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Abstract Diabetes mellitus is a major, global public

health problem. a-Glucosidase inhibitors are one of

the most widely used classes of oral antidiabetics. In

addition to other pharmaceutical benefits, flavonoids

are known as potent a-glucosidase inhibitors. In the

last two decades, the latter property of flavonoids has

attracted a great interest. In the current review, the

literature on flavonoids as inhibitors of a-glucosidase
enzyme, their mechanism of action along with in silico

studies and structure–activity relationships is dis-

cussed. The main outcomes show that a double bond

between C-2 and C-3, and free hydroxyl groups at C-3

and C-40 are crucial. Whereas sugar substitution at any

position on the aglycon reduced the inhibitory effect, a

phenolic group like gallic acid, coumaric acid, etc.

substituted at different positions of sugar units

increased it. Hydroxylation of flavonoids generally

enhanced the effect due to possible electrostatic

interactions with the enzyme, making flavonols

stronger inhibitors than their flavone analogues.

Hydroxyl groups at C-3, C-7, ring B, and the carbonyl

oxygen at C-4 are considered to be key modifications

to enhance binding through hydrogen bonds. With this

overview we intend to motivate and challenge

researchers to design novel flavonoids a find new hits.

Keywords a-Glucosidase � Flavonol � Flavone �
Isoflavone � Molecular docking

Introduction

Diabetes mellitus (DM), a chronic disease character-

ized by high blood glucose levels, stems from

deficiencies in secretion of insulin, response to insulin,

or both. Almost half a billion people have diabetes

worldwide, and its prevalence is increasing continu-

ously (IDF 2017). The chronic high blood glucose

levels can cause severe complications, such as

cardiovascular diseases, diabetic eye disease,

nephropathy, diabetic foot, etc. Type 2 DM is the

most common form of DM, accounting for more than

90% of all the cases (IDF 2017). Insulin injection or

oral antidiabetic drugs are used for its treatment. a-
Glucosidase inhibitors are one of the most widely-used

classes of oral antidiabetics today. The enzyme a-
glucosidase, located in the brush border of the

enterocytes of the jejunum, catalyzes hydrolysis of

dietary carbohydrates and converts them into

monosaccharides, which are then absorbed in jejunum.

Thus, a-glucosidase inhibitors delay glucose
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absorption and reduce postprandial blood glucose and

insulin levels, hence alleviate hyperglycemia. Migli-

tol, acarbose, and voglibose are among the clinically

used a-glucosidase inhibitor drugs (Bischoff 1995;

Krentz and Sinclair 2012; Lebovitz 1997). In spite of

the variety of the available drugs, the response to and

efficacy of the therapy is mainly dependent on the

patients (Chaudhury et al. 2017). Thus, there is a

tremendous interest to find novel and broad-spectrum

antidiabetic agents.

It is well-known that dietary flavonoids play an

important role for prevention of degenerative diseases.

Furthermore, according to epidemiological studies,

higher flavonoid consumption is associated with lower

incidence of type 2 DM (Xu et al. 2018, Yeon et al.

2015, Jacques et al. 2013; Liu et al. 2014). Apart from

their preventative role, flavonoids are also effective for

the treatment of diabetes (Pereira et al. 2011; Teoh and

Das 2018; Ghorbani 2017). As the largest group of

naturally occurring polyphenols, flavonoids are

divided into several groups according the state of

oxygenation of C-3. Themain flavonoid subclasses are

flavones, flavonols, flavanones, and isoflavones

(Evans 2002) (Fig. 1). So far, numerous members of

these groups have proved to be effective a-glucosidase
inhibitors in many studies (Proença et al. 2017,

Söhretoglu et al. 2017, 2018a, b; Renda et al. 2018;

Xiao et al. 2013). In this manuscript, we aimed to

review recently published research articles that focus

on a-glucosidase inhibitor potential of flavones

(Fig. 2), flavonols (Fig. 3), flavanones (Fig. 4), and

isoflavones (Fig. 5) including those which feature in

silico approaches to give an overview on the structure

activity-relationships (SARs) as well as the molecular

determinants of inhibition mechanisms of this class of

compounds. Since review articles covering proceed-

ings up to early 2010s on this field are already

available, wemainly focused on the findings published

in the last decade.

For the biological studies, Saccharomyces cere-

visiae a-glucosidase was the most widely used source

for a-glucosidase except for only a couple of different

sources, such as Bacillus stearothermophilus or rat

intestinal a-glucosidase. Therefore we referred to

Saccharomyces cerevisiae a-glucosidase simply as

‘‘a-glucosidase’’ and mention the source organism

names other than Saccharomyces cerevisiae
Fig. 1 The main subclasses of flavonoids: flavones (1),

flavonols (2), flavanones (3), isoflavones (4)

R1 R2 R3 R4 R5
chrysin OH H OH H H

baicalein OH OH OH H H
apigenin OH H OH H OH
luteolin OH H OH OH OH

isovitexin OH glucose OH H OH
isoorientin OH glucose OH OH OH

Fig. 2 Structures of selected flavones

R1 R2 R3 R4 R5
galangin OH H H H H
fisetin H H H OH OH
kaempferol OH H H OH H
quercetin OH H OH OH H
morin OH OH H OH H
myricetin OH H OH OH OH

Fig. 3 Structures of selected flavonols
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throughout the manuscript, which is organized to

group the SARs according to the rings of the general

flavonoid structure (ring A, B, and C) and subgroup

each ring into the flavonoid subclasses.

Flavonoids are benzo-c-pyrone derivatives con-

taining a C-6-C-3 unit formed from shikimic acid

pathway and a second C-6 unit generated by polyke-

tide pathway. They consist of two aromatic rings (A

and B) linked via a 4H-pyran ring (C) and classified

according to the oxygenation state and unsaturation of

the C-3 unit. The main flavonoid subclasses are

flavones, flavonols, flavanones, and isoflavones. Nat-

urally occurring flavonoids are present as agylcones or

glycosides. The most common flavonoid glycosides

are O-glycosides, however considerable number of

them occur as C-glycosides. Flavonoids are present in

pretty much all plant species, but the subgroups

(flavones, flavonols, isoflavones, etc.) are limited to

fewer species. Flavones are 2-phenylchromen-4-one

derivatives, including apigenin and luteolin. Flavonols

share 3-hydroxy-2-phenylchromen-4-one scaffold

with the most common members being quercetin,

kaempferol, myricetin, and their derivatives. Due to a

carbonyl group at C-4 and a hydroxyl group at C-3 of

ring C, they seem to be the most powerful a-
glycosidase inhibitory flavonoid subgroup. Fla-

vanones have 2,3-dihydro-2-phenylchromen-4-one

backbone. Naringenin, and eriodictyol are among the

well-known flavanones. Isoflavones are 3-phenylchro-

men-4-one derivatives, such as genistein, and daid-

zein. In addition to their well-known phytoestrogen

properties, they are also potent a-glycosidase inhibitor
compounds.

Methods used to evaluate the a-glucosidase

inhibitory effects of flavonoids

The most common assays to evaluate the in vitro a-
glucosidase inhibitory effects of flavonoids is a

spectrometric method based on measuring the release

of yellow-colored p-nitrophenol from p-nitrophenyl-

a-D-glucopyranoside. In most of the papers we

reviewed, Saccharomyces cerevisiae a-glucosidase
was the enzyme used for in vitro studies (Şöhretoğlu

et al. 2017; Costa et al. 2015; Fu et al. 2018). Bacillus

Kushenol B

R1 R2 R3 R4
liquiritigenin OH H OH H
naringenin OH OH OH H
eriodictyol OH OH OH OH
liquiritin OH H O-glucose H

neoliquiritin O-glucose H OH H

Kushenol E

Fig. 4 Structures of

selected flavanones

alpinumisoflavone

R1 R2
daidzein OH H
genistein OH OH
prunetin OCH3 OH

Fig. 5 Structures of selected isoflavonoids
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stearothermophilus and rat small intestine were

among the other sources of a-glucosidase (Chang

et al. 2015; Flores-Bocanegra et al. 2015). In this

method, the activity of enzyme is determined by

monitoring the conversion of the colourless substrate

to the product, (p-nitrophenyl-a-glucopyranoside to p-
nitrophenyl) (dissolved in phosphate buffer pH 6.8 or

6.9) into a product that can be detected spectropho-

tometrically at 405 nm. Any potential inhibitors (test

compounds or positive control) are prepared in

DMSO, methanol, water or in mixtures with water or

phosphate buffer and then added to the reaction

mixture. In some studies the three reactants (enzyme,

inhibitor and substrate) were incubated at 25 or 37 �C
for 20–45 min and the absorbance was monitored

during this time course (Costa et al. 2015; Fu et al.

2018). However, in some studies, researchers pre-

incubated the enzyme and the inhibitors at 25 or 30 �C
for 15–60 min before the addition of the substrate

(Proença et al. 2017; Şöhretoğlu et al. 2017; Zhang

et al. 2015). In this case, the test samples were also

incubated at 25 or 37 �C for 10 or 30 min following

the addition of the substrate. After adding Na2CO3 to

finalize reaction, absorbance is read at 405 or 415 nm.

The percentage inhibition (%) is calculated using the

following equation:

inhibition %ð Þ¼ 1� Acontrol � Asample

� �
= Acontrolð Þ

� �

� 100;

in which Acontrol is the activity of the enzyme without

compound/extract/reference and Asample is the activity

of the enzyme with compound/extract/reference at

different concentrations. Acarbose was used as posi-

tive control except Zhang et al., who used genistein as

positive control (Costa et al. 2015; Proença et al. 2017;

Şöhretoğlu et al. 2017; Zhang et al. 2015). In one of

the studies where rat intestinal a-glucosidase was

used, the enzyme was extracted from rat intestinal

acetone powder, which had been homogenized using

ice-cold phosphate buffer (pH 7.4). After sonicating

for ten minutes, the content was centrifuged at

6400 rpm for 10 min. The supernatant was recovered

and used for the assay. After isolation of the enzyme,

the standard procedures were applied as defined above

(Flores-Bocanegra et al. 2015).

Flavonoids as alpha glucosidase inhibitors

Ring A

Flavones

In a comprehensive study where flavonoids of diverse

subclasses were evaluated, baicalein inhibited a-
glucosidase with an IC50 value of 44 lM, whereas

IC50 value of chrysin was higher than 200 lM,

suggesting that 5-hydroxy substitution enhanced the

inhibitory effect (Proença et al. 2017). Chang et al.

studied the effects of apigenin 7-O-b-glucoside and its
acylated derivatives on Bacillus stearothermophilus

a-glucosidase. IC50 value of apigenin 7-O-b-glucoside
was higher than the range of concentrations tested

(higher than 200 lM) but its derivatives proved potent

inhibitors. These derivatives, including apigenin 7-O-

(600 -(E)-ferulate)-b-glucoside (8.8 lM), apigenin

7-O-(600 -(E)-p-coumarate)-b-glucoside (14.6 lM),

apigenin 7-O-(600 -(Z)-p-coumarate)-b-glucoside
(10.1 lM), and apigenin 7-O-(600 -(E)-cinnamate)-b-
glucoside (11.3 lM) exhibited similar inhibitory

effects. The authors concluded that hydroxy or

methoxy substitutions on the phenyl group and the

geometric isomerism in the phenylpropenoyl moiety

did not play important role in enzyme inhibition

(Chang et al. 2015). In a study by Li et al., the a-
glucosidase inhibitory effects (IC50) of luteolin and its

8-C-glucoside, orientin, 6-C-glucoside, isoorientin;

apigenin, and its 8-C-glucoside, vitexin, and 6-C-

glucoside, isovitexin were found as 13.07, 23.30,

19.68, 21.85, 25.11, and 23.26 lg/mL, respectively.

These results indicated that glycosylation at C-6 or

C-8 in ring A of flavones decreases the inhibitory

activity. The C-6 glycosylation reduced the effect

slightly less than the C-8 glycosylation (Li et al.

2009a).

In another study, the IC50 values of isovitexin,

apigenin-6-C-a-L-rhamnopyranosyl-(1 ? 2)-(600-O-
acetyl)-b-D-glucopyranoside, isoorientin, luteolin-6-
C-a-L-rhamnopyranosyl-(1 ? 2)-(600-O-acetyl)-b-D-
glucopyranoside, isovitexin-200-O-rhamnoside, isoori-

entin-200-O-rhamnoside were found as 32, 19, 29, 25,

35, and 34 lM, respectively. All these compounds

exhibited weaker effect than the positive control,

acarbose, however 600 acetylation reportedly improved

the effect (Costa et al. 2015).
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Flavonols

In one study, the IC50 values of quercetin and fisetin

were reported as 7 and 13 lM respectively, suggesting

that 5-hydroxy substitution enhanced the inhibitory

potential of flavonols, too (Tadera et al. 2006). In

another study featuring quercetin and its derivatives,

the IC50 values of 8-prenyl-quercetin, 8-geranyl-

quercetin, quercetin, and acarbose were found as

4.38, 1.15, 10.98, and 50 lM, respectively. These

results suggested that both geranyl and prenyl substi-

tutions at C-8 position of ring A enhanced inhibitory

potential. Furthermore, geranylation enhanced the

inhibitory potential more than prenylation did (Sun

et al. 2015).

Flavanones

In their study, Gou et al. investigated a-glucosidase
inhibitory potentials of liquiritigenin and neoliquiritin

(liquiritigenin-7-O-glucopyranoside) and determined

their IC50 values as 3.36 and 31.30 lg/mL, respec-

tively, which were lower than that of acarbose

(38.99 lg/mL). These results showed a reduced

activity upon sugar substitution to C-7, as well as O-

glycosylation, in ring A (Gou et al. 2016). In a study

investigated a-glucosidase inhibitory potential of

lavandulyl flavanones, the IC50 values of kushenol

B, E, and acarbose were found as 24.6, 11.0, and

119.2 lM, respectively, suggesting that replacement

of 8-prenyl by lavandulyl group enhanced the

inhibitory effect. Kushenol E and B reportedly inhib-

ited a-glucosidase in an un-competitive manner (Kim

et al. 2017).

Isoflavones

Hydroxylation at C-5 of the ring A of daidzein (IC50:

14 lM) to genistein (IC50: 7 lM) reportedly improved

the inhibitory potential of isoflavonoids, too (Tadera

et al. 2006). In a recent study by Şöhretoğlu et al., the

IC50 values of prunetin-5-O-b-glucopynoside, genis-
tein-5-O-b-glucopynoside, prunetin, and genistein

were 56.05, 43.24, 31.87, and 1.47 lg/mL, whereas

the IC50 of acarbose was 31.92 lg/mL. Prunetin-5-O-

b-glucopynoside and genistein were uncompetitive,

genistein 5-O-b-glucopyranoside was competitive,

and prunetin was noncompetitive inhibitor of the

enzyme. These results suggested that sugar

substitution to 5-hydroxyl group reduced the inhibi-

tory potential. It also showed thatO-glycosylation in A

ring reduced the effect (Şöhretoğlu et al. 2017). In a

study conducted on isoflavonoids, geranyl substitution

to C-8 of genistein increased inhibitory effect approx-

imately 8-fold, however, prenyl substitution to the

same position decreased the effect dramatically.

Moreover, methyl substitution to C-7 or C-5 and C-7

of 8-geranyl-genistein also weakened the inhibitory

effect (Sun et al. 2015).

Ring B

Flavones

In a study that investigated a-glucosidase inhibitory

effects of a set of flavonoids, the IC50 values of

flavone, 30-hydroxyflavone flavone, and 40-hydrox-
yflavone flavone could not be determined even at

200 lM. But 30,40-dihydroxyflavone inhibited a-glu-
cosidase 32% at 200 lM. In the same study, the IC50

values of apigenin, luteolin, and 5,7,30-trihdrox-
yflavone were found as 82, 46, and 89 lM, respec-

tively. These results suggested that, 30,40-dihydroxy
substitution increased the activity compared to one

hydroxyl substitution at either 30 or 40 position of the

flavone ring B. (Proença et al. 2017). Contrary to these

findings, Zhen et al. found that an extra hydroxyl

group at 30 decreased the effect. Moreover, they

highlighted the importance of 40-hydroxyl of flavone
ring B (Zhen et al. 2017). In a study aimed to

investigate the effects of certain substitutions to ring B

on a-glucosidase enzyme, the effects of these substi-

tutions were found to be parallel to the effects of

baicalein. 30,40-Dihydroxyflavone exhibited the high-

est inhibitory effect compared to 20-, 30-, 40-hydroxy,
or 20,30,40-trihydroxyflavone. Flavones with a 20- or a
30-hydroxy substitution alone exhibited the lowest

effect. They suggested that 40-hydroxy substitution

was important but extra hydroxyl groups were not

always advantageous (Gao and Kawabata 2004). In

another study, the IC50 values of isovitexin, apigenin-6-

C-a-L-rhamnopyranosyl-(1 ? 2)-(600-O-acetyl)-b-D-
glucopyranoside, isoorientin, luteolin-6-C-a-L-rhamnopy-

ranosyl-(1 ? 2)-(600-O-acetyl)-b-D-glucopyranoside, iso-
vitexin-200-O-rhamnoside, and isoorientin-200-O-
rhamnoside were found as 32, 19, 29, 25, 35, and

34 lM, respectively. All these compounds exhibited

weaker effects than acarbose. According to these results
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30-hydroxy substitution weakened or did not change the
effect (Costa et al. 2015). Chang et al. investigated

inhibitory effects of a set of flavones having either

luteolin or apigenin skeleton on Bacillus stearother-

mophilus a-glucosidase. Among them, isovitexin 200-
(E)-p-coumarate displayed the best inhibitory activity

with an IC50 value of 4.3 lM, however the IC50 of

acarbose was 0.033 lM. Isoorientin 200-(E)-p-couma-

rate exhibited weaker activity compared to isovitexin

200-(E)-p-coumarate (IC50 = 35.7 lM), suggesting that

additional hydroxyl group at the C-30 might reduce the

enzyme inhibition. A similar relationship was observed

between isovitexin and isoorientin (IC50 = 61.2 vs.

1525.7 lM) (Chang et al. 2015).

Flavonols

In the study of Proença et al., the IC50 values of

kaempferol, quercetin, and morin were found as 32,

15, and 32 lM, respectively, suggesting that, 20,40-
dihydroxy and 30,40-dihydroxy substitutions increased

the activity compared to single hydroxy substitution

either at 30 or 40 position of the flavone ring B.

However, galangin, which does not possess any

substitution on ring B, inhibited a-glucosidase 21%

at 200 lM (Proença et al. 2017). In the study of

Şöhretoğlu et al., the IC50 values of kaempferol and

quercetin were 8.97 and 77.42, respectively, and both

compounds were determined as non-competitive

inhibitors (Şöhretoğlu et al. 2018b). Moreover, Renda

et al. found the IC50 values of kaempferol-3-O-a-
rhamnopyranoside and quercetin-3-O-a-rhamnopyra-

noside as 29.92 and 74.51 lM, respectively (Renda

et al. 2018). These two studies concluded that an extra

hydroxyl group at C-30 position of ring B decreased the

inhibitory effect on the enzyme. Zeng et al. investi-

gated a-glucosidase inhibitory effects of morin and

myricetin, which have very similar structures; the

former has two hydroxyl groups at position 20 and 40,
the latter has three hydroxyls at 30, 40, and 50 of ring B,
and the rest of their structures are the same. Their IC50

values were 4.48 and 2.25 lM, both substantially

lower than that of acarbose, which was 304 lM.

According to these results, increased number of

hydroxyl groups on ring B enhanced the a-glucosidase
inhibitory effect (Zeng et al. 2016).

Flavanones

Gou et al. investigated a-glucosidase inhibitory

potentials of two flavanones, liquiritigenin and liquir-

itin (liquiritigenin-40-O-glucopyranoside), and found

that both compounds were more potent than acarbose

(IC50 = 3.36,30.26 and 38.96 lg/mL, respectively).

The study suggested that the activity reduced by sugar

substitution to C-40 of ring B, i.e. O-glycosylation

reduced the effect compared to the aglycon (Gou et al.

2016).

Isoflavones

In the study of Şöhretoğlu et al., the a-glucosidase
IC50 values of prunetin-5-O-b-glucopynoside, genis-
tein-5-O-b-glucopynoside, and their aglycones, pru-

netin and genistein, were determined as 56.05, 43.24,

31.87, and 1.47 lg/mL, respectively, showing the

importance of the free hydroxyl group at C-40 for

isoflavones (Şöhretoğlu et al. 2017). In Fu et al.’s

study, the a-glucosidase IC50 values of alpinu-

misoflavone and 40-O-methylalpinumisoflavone were

determined as 73.3 and 85.4 lM, indicating the

lowering effect of 40-methyl substitution on the

activity of isoflavones (Fu et al. 2018). Similarly,

methyl substitution to 40-hydroxyl of 7-methyl,8-

geranyl-genistein weakened the inhibitory effects of

these compounds on a-glucosidase (Sun et al. 2015).

Ring C

Flavonols

In the study by Proença et al., the IC50 values of

apigenin and luteolin were 82 and 46 lM. The IC50 of

naringenin and eriodictyol could not be determined at

concentrations up to 200 lM, but at this concentration

they did inhibit the enzyme by 45% and 35%,

respectively. These results suggested that a double

bond between C-2 and C-3 was crucial for a-glucosi-
dase inhibition (Proença et al. 2017). Many studies

support that 3-hydroxy substitution enhances the a-
glucosidase potential of flavonoids (Zeng et al. 2016;

Proença et al. 2017). However, replacement of this

group with a chlorine had almost no effect on the

activity (Proença et al. 2017). Li et al. compared the

inhibitory potentials of quercetin, isoquercetin, and

rutin and found their IC50 as 0.017, 0.185, and
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0.196 lM, respectively. The IC50 of acarbose was

0.091 lM in the same study. These results suggested

that sugar substitution to C-3 hydroxyl reduced the

inhibitory effect, however adding another sugar to the

same position did not alter the effect of the mono-

sugar derivative (Li et al. 2009b). Meng et al. inves-

tigated a-glucosidase inhibitory potentials of querce-

tin and myricetin. Both compounds inhibited the

enzyme in a non-competitive manner with IC50 values

of 32 and 3 lg/ml, respectively. (Meng et al. 2016).

The IC50 values of kaempferol, kaempferol-3-O-

methylether, kaempferol-3-O-(3,4-di-O-acetyl-a-L-

rhamnopyranoside), and kaempferol-3-O-a-L-

rhamnopyranoside were found as 9.00, 7.88, 64.18,

and 81.16 lM, respectively, by Ajish et al. methyl

substitution to the hydroxyl at C-3 increased the effect,

while sugar substitution there decreased it. Also, the

diacetylated rhamnopyranoside-substituted derivative

exhibited higher effect than the non-acylated form

(Ajish et al. 2015).

Şöhretoğlu et al. tested the a-glycosidase inhibitory
potential of kaempferol, quercetin, kaempferol 3-O-b-
glucopyranoside, quercetin 3-O-b-glucopyranoside,
quercetin 3-O-b-galactopyranoside, isorhamnetin

3-O-b-glucopyranoside, quercetin 3-O-(600-O-gal-
loyl)-b-galactopyranoside, quercetin 3-O-(300-O-gal-
loyl)-b-galactopyranoside, quercetin 3-O-(600-O-
galloyl)-b-glucopyranoside, kaempferol 3-O-vi-

cianoside, and quercetin 3-O-vicianoside and found

their IC50 values as 8.97, 77.42,[ 100,[ 100,

[ 100,[ 100, 27.84, 0.97, 1.35,[ 100, and[ 100

lM, respectively. Some of these compounds were

promising compared to acarbose (IC50 = 50.58 lM).

The study pointed out reduced a-glucosidase inhibitor
potency due to glucosylation and galactosylation at

C-3 of ring C. When the IC50 value of quercetin was

compared to those of its galloylated sugar-substituted

derivatives the substitution of ring C at C-3 position

with (O-galloyl)glucopyranose or (O-galloyl)galac-

topyranose significantly boosted the inhibitory effect

on the enzyme due to the galloyl moieties, which

contain three hydroxyl groups. Moreover, substitution

of the galactose unit at C-300 position by galloyl moiety

increased the activity more compared to the substitu-

tion at C-600. In this study, inhibition kinetics of some

active compounds were also determined; quercetin

3-O-(600-O-galloyl)-b-galactopyranoside was found

competitive, kaempferol, quercetin, quercetin 3-O-

(300-O-galloyl)-b-galactopyranoside, and quercetin

3-O-(600-O-galloyl)-b-glucopyranoside non-competi-

tive inhibitors (Şöhretoğlu et al. 2018b). Flores-

Bocanegra et al. also found that glycosylation of the

hydroxyl at C-3 reduced the inhibitory effect of

quercetin. However, benzoylation at C-600 of the sugar
moiety increased the inhibitory potential. Quercetin-3-

O-(600-benzoyl)-b-galactoside and quercetin-3-O-b-
galactoside inhibited a-glycosidase with IC50 of 0.03

and 0.40 mM, respectively. These two compounds

also inhibited rat small intestinal a-glycosidase with

IC50 values of 0.43 and 1.98 mM, respectively. Their

S. cerevisiae a-glycosidase inhibitory potentials were

better than acarbose but their rat small intestinal a-
glycosidase inhibitory potentials were not (Flores-

Bocanegra et al. 2015). Overall, O-glycosylation

reduced the inhibitory effect of flavonols.

Flavanones

According to the study by Proença et al. naringenin

and eriodictyol at 200 lM resulted in an a-glucosidase
inhibition of 45% and 35%. Taxifolin was a slightly

stronger inhibitor than them (IC50 = 200 lM) and

acarbose (IC50 = 607 lM) in the same study. These

results suggested that a hydroxy substitution to C-3 of

ring C enhanced the inhibitory potential (Proença et al.

2017).

Molecular modelling studies on a-glucosidase
inhibitor flavonoids

Most of the literature featuring molecular modelling of

a-glucosidase inhibition by flavonoids aim to predict

binding affinities of the active compounds to the

enzyme and identify key interactions of the high-

affinity ligand-receptor complexes using molecular

docking approach. Among the common issues in this

pursuit is obtaining a structure model of the a-
glucosidase of the proper biological source used in

the respective biological test, which usually was S.

cerevisiae a-glucosidase, because no experimental

model for this enzyme has been available so far. The

most preferred approach to this issue is creating a

homology model of the enzyme. In almost all of the

reported studies with homology modelling of S.

cerevisiae a-glucosidase, the crystal structure of

preference for template was isomaltase of S. cerevisiae

[PDB ID: 3A4A (Yamamoto et al. 2010) and 3AJ7

(Yamamoto et al. 2011)] obtained from the RCSB
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protein data bank (www.rcsb.org) (Berman et al.

2000). Isomaltase catalyzes hydrolysis of alpha 1-6

linkages in polysaccharides. Deposition of the crystal

structure of this enzyme, which is highly homologous

to a-glucosidase (72% sequence identity), encouraged

researchers for structure-based molecular modelling

of a-glucosidase inhibition. But there are exceptional
studies such as that of Chang et al. (2015), in which

Bacillus stearothermophilus a-glucosidase was used

for the in vitro studies; the researchers modelled the

structure of this enzyme using human intestinal mal-

tase-glucoamylase [PDB ID: 2QLY (Sim et al. 2008)]

as template. Also, Xu (2010) used a crystal structure of

oligo-1,6-glucosidase from Bacillus cereus [PDB ID:

1OUK (Watanabe et al. 1997)] as template to model S.

cerevisiae a-glucosidase; the two enzymes have 38%

sequence identity. In some of the studies X ray

structures were directly used for molecular docking

studies, although the X ray structure of interest did not

belong exclusively to the enzyme used in in vitro

assays. For example, Wu et al. (2016) and Zhen et al.

(2017) used crystal structures of isomaltase from S.

cerevisiae although the inhibition assays were per-

formed on S. cerevisiae a-glucosidase (maltase).

Flores-Bocanegra et al. (2015) tested a set flavonoids

for their inhibitory effects against yeast and rat small

intestinal a-glucosidases and they performed molec-

ular docking studies using homologous crystal struc-

tures such as yeast isomaltase [3A4A (Yamamoto

et al. 2010)], human N-terminal sucrose-isomaltase

[3LPP (Sim et al. 2010)], human N-terminal maltase-

glucoamylase [2QMJ (Sim et al. 2008)], and humanC-

terminal maltase-glucoamylase [3TOP (Ren et al.

2011)]. Sun et al. (2015) used sugar beet a-glucosidase
[PDB ID: 3W37 (Tagami et al. 2013)] for molecular

docking studies of their synthetic flavonoid deriva-

tives, which has 41% sequence identity to S. cerevisiae

a-glucosidase, the enzyme used in the experimental

studies. As a rule of thumb, the highest possible sim-

ilarity between the structure of the enzyme used

in vitro and the enzyme model used in silico is

required for reliable in silico predictions.

Once the enzyme model is secured, the question

where the inhibitors should bind on a protein arises.

For crystal structures, catalytic sites are readily

available at most times and for homology models the

catalytic site can be inferred from the template. In the

case of inhibitors that are not competitive the

researchers applied various methods because this type

of inhibitors may bind to allosteric site(s) as well. A

commonly referred method in this case is blind

docking, in which the whole surface of the protein is

made available for binding, then the region where the

highest number of docking poses cluster is identified.

The blind docking approach was applied for flavo-

noids by Xu (2010), Kim et al. (2017), Zeng et al.

(2016) and Zhen et al. 2017. This procedure is usually

followed by a more exhaustive docking protocol at a

limited search space to capture the best binding mode,

which we see in the studies by Flores-Bocanegra et al.

2015 and Peng et al. 2016. Detecting cavities using

special software is another way, especially, to handle

ligands of different inhibition types as applied by

Gong et al. (2017), Şöhretoğlu et al. (2017, 2018a, b),

and Renda et al. (2018). In this procedure, the detected

binding sites are scored and ranked for druggability. In

some of the studies the catalytic site inferred from the

template was used directly regardless of the inhibition

type (Chang et al. 2015; Proença et al. 2017).

Most of these molecular modeling studies focused

on natural flavonoids; among them, kaempferol,

luteolin, quercetin, and myricetin were the most

commonly modelled. In the study of Peng et al.

kaempferol was reported to make only one hydrogen

bond with Ser157 via 7-OH group. Kaempferol’s

lower potency against a-glucosidase compared to

myricetin and quercetin was attributed to having only

one OH at ring B (Peng et al. 2016). In the study of

Şöhretoğlu et al. (2018b) kaempferol and quercetin

were found to be non-competitive inhibitors and

docked to a number of predicted allosteric sites of

the enzyme, however the compounds were able to

form H bonds via different rings in different sites of

the enzyme (Şöhretoğlu et al. 2018b). In the study of

Xu et al. quercetin, luteolin, and myricetin were

predicted to make H-bonds via the 7-OH substituent

too, but with another residue, Glu304. In this study B

ring of quercetin made two, luteolin and myricetin

made three H-bonds with residues Asp68, Asp214,

Thr215, Glu276, and Arg439 (Xu 2010). This ring was

also found effective in H-bond network in the study of

Proença et al. forming three H-bonds with residues

Asp214 and Glu276 (Proença et al. 2017). So, the

argument by Peng et al. seems to bear ground as

myricetin and luteolin, reportedly, establish more

effective H-bond networks with yeast a-glucosidase
compared to kaempferol (Peng et al. 2016). These

studies suggest four common residues for a-
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glucosidase inhibition by common flavonoids: Glu304

which accepts H-bond from the 7-hydroxy substituent;

Asp214, Glu276, and Arg439, which engage in

H-bond interactions with the ring B hydroxyl groups.

In general, these interactions and residues were

offered as molecular determinants for their activity.

Researchers also seem to have reached a consensus on

the importance of some other moieties of the common

flavonoid scaffold by studying various derivatives. For

example, the importance of 3-hydroxy substitution

was showed for the activity of myricetin by Xu et al.,

one kushenol derivative by Kim et al., and a number of

flavones including quercetin by Proença et al. (Xu

2010, Kim et al. 2017, Proença et al. 2017). The

carbonyl oxygen at the 4th position plays a key role as

H-bond acceptor according to many studies (Gong

et al. 2017; Zhen et al. 2017; Şöhretoğlu et al. 2018b;

Renda et al. 2018).

The effects of the sugar substitutions on the

flavonoid scaffold is ambiguous. Still, some of the

researchers cited above discussed these effects using

molecular docking methods. For example, in the study

of Wu et al. reducing the effect by increasing the

number of sugar moieties attached to kaempferol or

quercetin on their activity was attributed to the steric

hindrance caused by these sugar moieties for effective

binding interactions (Wu et al. 2016).

Scoring function is an important component of a

docking methodology and docking scores usually

provide insights into the efficacy of an inhibitor

expressed as IC50 or Ki values. Therefore, strong

correlation is aimed between docking scores and

activity data. In most of the research manuscripts

reviewed in this study, correlation between the

predicted and measured affinities of the inhibitors

were observed to some extent, possibly because the

researchers in these studies preferred the structure

model of the same enzyme used in the in vitro studies

(Chang et al. 2015; Sun et al. 2015; Kim et al. 2017;

Proença et al. 2017; Söhretoglu et al. 2017, 2018a, b,

Renda et al. 2018). However, it is hard to talk about

correlation in the case where only a limited number of

ligands are tested. Enrichment studies in molecular

modelling, in which the predictive capacity of a given

model is tested, usually deal with thousands of ligands

including actives and decoys. Perhaps the major pitfall

of the molecular modelling parts of the reviewed

studies is the lack of such comprehensive validation

studies.

Discussion

a-Glycosidase inhibitory potential of flavonoids has

been widely studied and reported on; many potent

derivatives were identified and SARs were established

(Fig. 6). According to the general SARs of flavonoids

regarding their a-glycosidase inhibition 5-hydroxy

substitution increased the effect but a sugar substitu-

tion to 5- or 7-hydroxyl group weakened it. Moreover,

methyl substitution at the 7th alone or at the 5th and

7th positions together also decreased the inhibitory

effect.

On the other hand, geranyl substitution at the 8th

position of ring A enhanced inhibitory potential of

flavonols and isoflavones. Geranylation enhanced the

effect more than prenylation in flavonols. However,

prenyl substitution at the 8th position increased the

effect in flavonols, but decreased it in isoflavones

dramatically. Further, replacement of 8-prenyl group

by a lavandulyl group enhanced the inhibitory effect in

flavonones. A double bond between C-2 and C-3 was

found to be crucial for a-glucosidase inhibition.
All the papers suggested that a free hydroxyl group

at C-40, which could make key interactions with the

enzyme, is considered crucial. However, results on the

effects of an additional hydroxyl group at C-30 were
controversial, even in the same flavonoid subgroups.

Some studies suggested that the hydroxyl group at

C-30 in addition to C-40 might reduce enzyme inhibi-

tion, while others suggested the opposite.

A hydroxyl group substitution at C-3 enhanced the

activity, however replacing it with chlorine did not

alter it. Furthermore, methyl substitution to the

hydroxyl at C-3 increased, whereas a sugar substitu-

tion to this group decreased the effect.

A phenolic group substitution like gallic acid,

coumaric acid, etc. at different positions of sugar units

increased the inhibition. Hydroxy or methoxy substi-

tutions on the phenyl group and geometric isomerism

in the phenylpropenoyl moiety did not play an

important role in enzyme inhibition. Further, 600-
acetylation of glucose increased, but 3,4-di-O-acety-

lation of rhamnopyranoside decreased the effect. In

general, O-glycosylation reduces bioactivity of flavo-

noids while C-glycosylation of flavonoids mostly

enhances it (Xiao 2017). However, it seems both

O and C-glycosylation reduce a-glycosidase inhibi-

tory potential of flavonoids.
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Molecular modelling was performed in some of

these studies. Without proper experimental models for

the enzymes used in these studies, especially for S.

cerevisiae a-glycosidase, the researchers took on

different approaches, which yielded controversial

results. Still, it was possible to observe consensus for

certain SARs listed above. Hydroxyl groups at C-3 and

C-7 positions, the carbonyl oxygen at C-4 position and

hydroxyl groups of ring B were among the suggested

key groups to enhance binding through H-bonds. As

these studies focused on structure-based methods to

understand the SARs of flavonoids one can easily

notice the lack of ligand-based methods, which would

probably provide valuable insights in the case where

vast number of compounds with activity results are

available but experimental enzyme models are not.

Conclusions

Flavonoids are promising a-glycosidase inhibitors.

The key observations of this review are given in

Fig. 6. A double bond between C-2 and C-3 and a free

hydroxyl group at C-40 are crucial for a-glucosidase
inhibition. Hydroxylation of flavonoids generally

increases the effect, though the effects of an additional

hydroxyl group at C-30 are contested. The addition of a
sugar moiety to aglycon usually reduces the inhibitory

effect, however further phenolic acid substitutions to

these sugar units restore the inhibitory effect. Based on

structure-based molecular modelling studies, it is

possible to conclude that hydroxyl groups at C-3 and

C-7 positions, the carbonyl oxygen at C-4 position,

and hydroxyl groups in ring B are among the

suggested key groups to enhance binding to the

enzyme through H-bonds.
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