. The T, conformation of the salacinol ring bears
maximal resemblance to the *Hj conformation of the pre-
dicted transition state when the respective C,—C, of salacinol
rings and C3—Cs of a glucopyranose ring were superimposed.
Moreover, the sulfonium ion—Asp443 interaction mimics the
charged oxacarbenium ion-like transition state and the carbox-
ylate in the hydrolysis.

The valienamine acarbose ring acquires a “Hj half-chair
conformation which is unlike that of miglitol and salacinol,
which appears to be a reasonable explanation for the weak
inhibition of MGAM-N by acarbose. This conformation influ-
ences the posture of C;—Cs of the valienamine ring that
changes the positions of their respective CH,OH or OH groups.
It is not clear if acarbose is a real transition-state analog or just a
tight binding inhibitor of MGAM-N. Evidence from the kinetic
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studies on the active site mutants of cyclodextrin glucanotrans-
ferase from the GH13 family have demonstrated that acarbose
1s most likely a transition-state analog [7]. However, studies on
the GH15 family of inverting glucoamylase enzymes imply
the opposite [8]. Salacinol and miglitol do not reach out to
the +2 and +3 subsites of MGAM-N due to their smaller
molecular size than acarbose. Exploring extension of the
inhibitor to these subsites might provide clues to increasing
their inhibitory activities against MGAM-C enzyme. In this
connection, extended acyclic chain-containing derivatives of
salacinol have been synthesized that demonstrated inhibitory
activities comparable to that of inhibition of MGAM-N by
salacinol. Structural modifications of miglitol such as exchang-
ing its N-hydroxyethyl group with the acyclic chain of salaci-
nol resulted in the deterioration of its inhibitory activity
mainly due to the reason that the N-hydroxyethyl group in
miglitol alone displaces some active site amino acids rather
than extending into the +1 subsite.

§ 7.4 The human MGAM-N-salacinol derivative
complexes

A number of reports have been published on the synthe-
sis and a-glucosidase inhibitory activity of a variety of salacinol
derivatives [9]. Noteworthy to mention are kotalanol and its
de-o-sulfonated analog featuring extended acyclic chains.
Crystal structure of the compounds in complex with MGAM-
N suggested potential role of stereochemistry, sulfate group,
and the length of the acyclic polyhydroxylated chain in
enzyme inhibition. Previous reports on systematic investigation
of the influence of inhibitor chain lengths and their stereo-
chemistry concluded that S and R configurations for C,’ and
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C, centers, respectively, are essential for potent inhibition.
Also, the longer acyclic chains constituting more than four
carbons and stereochemistry of sulfate at C3’ do not exert sig-
nificant effects on the inhibition. These studies were mainly
conducted utilizing synthetic and kinetic approaches, which
were later confirmed and concluded by structural evidence.
These include synthesis of a series of salacinol derivatives with
varying acyclic chain lengths including the role of sulfate
group, and stereochemistry in MGAM-N inhibition.

The NR4-8, NR4-8II, salacinol and kotalanol structures
were compared; kotalanol carry an extended 7-carbon polyhy-
droxylated side chain with S, S, R, R, and § stereoconfigura-
tions at C,’—Cy/, respectively. The 2.1-A resolution crystal
structure of kotalanol in complex with MGAM-N revealed
that the salacinol and kotalanol complexes are conserved, and
both structures align well with each other with the exception
of the C,/—C;" hydroxyl groups that the salacinol molecule
lacks. The polyhydroxylated side chain of kotalanol forms
some more hydrogen bonds with the Asp203 residue of the
enzyme through its Cs hydroxyl group, and Trp205 and
Asp203 through water with the C5'—C," (Fig. 7.7A). Despite
these extra interactions, the K value of kotalanol remained
unchanged which is identical to that of salacinol (0.19 pM).
Furthermore, the NR4-8 and NR4-8II derivatives with S, S
and S, R configurations also showed similar levels of inhibition
(K;=0.13 and 0.10 pM, respectively) [10]. In both the crystal
structures of MGAM-N in complex with NR4-8 and NR4-
811, the C5'—C-' chain of the former appears to be disordered,
whereas the latter binds to the enzyme in a conformation
other than that of kotalanol. This structural evidence 1is
enough to draw a conclusion that the C5'—C- chain of NR4-
8 is not essential for high aftinity to the enzyme.

Derivatives featuring ring stereoconfigurations other than
those present in salacinol or related derivatives were able to
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Figure 7.7 Comparison of MGAM-N-salacinol complex and its deriva-
tives. The structures of (A) salacinol and kotalanol, (B) kotalanol and
BJ2661 derivative, and (C) kotalanol and de-o-sulfonated kotalanol
are superimposed. Reprinted with permission from L. Sim, et al, New
glucosidase inhibitors from an Ayurvedic herbal treatment for type 2
diabetes: structures and inhibition of human intestinal maltase-
glucoamylase with compounds from Salacia reticulata, Biochemistry 49
(2011) 443—451. ©2011. American Chemical Society.
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bind to the enzyme active site. The R configuration at C,/
was not as important as it was at C,’. The BJ2661 derivative
bears S, R, and S stereoconfigurations at C,’—C,’ positions,
respectively. Its crystal structure in complex with MGAM-N
showed undefined electron density at C;'—C3/, ring C; and at
C,—C5' hydroxyl groups indicating that it is a weaker inhibi-
tor of MGAM-N. Comparison of its structure with kotalanol
revealed no conformational changes in the MGAM-N active
site with good alignment of the inhibitor ring up to the C,’
hydroxyl group (Fig. 7.7B). However, the Cj3 center features
a conformation other than that of kotalanol. Their sulfate
groups are conserved in both structures which do not interact
with the active site apart from affording constraining effects
from the distant bulky hydrophobic residues that include
Phe575, Trp406, and Tyr299 (Fig. 7.7C).

The C, hydroxyl group appears to stabilize the orientation
of the C,’ hydroxyl group through internal hydrogen bonding.
The S configuration at the C4 in BJ2661 derivative, which is
different from that of salacinol, kotalanol, and de-o-sulfonated
kotalanol derivatives (all have R configuration), abolishes hydro-
gen bonding with Asp203. This reorientation from Asp203 to
the C4" hydroxyl group and to the C," hydroxyl group is not
found in BJ2661 derivative crystal structure, and is probably a
cause for undefined electron density from C;" to C3' of the
inhibitor.

The de-o-sulfonated derivative of kotalanol (K; = 0.03 pM)
1s most potent inhibitor of MGAM-N. Surprisingly, removal
of the sulfate group increases its activity by seven-fold, whereas
its stereoconfiguration at C;" does not change its potency of
inhibition [9]. The 1.9-A crystal structures of de-o-sulfonated
derivatives in complex with MGAM-N were compared with
that of kotalanol to investigate the role of sulfate group in
enzyme inhibition. The structures superimpose up to C3, and
without the sulfate group, the C3' hydroxyl group acquires a
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different position. Removal of the sulfate group also resulted
in the relief of constraints around C3" by the bulky hydrophobic
residues that in turn culminated in more favorable interactions
with the active site.

§ 7.5 Comparison of the crystal structures of
acarbose in complex with MGAM-C, MGAM-N,
and SI-N

The crystal structures of acarbose in complex with
MGAM-C, MGAM-N and SI-N were compared to determine
structural and functional difterences between these enzymes [3].
All complexes exhibited almost identical binding of the inhibi-
tors’ first ring groups to the —1 subsite. The amino acids consti-
tuting this site are conserved in all enzymes with the exception
of one amino acid that is Tyr1251 in MGAM-C. Its counter-
parts in MGAM-N and SI-N include Tyr299 and Trp327,
respectively (Fig. 7.8). These amino acid difterences determine
the substrate binding and specificity of the enzymes. From these

Figure 7.8 Surface diagrams of the MGAM-C-acarbose, MGAM-N-
acarbose, and SI-N-kotalanol active site complexes (from left to right).
The extra 21 amino acid segment in MGAM-C is shown in dark gray
(first left). Reprinted by permission from Springer Nature: L. Ren, et al.,
Structural insight into substrate specificity of human intestinal maltase-
glucoamylase, Protein Cell 2 (2011) 827—836 ©2011.
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differences, it was proposed that presence of the bulky hydro-
phobic side chain of Trp327 in SI-N occupies the subsite —1
space to tether the flexible branched a-1,6-linked sugar moiety
for catalysis compared to smaller size of Tyr1251 and Tyr299
side chains that cannot restrict the a-1,6-linked sugar in the
active sites of MGAM-C and MGAM-N. The MGAM-C and
MGAM-N mutants containing tryptophan instead of tyrosine
in their active sites exhibited o-1,6 catalytic activities. The
MGAM-N mutant demonstrated three-fold more affinity to
o-1,6 substrate than its native form. Moreover, both mutants
exhibited ten- and three-fold reduced catalytic activity for lin-
ear a-1,4 substrates [3].

§ 7.6 Important structural and functional clues
to human MGAM-N inhibition

A number of important structural features that signifi-
cantly contribute to potent inhibition of MGAM-N can be
derived from these studies.

1. The long hydroxylated side chains of kotalanol, NR4-8,
and NR4-8II derivatives featuring varying configurations at
the Cs'—C-’ appear distorted. These chains do not potenti-
ate or weaken the inhibitory activity of the compounds
since they do not interact with the MGAM-N active site.

2. The G, and C, stereoconfigurations are crucial for tight
binding because the C,’ hydroxyl group forms essential
hydrogen bonds with Arg526 and Asp542 residues in concert
with the C,/ hydroxyl group. The BJ2661 derivative lacks
this interaction, therefore, it appears disordered.

3. Although their C3' stereoconfigurations are in contrast to
each other, the sulfate groups of BJ2661 and kotalanol
superimpose precisely.
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4. Truncation of the sulfate groups from the compounds yielded
more efficient inhibitors of MGAM-N.

5. The detailed kinetic, structural, and mechanistic analyses of
MGAM-N inhibition by salacinol, kotalanol, and related
derivatives provide framework for developing new promis-
ing inhibitors of a-glucosidase for potential treatment of
type 2 diabetes mellitus and other diseases.

g 7.7 The human MAGAM-N-casuarine complex

The crystal structure of casuarine in complex with
MGAM-N has been solved at a resolution of 2.1 A [11]. As
presented in Fig. 7.9, casuarine binds to the —1 subsite with
two A and B pyrrolidine rings acquiring an envelope configu-
ration namely 2E and E6, respectively. Since casuarine carries
rings which are highly hydroxylated, it tightly binds to the
enzyme active site residues constituting the —1 subsite, mainly
through hydrogen bonding interactions (Fig. 7.10). The C,
and Cg hydroxyl groups form hydrogen bonds with the side
chain of Asp327, the C; and C, hydroxyl groups with His600,

His600

Figure 7.9 The crystal structure of MGAM-N in complex with casuar-
ine. Reprinted by permission from John Wiley & Sons. F. Cardonag, et al.,
Total syntheses of casuarine and its 6-o-a-glucoside: complementary
inhibition towards glycoside hydrolases of the GH31 and GH37 families,
Chem. A Eur. J. 15 (2009) 1627—1636. (©2009. John Wiley & Sons.
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Asp542

Figure 7.10 Interaction of casuarine with the MGAM-N active site.
Reprinted by permission from John Wiley & Sons. F. Cardona, et al.,
Total syntheses of casuarine and its 6-o-a-glucoside: complementary
inhibition towards glycoside hydrolases of the GH31 and GH37 families,
Chem. A Eur. J. 15 (2009) 1627—1636. (©2009. John Wiley & Sons.

the C; hydroxyl group and the pyrrolidine nitrogen with
Asp443, the Cg hydroxyl group with Asp542, and the C;
hydroxyl group with Arg526.

Comparison of the casuarine complex structure with that of
casuarine-6-0-glucoside showed that it weakly binds to the
active site mainly by involving in unfavorable interactions
with the +1 subsite. Moreover, its binding aftinity to the —1
subsite 15 much weaker than that of casuarine. Binding of
casuarine-6-0-glucoside to MGAM-N was also studied using
docking simulation, revealing that the casuarine moiety of the
glucoside fits in the —1 subsite, whereas its glucose moiety fits
in the +1 subsite. The crystal structure of casuarine complex
(Fig. 7.11A) and the modeled casuarine part of its glucoside
(Fig. 7.11C) showed no optimal overlapping that is probably
due to presence of the 1,1-linkage rather than the 1,4-linkage
that 1s abundant in natural substrates. The hydrogen bonding in
the modeled casuarine glucoside complex is solely contributed
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Figure 7.11 Interactions of MGAM-N active site with (A) casuarine, (B) acarbose in the crystal structure, and (C)
casuarine 6-0-a-Glucoside in the docking simulation. Reprinted by permission from John Wiley & Sons. F. Cardona,
et al, Total syntheses of casuarine and its 6-o-a-glucoside: complementary inhibition towards glycoside hydrolases
of the GH31 and GH37 families, Chem. A Eur. J. 15 (2009) 1627—1636. ©2009. John Wiley & Sons.
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by the casuarine moiety of the glucoside with the exception
of the Cg hydroxyl group interaction with Asp542 due to
presence of the glucosidic bond in that location. The +1
subsite, where the glucose moiety binds, is involved in some
hydrogen bonding interactions with the residues exposed by
the solvent, including residues around the —1 subsite
(Fig. 7.11C). Since MGAM-N hydrolyzes the a-1,4-linkages
in starch-based dextrins, the weaker inhibitory profile of
casuarine-6-0-glucoside 1s mainly due to its low specificity to
the enzyme. As discussed earlier, in the crystal structure of
MGAM-N-acarbose complex, acarbose is involved in the
electrostatic interaction with Asp542 residue without forming
any hydrogen bonds with Asp443 residue (Fig. 7.11B). In
contrast, casuarine interacts with both of these residues
explaining its two-fold higher potency of MGAM-N inhibi-
tion than acarbose. Inhibition of MGAM-N by casuarine
provides promising clues to synthesis of novel a-glucosidase
inhibitors [11].

7.8 Crystal structures of free isomaltase and
in complex with maltose

[somaltase (EC 3.2.1.10) is an oligo-1,6-glucosidase that
catalyzes the hydrolysis of a-1,6-glucosidic linkage in dextran
and 1somalto-oligosaccharides. The enzyme, which belongs to
the GH13 family of glycoside hydrolases, is not specific to car-
bohydrates containing the a-1,4-glucosidic linkage which is in
contrast to «-1,4-glucosidases (2). Saccharomyces cerevisiae
expresses -1,4-glucosidase (maltase) and oligo-1,6-glucosidase
(isomaltase) enzymes. Crystal structure of the former is yet to
be determined, whereas the latter has been studied in great
details. The crystal structure of free isomaltase and in complex
with its inhibitor maltose has been solved at high resolutions
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Figure 7.12 The global structure of isomaltase in complex with malt-
ose. Reprinted by permission from John Wiley & Sons. K. Yamamoto, H.
Miyake, M. Kusunoki, S. Osaki, Crystal structures of isomaltase from
Saccharomyces cerevisiae and in complex with its competitive inhibitor
maltose, FEBS J. 277 (2010) 4205—4214. ©2010. John Wiley & Sons.

of 1.3 A and 1.6 A, respectively [12]. The structure of isomal-
tase features three domains, namely A, B, and C (Fig. 7.12).
The catalytic residues Asp215, Glu277, and Asp352 are located
in the domain A which consists of eight alternating parallel
a-helices and (B-strands. Since maltose is not a specific sub-
strate for isomaltase, its a-1,4 bond remains unhydrolyzed in
the active site as competitive inhibitor. The free active site
contains five water molecules which are dislodged by substrate
or inhibitor binding. The nonreducing end of the glucose
moiety occupies the —1 subsite, located at the bottom of the
active site, where 1t is stabilized by nine hydrogen bonds and
stacking effect from Tyr72. Maltose shares hydrogen bonds
with the three catalytic residues mentioned above. The O,
Oy, and Oj atoms of the glucose moiety are involved in

hydrogen bond formation with the OD2 of Asp215, Glu277,
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Figure 7.13 The isomaltase active site contains a water path (dark
gray spheres: Wat 1099, 1033, and 1011) at its bottom. Reprinted by
permission from John Wiley & Sons. K. Yamamoto, H. Miyake, M.
Kusunoki, S. Osaki, Crystal structures of isomaltase from Saccharomyces
cerevisiae and in complex with its competitive inhibitor maltose, FEBS J.
277 (2010) 4205—4214. ©2010. John Wiley & Sons.

and the OD1 of Asp532 residues, respectively. In the GH13
family of enzymes, seven of the nine hydrogen bonds between
the glucose moiety and the enzyme are conserved while
remaining two are specific to oligo-1,6-glucosidases [13].
Isomaltase mainly recognizes the nonreducing end of glucose
moiety through these two hydrogen bonds that are shared by
the Oy of glucose, OD of Asp69, and NH1 of Arg 442.

The active site also contains numerous water molecules
arranged almost like a path. One path, located at the bottom,
1s composed of three water molecules lined up from the bot-
tom to the other side of the active site entrance (Fig. 7.13).
These include Wat1011, Wat1033, Wat1099, Wat713,
Wat734, and Wat779 in free and bound isomaltase.
Additionally, five more water molecules are found in the free
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Figure 7.14 Hydrogen bonding network in the isomaltase active site
before (A) and after maltose binding (B). Reprinted by permission from
John Wiley & Sons. K. Yamamoto, H. Miyake, M. Kusunoki, S. Osaki,
Crystal structures of isomaltase from Saccharomyces cerevisiae and in
complex with its competitive inhibitor maltose, FEBS J. 277 (2010)
4205—4214. ©2010. John Wiley & Sons.

1somaltase active site, which must be dislodged upon substrate
or inhibitor binding (Fig. 7.14). The active site cannot accom-
modate both the ligand and water molecules at the same time
due to its narrow space. Hence the water path acts as a drain
that pushes water molecules out of the active site to facilitate
ligand binding. The second water path (Wat707, Wat751,
Wat720, Wat922, Wat708, and Wat701) 1s located in proxim-
ity to the catalytic residues of free and bound isomaltase active
sites, which has been proposed to act as a water reservoir for
substrate hydrolysis [12].
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Maltose binding in the —1 subsite of isomaltase is undiffer-
entiated from that of other members of the GH13 family.
However, the inability of yeast isomaltase to catalyze maltose
hydrolysis appears to be due to: (1) flexing of the maltose
reducing end, (2) differences of binding mechanisms of glyco-
sidic bond to the enzyme, and (3) differences of binding
mechanisms of the reducing end of glucose to the subsite +1
from other enzyme members of the GH13 family. Maltose
cannot attain transition state since its glycosidic bond’s dihedral
angle lacks adequate energy to proceed with catalysis.

§ 7.9 Insights into the a-glucosidase mechanism

of inhibition

Enzymatic addition or removal of carbohydrate moieties
1s an essential step in cellular processes [14—16]. In this regard,
glycoside hydrolases including o-glucosidases are an important
class of enzymes that catalyze such reactions. These enzymes
contain catalytic aspartic acid and/or glutamic acid residues
that work through two steps. They catalyze generation of a
covalent glycosyl—enzyme intermediate followed by its hydro-
lysis. During catalysis by the GH13 a-glucosidases, substrates
undergoing transition state for addition or removal of glucose
moieties feature pyranosylium ion-like properties with an *Hj
half-chair conformation, whereas the six-membered ring goes
through a number of possible conformations [17,18]. To bet-
ter understand the catalytic events taking place in the GH13
a-glucosidases, two carbonic analogs of D-glucose (inhibitors 1
and 2) were synthesized and their mechanism of inhibition
was studied in detail (Fig. 7.15). The compounds form a cova-
lent complex with the active site residues of yeast
a-glucosidase (Fig. 7.16) [19]. Moreover, the rate constants for
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Inhibitor 1 Inhibitor 2
Figure 7.15 The carbonic analogs of p-glucose (inhibitors 1 and 2)
used as probes to explore the catalytic mechanism of inhibition of
a-glucosidase.
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Figure 7.16 Proposed catalytic mechanism of a GH13 a-glucosidase.
The Michaelis complex ('S;) undergoes glucopyranosylium ion-like
transition state (*H;) that results in enzyme-bound intermediate (*C;).
Reprinted with permission from S. Shamsi Kazem Abadi, et al., New class
of glycoside hydrolase mechanism-based covalent inhibitors: glycosyla-
tion transition state conformations, J. Am. Chem. Soc. 139 (2017)
10625—10628. (©2017. American Chemical Society.

catalysis involving pseudoglycosylation and deglycosylation are
difterent, which gives further insights into the conformational
profile of the GH family of a-glucosidases. Mass spectrometry
of the complex revealed the presence of a portion of the inhi-
bitors’ carbon skeleton that required unique conformations of
both inhibitors to accomplish carbocation of the enzyme. For
natural substrates, the conformation features a T-type molecular
orbital that facilitates the C—O bond hydrolysis, which takes
place through an oxygen n-type lone pair. The inhibitor 2, a
pseudoequatorial aglycone, is needed to proceed for catalysis
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with a o-bond participation, however, in case of inhibitor 1,
a pseudoaxial algycone conformation is needed [19].

The GH family of enzymes have been reported to stabilize
the pyranosylium ion-like *Hj transition states that originate
from the 'Sy Michaelis complex. Based on this proposal, the
inhibitor 2 forms a bicyclobutonium ion from bisected geom-
etry similar to that of hydrolysis catalyzed by the GH13 family
of enzymes. The enzyme stabilized the inhibitor 1 by forming
an allylic cation-like transition state with five coplanar carbon
atoms. Therefore, it binds to the enzyme in an “Hj half-chair
conformation followed by catalysis that leads to an E3 allylic
cation or allylic cation-like transition state similar to the *Hj
glycosylation transition states. The o-bond of inhibitor 2
requires a bisected geometry which results in a cation that
retains the same geometry because of the high amount of rota-
tional hindrance in bicyclobutonium ions [20]. Therefore, the
reaction coordinates for covalent binding of inhibitor 1 resem-
ble more closely to that of natural substrates. These reversible
covalent inhibitors of a-glucosidases can be used as biological
probes to study cellular processes involving time-dependent
changes in glucosidase activity, and as tools for selecting better
carbasugar analogs for antidiabetic drug development.

S 7.10 Computational simulations of
a-glucosidase-inhibitor interactions

7.10.1 The 3’-benzylated analog of 3’-epi-neoponkoranol

Ponkoranol and its various analogs are a widely studied class of
compounds with special focus on a-glucosidase inhibition.
Recent work on the docking simulation of the 3’-benzylated
analog of 3'-epi-neoponkoranol (BAN) with MGAM-N
revealed important clues to how the inhibitor interacts with
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Figure 7.17 (A) Interaction of BAN with the MGAM-N active site.
(B) Superimposition of salacinol and BAN. (C) Interaction of the tri-
fluoromethyl group with amino residue Phe450. Reproduced from
D. Liu, et al., Design, synthesis and biological evaluation of 3'-benzy-
lated analogs of 3'-epi-neoponkoranol as potent a-glucosidase inhibi-
tors. Eur. J. Med. Chem. 110 (2016) 224—236. (©2015. French Société de
Chimie Thérapeutique published by Elsevier Masson SAS. All rights
reserved.

the enzyme active site [21]. Its C," hydroxyl group is engaged
in hydrogen bonding with Asp542 unlike MGAM-N-
salacinol interaction in which its C," hydroxyl group binds to
Asp203, whereas its C, hydroxyl group also interacts with
Asp542. Additionally, the Asp542 residue is also involved in
forming two hydrogen bonds with the C," hydroxyl group. It
appears that the Asp542 residue is crucial for potent inhibition
of MGAM-N since it allows hydrogen bonding interactions
with both the C,’ and C,’ hydroxyl groups of BAN. The C{
hydroxyl group of the inhibitor forms hydrogen bonds with
Asp203 that i1s in agreement with the MGAM-N-kotalanol
crystal structure (Fig. 7.17A).

The C;' atom features an inverse stereoconfiguration that
allows the ortho-substituted benzyl group to orient itself in a
conformation similar to that of the sulfate group of salacinol
(Fig. 7.17B). As discussed earlier, the sulfate group does not
interact with any residues of the MGAM-N active site.
However, the benzyl group of BAN contributed to inhibitory
activity by involving in the van der Waals interactions with the
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hydrophobic residues such as Tyr299, Trp406, and Phe450
(Fig. 7.17C). Noteworthy to mention is the ortho-substituted
trifluoromethyl group, which most likely forms hydrophobic
contacts with the phenyl ring of Phe450 at a distance of 3.98A
as it 1s oriented near that residue thus increasing the binding affin-
ity of the inhibitor. The docking simulation of this class of com-
pounds provides structural and functional evidence as to which
derivatives demonstrate more inhibition of a-glucosidase. These
studies suggest that sulfonium salts with an ortho-substituted ben-
zyl group at 3’ position possess better enzyme affinities than their
meta or para-substituted counterparts [21].

7.10.2 Fluorescent DNJ derivatives

The structure—activity relationship of fluorescent DN]J deriva-
tives has been discussed in Chapter 2: Natural and synthetic
sugar mimics (compounds 75—79). Hatano et al. (2017) also
computationally evaluated the compounds for their binding to
MGAM-N active site [22]|. The binding pattern of the com-
pounds is similar to that of miglitol with the exception of the
fluorescent moiety that moves freely on the surface of the
active site owing to free rotation of the linker group

(Fig. 7.18). Repulsion between the hydrophilic side chains on

(F)

Figure 7.18 Binding simulations of fluorescent DNJ derivatives (A—E)
to human MGAM-N (Chapter 2: Natural and synthetic sugar mimics,
compounds 75—79). (F) The global structure of MGAM-N. Reprinted
from A. Hatano, et al., Synthesis and characterization of novel, conju-
gated, fluorescent DNJ derivatives for a-glucosidase recognition, Bioorg.
Med. Chem. 25 (2017) 773—778, with permission from Elsevier ©2017.
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the enzyme surface and the hydrophobic fluorescent moieties
did not affect binding affinities of the compounds to the active
site, which 1s in agreement with previous studies [23]. The
kinetic data on the inhibition of rat intestinal maltase and
sucrase by the target derivatives share similar pattern of inhibi-
tion of the enzymes by miglitol.

7.10.3 The 5-arylidene-N,N-diethylthiobarbiturate
derivatives

The o-glucosidase inhibitory activity of 5-arylidene-N,
N-diethylthiobarbiturate derivatives has been discussed in
Chapter 5: Azoles and related derivatives. In this section,
the molecular docking of the 2,3,4-trihydroxybenzylidene
derivative (Chapter 5, compound 37) is highlighted. The
compound showed highest potency of Saccharomyces cerevi-
siaze a-glucosidase inhibition among other derivatives
(IC50=0.6 nM). Since no crystal structure of yeast
a-glucosidase 1s available to date, a homology model of the
enzyme was built based on the crystal structure of yeast iso-
maltase (PDB identifier 3AJ7) to which 2,3,4-trihydroxy-
benzylidene derivative was docked. The inhibitor forms
hydrogen bonds with the Asp68, Asp214, GLu276, Asp349,
and Arg439 residues. These interactions form a strong net-
work of hydrogen bonds essentially contributing to its high
affinity binding. In fact, the inhibitor shares the highest
number of hydrogen bonds with the active site compared to
other inhibitors studied in the series. The phenyl ring
hydroxyl groups of the inhibitor form three hydrogen
bonds with the active site residues, which is highest among
all inhibitors. Generally, the potency of inhibition exhibited
by the inhibitors in this series depends on the number of
hydrogen bonds with the enzyme active site [24].
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7.10.4 The 3’-o-neopentyl derivative of salacinol

Structural studies on MGAM-N inhibition by a variety of
compounds provide an essential framework for exploring ave-
nues to designing new inhibitors. One such study includes
docking simulation of the 3’-o-neopentyl derivative of salaci-
nol (Fig. 7.19) in complex with human MGAM-N and its
comparison with the MGAM-N-salacinol crystal structure
(Fig. 7.20) [25]. Since the physicochemical properties of the
target compounds from the Salacia plant species greatly influ-
ence their inhibitory activities, this property was also reflected
in the docking studies. Despite bearing negative binding effects
between the aromatic residues and the sulfonate oxygens of sal-
acinol, van der Waals interactions still prevailed between the
neopentyl group and the hydrophobic residues (Phe575,
Tyr299, and Trp406). The residues were in optimal range of
distance to form van der Waals contacts with the hydroxyl
groups of the neopentyl moiety. Binding data suggested that
compounds with long alkyl chains interacted with the
MGAM-N active site more efficiently than the 3'-o-neopentyl
derivative despite exhibiting lower degree of inhibition than
the derivative alone (data not shown). This appears to be
attributed to lack of rotational movement of the straight alkyl
chain.

7.10.5 Salvianolic acids C and A

The Salvia miltiorrhiza plant 1s a rich source of compounds
with medicinal value. Tang et al. (2018) compiled a

OH OH
3
cr ?+ =
ST O.
HO CH2C(CH3)3
HO  OH

Figure 7.19 The 3'-0-neopentyl derivative of salacinol.
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Figure 7.20 Docking of (A) salacinol and (B) 3'-o-neopentyl derivative
of salacinol in the MGAM-N active site. Hydrogen bonds are shown
as dotted lines. Reprinted from G. Tanabe, et al.,, Hydrophobic substitu-
ents increase the potency of salacinol, a potent a-glucosidase inhibitor
from Ayurvedic traditional medicine ‘Salacia’, Bioorg. Med. Chem. 24
(2016) 3705—3715, with permission from Elsevier ©2016.
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comprehensive list of a-glucosidase inhibitors isolated from
the plant and studied them in silico [26|. Using the crystal
structure of isomaltase as a model, the target compounds were
docked into its active site. A number of important active site
residues interacting with the ligands were identified. This
includes Asp69, Tyr72, His112, Phel59, GIn182, Val216,
Glu277, GIn279, His351, Asp352, Glu411, and Arg442 shar-
ing several hydrogen bonds with the compounds. A list of key
enzyme residues interacting with the inhibitors, and their
hydrogen bonding scores have been provided in the original
reference [26].

The docking study of salvianolic acid C (SAC) and salvia-
nolic acid A (SAA) (Compounds 112 and 113, respectively;
Chapter 3: Polyphenols) revealed that they exhibit similar
enzyme binding pattern by interacting with the Tyr72,
Tyr158, Phel59, GIn182, Asp215, Val216, Glu277, GIn279,
Phe303, Asn350, Asp352, and Arg442 residues (Fig. 7.21), and
through several nonpolar interactions with their aromatic and
aliphatic moieties. Moreover, the m-stacking of SAC and SAA
with the Phe303, Phel59, Phel78, and Phe301 residues was
also detected along with several hydrophobic interactions. The
compounds also interacted with two of the catalytic residues
of isomaltase active site that include Asp215 and Glu277. The
hydrogen bond network that the inhibitors form is difterent
from that of maltose—isomaltase complex; SAC forms seven
hydrogen bonds with Asp215, Glu277, Glan279, Asp307, and
Asn350 residues through its hydroxyl and carbonyl groups,
whereas SAA does so by interacting with Asp215, Glu277,
GIn279, Thr306, GIn353, and Glu411 with a total of nine
hydrogen bonds. The docking scores for SAC (7.781) and
SAA (8.0625) suggested that they are selective to the enzyme.
Other phenolic compounds identified from the herb as
a-glucosidase inhibitors demonstrated similar pattern of bind-
ing to the active site suggesting a common mechanism of
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Figure 7.21 Docking simulations of (A) salvianolic acid C, (B) salviano-
lic acid A, and (C) ursolic acid. (D) Superimposition of the inhibitors
bound to the enzyme active site. The amino acid residues are repre-
sented as sticks, and the hydrogen bonding interactions are shown as
dotted lines. Republished with permission of Royal Society of Chemistry
from H. Tang, D. Zhao, Z. Xue, Exploring the interaction between Salvia
miltiorrhiza and «a-glucosidase: insights from computational analysis
and experimental studies, RSC Adv. 8 (2018) 24701—24710. Permission
conveyed through Copyright Clearance Center, Inc.

a-glucosidase inhibition shared by the compounds isolated
trom the Salvia miltiorrhiza plant [26].

7.10.6 Pelargonidin-3-o-rutinoside and analogs

Recently, a number of pelargonidin-3-o-rutinoside and its ana-
logs have been computationally studied using docking simula-
tions [27]. The pelargonidin-3-o-rutinoside, modeled into the
yeast a-glucosidase active site, forms electrostatic interactions
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(m anion) with the catalytic residues of the enzyme (Asp214,
Glu276, and Asp349). Moreover, it also forms a number of
hydrogen bonds with several residues of the pocket that
include Asp68, Ser156, His279, Arg312, Asp408, Asn412, and
Arg439 in addition to one hydrogen bond with the catalytic
residue Glu276. A number of hydrophobic interactions were
also detected that include Tyr71 (w— w), Ala278 (m -alkyl),
and His279 (m -alkyl).

For comparative purposes, four anthocyanins with potent
a-glucosidase inhibitory activities (M3A, Peo3A, D3A, and
Pg3G) and four with weaker activities (C3S, D3S, C3G, and
C3R) were also docked into the active site. The M3A, Peo3A,
D3A, and Pg3G inhibitors were able to reach deep into the active
site through their A and C rings (Fig. 7.22) by forming hydro-
phobic interactions with Glu276, Asp214, Ala278, Tyr71, AND
Asp349 residues (Fig. 7.23). The inhibitors also formed hydrogen
bonds with Asp408 through their algycone moieties. However,
the aglycone moieties of the weaker inhibitors (in particular D3S
and C3S) could not access the deep active site pocket that
resulted in the loss of all respective interactions mention above
for the stronger inhibitors. Therefore, anthocyanins potently
inhibit a-glucosidase mainly through hydrophobic interactions
of their aglycone moieties with the Glu276, Asp214, Ala278,
Tyr71, and Asp349 residues, and through hydrogen bonding
interactions of their glycoside moieties with the Asp408 and
Glu276 residues. The compound code numbers, referring to
pelargonidin-3-o-rutinoside and its analogs in the text and in
Figs. 7.22 and 7.23, have been adapted from the original refer-
ence. For complete structural details on the compounds, please
refer to the original article [27].

7.10.7 Sericin peptide

Sericin peptide (sequence: SEDSSEVDIDLGN) is a product of
silk protein hydrolysis which competitively inhibits a-glucosidase.
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Figure 7.22 Pelargonidin-3-o-rutinoside (Pg3R) and its analogs reach
deep into the a-glucosidase active site through their A and C rings.
Republished with permission of Royal Society of Chemistry from Y. Xu, L.
Xie, J. Xie, Y. Liu, W. Chen, Pelargonidin-3-o-rutinoside as a novel
a-glucosidase inhibitor for improving postprandial hyperglycemia,
Chem. Commun. 55 (2019) 39—42. Permission conveyed through
Copyright Clearance Center, Inc.

Detailed analysis of its kinetics, mechanism of inhibition, thermo-
dynamic properties, conformational changes, and molecular dock-
ing has been conducted recently [28]. Since o-glucosidase
contains phenylalanine, tryptophan, and tyrosine residues that pos-
sess intrinsic fluorescence characteristics, binding of the peptide to
the enzyme resulted in a suppression of intrinsic fluorescence in a
concentration-dependent manner. Additionally, the peptide bind-
ing increased the polarity around the tryptophan and tyrosine
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Figure 7.23 Interactions of pelargonidin-3-o-rutinoside (Pg3R) and its
analogs with the a-glucosidase active site. Republished with permis-
sion of Royal Society of Chemistry from Y. Xu, L. Xie, J. Xie, Y. Liu, W.
Chen, Pelargonidin-3-o-rutinoside as a novel a-glucosidase inhibitor for
improving postprandial hyperglycemia, Chem. Commun. 55 (2019)
39—42. Permission conveyed through Copyright Clearance Center, Inc.

residues, implying that the peptide increased the surface or active
site. hydrophobicity of the enzyme. Analysis of the thermody-
namic properties and binding forces showed that the van der
Waals, hydrogen bonding, hydrophobic and electrostatic forces
play important roles in the peptide binding. These forces define
spontaneous binding of sericin which directly depends on
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Figure 7.24 Circular dichroism spectra of a-glucosidase bound to ser-
icin peptide. Binding of the peptide at two different concentrations
resulted in a decrease of enzyme helicity. Reprinted by permission
from John Wiley & Sons. F. Xie, S. Wang, L. Zhang, J. Wu, Z. Wang,
Investigating inhibitory activity of novel synthetic sericin peptide on a-p-
glucosidase: kinetics and interaction mechanism study using a docking
simulation, J. Sci. Food Agric. 98 (2018) 1502—1510. ©2018.

increasing temperature. Moreover, the hydrophobic interactions
play a major role in enzyme binding. Further work on the a-glu-
cosidase-sericin interactions includes circular dichroism (CD) anal-
ysis that provides information on the effects of the peptide
binding on the a-glucosidase structure. The enzyme features a
high proportion of a-helix secondary structure. Binding of the
peptide at two different concentrations resulted in a decrease of
enzyme helicity (Fig. 7.24) [28].

Sericin was also subjected to molecular docking into the
modeled a-glucosidase active site (Fig. 7.25A). The peptide
forms four hydrogen bonds with the residues located in close
proximity to the active site which include Thr310, Ser31, and
Asn317. Moreover, the Asp242, Ser304, Asp307, Asp325, and
Glu332 residues stabilized the peptide (Fig. 7.25B). Unlike
acarbose, the peptide did not make any contacts with the



Figure 7.25 (A) Surface diagram of «-glucosidase comparing pre-
dicted binding of acarbose and sericin peptide. Interactions of sericin
peptide (B), acarbose (C), and GYG peptide (D) with the active site
residues. Reprinted by permission from John Wiley & Sons. F. Xie, S.
Wang, L. Zhang, J. Wu, Z. Wang, Investigating inhibitory activity of
novel synthetic sericin peptide on a-p-glucosidase: kinetics and interac-
tion mechanism study using a docking simulation, J. Sci. Food Agric. 98
(2018) 1502—1510. ©2018.
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catalytic residues Glu277 and Asp352 (Fig. 7.25B and C).
However, the van der Waals forces and hydrogen bonds are
central to inhibitor binding. In fact, the peptide binds to the
substrate entry site close to the active site; one side of the pep-
tide is positioned in such a way that it blocked the entry of
substrate into the active site, whereas the other side 1s exposed
near the surface of the enzyme. Comparison of sericin docking
simulation with that of a tripeptide (GYG), identified from a
silk cocoon hydrolysate [29], showed that both peptides bind
around the same site of a-glucosidase (Fig. 7.25D). The GYG
peptide shared three hydrogen bonds with the His280,
Arg442, and Glc601 residues while being surrounded by the
Asp215, Glu277, GIn279, Phe303, Asp307, Asp352, GIn353,
and Glu411 residues. The positions of these amino acids were
similar within the two enzymes, however, their composition
and sequence was different.

Sericin peptides usually have polar side chains formed by the
hydroxyl, carboxyl, and amino groups. The target sericin pep-
tide bears polar side chains contributed by the asparagine and
serine amino acids, which form multiple hydrogen bonds with
the enzyme residues that is essential for ai-glucosidase inhibition.
This is in agreement with previous studies on a peptide inhibi-
tor of a-glucosidase confirming that the polar side chains of the
peptide play a crucial role in a-glucosidase inhibition [30].
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§ APPENDIX

A comprehensive list of

promising a.-glucosidase
inhibitors with the activity data
discussed in the book

Compound 1Csq (M) K; (nM) In vivo References
activity*

Chapter 2. Natural and synthetic sugar mimics
1 0.15" 5.8" Yes [16]
2 0.71" 91.0°
3 0.79" 47"

5.0°
4 220" 65.0°
5 0.19°  0.38¢ 0.081" Yes [17]

8.8~ 2.0
6 0.08" [18]
7 0.032¢ 0.2 [20]
8 0.71"  0.19¢
9 051" 0.11¢
10 0.38"  0.24¢
11 0.32"  0.45¢
12 0.22°  0.026" [22]
13 6.70° [23]
14 9.30°
15 1.40" [24]
16 4.90"
17 See Ref. [24]
18 See Ref. [24]
19 3.30" [25]
20 1.50°
21 See Ref. [26]
22 See Ref. [26]
23 0.33"

(Continued)
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(Continued)
Compound 1Csq (M) K; (nM) In vivo References
activity*

24 0.53"
25 See Ref. [27]
26 47 nM"® Yes
27 See Ref. [27]
28 35" 3.4
29 79" 16"

31t ‘
30—34 0.028—5.0' 0.083-3.0' [28]
35 0.5 [29]
36 2.4
37 0.7
38 See Ref. [29]
39 See Ref. [29]
40 0.2’ [30]
41 0.4
42 See Ref. [30]
43 47" » [38]
44 07" 12 [40]
45 11> ‘
46 47 nM' 57 nM' [45]
47 107"
48 0.26"
49 0.79'
50 228 ] [46]
51 52 nM' 31 nM'
52 1.5
53 2.3
54 2.3
55 0.72° [52]
56 5.53"
57—64 See Ref. [49]
65 0.118 0.19" [53]
66 17 nM* 0.3"
67 17 nM"
68—74 0.025—7.3"+f [54]
75—79 See Ref. [55]

(Continued)
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(Continued)

Compound 1Csq (M) K; (nM) In vivo References
activity*

80 6.0° [58]

81 2.3" [59]

82 5.6

83 7.7 15.9¢

84 51%  10.4¢ 48> 17.1¢

85 12.05"

86 0.18" [65]
87 0.31" [66]
0.47¢
0.32¢

88 3.9 [67, 68]
89 3.9

90 5.0°

91 4.0

9295 0.015—0.073° Yes [69]
96 0.043¢ [70]
97 0.015¢

98 0.5

99—-109 See Ref. [73]
110 12.0° [75]
111 31.0°

Chapter 3. Polyphenols

1 0.4 [10]
2 0.8"

3 1.1°

4 1.8

5 1.6"

6—10 11.1—19.1 9.7—16.2 [11]
11 12.4° [12
12 15.6"

13 0.98"

14 0.4

15 7.18" [13]
16 3.28"

17 7.13"

18 5.76"

19 0.19"

(Continued)
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(Continued)

Compound 1Csq (M) K; (nM) In vivo References
activity*

20 1.12°

21 0.34°

22 0.0645"

23 0.075" [14]

24 0.025"

25 0.014"

26 0.036"

27 0.073"

28 0.018"

29 15.0° [15]

30 12.8°

31 12.0°

32 12.0°

33 12.0°

34 15.2" [16]

35 18.9"

36 10.9"

37 14.5"

38—46 See Ref. Yes [17]

47 8.9° [22]

48 7.4°

49 5.8"

50 7.0°

51 1.5° [26]

52 5.0°

53 14.4°

54 7.3 [29]

55 5.2°

56 13.3°

57 9.3" [31]

58 5.8"

59 8.0"

60 See Ref. [31]

61 39.9"

62 27.8"

63 5.3 [11]

(Continued)
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(Continued)

Compound 1Csq (M) K; (M) In vivo References
activity*

64 4.2°

65 2.3

66 4.13" [37]

67 7.51"

68—71 100—700b Yes [38]

72 6.1f [39]

73 1.0'

74 7.0° [42]

75 14.0°

76—79 5—13"

80 2.0°

81 19.93" [48]

82 14.45"

83 » 12.06"

84 0.7—47.5"" [49]

85 13.0° [50]

86 6.0° _

87 40.0f [57]

88 50.0' _

89 0.84'

90 0.0193" 0.021° [62]

91—-103 See Ref. [64]

104 1.69" [69]

105 2.0 [70—74]

106 23.0

107—111  0.15—4.1" [75]

112 431" [78]

113 19.29"

114 0.03" [83]

115 0.098"

116 2.8 [87]

117 2.6"

118 1.6

Chapter 4. Terpenoids and steroids

1 1.42° 9]

2 0.02"

3 1.08°

(Continued)
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(Continued)

Compound 1Csq (M) K; (nM) In vivo References
activity*

4 0.98*

5 2.37°

6 2.0° Yes [13]

7 3.53" [15]

8 5.52%

9 8.14"

10 11.61° [18]

11 11.87°

12 16.0° [19, 20]

13 6.0"

14 8.3"

15 1.8" [21]

16 18.4°

17 5.5°

18 7.9

19 6.5"

20 22.5"

21 24.5 [22]

22 1.2 1.42

23-34 See Ref. Yes [31]

35-39 0.71—10.32" [32]

40—41 <0.07" [37]

42—47 See Ref. Yes [41]

Chapter 5. Azoles and related derivatives

1 12.0° [5]

2 4.36"

3 11.2°

4 6.0°

5 14.3°

6 5.55" [6]

7 5.58°

8 5.31°

9 0.02° [7]

10 0.09"

11 0.09"

12 3.8 Yes [8]

13 2.8 [9]

(Continued)
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(Continued)

Compound 1Csq (M) K; (M) In vivo References
activity*

14 2.71" [10]

15 11.41°

16 14.2°

17-21 0.64—10.22" [11]

22 0.3" 0.43" [12]

23 0.4" 0.25

24 0.86" 0.28"

25 11.8°

26 1.9"

27 0.57" 6.6"

28 3.25"

29 1.5

30 1.15°

31 14.6"

32 1.3°

33 1.45°

34 0.011 0.1085 [14]

35 0.00215 0.0015

36 18.91° [15]

37 0.6 nM"

38 19.18"

39 0.17° [23]

40 8.25*

41 11.75°

42 14.53°

43 14.35"

44 3.03"

45 3.18"

46 9.18"

47 6.70"

Chapter 6. Cyclitols and miscellaneous inhibitors

1 023" 0.19¢ Yes [3]

2 12.23" [5]

3 13.08"

4 12.0° [7]

5 84.0"

6 31° 3.7¢ 8]

(Continued)
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(Continued)

Compound 1Csq (M) K; (nM) In vivo References
activity*

7 3.6° 4.0

8—11 11—18' [10]

12—14 6.5—18.5" [14]

15—18 4.12—5.68" [15]

19—-21 6.0—12.0° [16]

22 0.58" [17]

23 1.07¢

24 1.23°

25-27 1.0-10.0"

28 6.5' [19]

29 5.0'

30 See Ref. [19] Yes

31 See Ref. [19] Yes

32 21.5°

33 8.4" 3.2°

34 7.04° [21]

35 4.87" [22]

36 10.74°

37 1.7° [23]

38—43 See Ref. Yes [26]

44 1.42 nM [27]

45 0.3 nM

46—49 0.62—4.2 [28]

50 0.4

51 6.2 nM* [29]

52 0.15 nM*

53—67 0.0092—0.246" [31]

*Antihyperglycemic activity in mice/rats.
a-Glucosidase inhibited:

*Yeast (Saccharomyces cerevisiae)

PRat intestinal maltase

“Rat intestinal isomaltase

9Rat intestinal sucrase

“Human intestinal maltase-glucoamylase (MGAM)
Rice

®Rat liver a-glucosidase I

"Rat liver a-glucosidase 11

"Bacterial (Bacillus stearothermophilus)
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