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Recently the use of bioactive a-glucosidase inhibitors for the treatment of diabetes have been proven to be the
most efficient remedy for controlling postprandial hyperglycemia and its detrimental physiological complica-
tions, especially in type 2 diabetes. The carbohydrate hydrolysing enzyme, a-glucosidase, is generally compet-
itively inhibited by the a-glucosidase inhibitors and results in the delayed glucose absorption in small intestine,
ultimately controlling the postprandial hyperglycemia. Here we have reviewed the most recent updates in the
bioactive a-glucosidase inhibitors category. This review provides an overview of the a-glucosidase inhibitory
potentials and efficiency of controlling postprandial hyperglycemia of various bioactive compounds such as
flavonoids, phenolic compound, polysaccharide, betulinic acid, tannins, anthocyanins, steroids, polyol, poly-
phenols, galangin, procyanidins, hydroxyl-a-sanshool, hydroxyl-f-sanshool, erythritol, ganomycin, caffeoyl-
quinic acid, resin glycosides, saponins, avicularin, oleanolic acids, urasolic acid, ethanolic extracts etc., from
various dietary and non-dietary naturally occurring sources.

1. Introduction

Diabetes is a group of metabolic disorders corresponding with pro-
longed high blood sugar level. According to worldwide survey by the
World Health Organization (WHO) (2016), 422 million people are
globally effected by diabetes mellitus and it will be the 7th leading cause
of death by 2030. Currently, 72.9 million people in India are the victims
of diabetes mellitus, according to the International Diabetes Federation
(IDF), 2017 (Cho et al., 2018). Depending on the mechanism by which it
occurs, diabetes can be of three types: Type 1 diabetes (T1D), Type 2
diabetes (T2D) and Gestational diabetes. T1D effects about 5-10% of the
total diabetic patients and is caused due to autoimmune mediated se-
lective destruction of p cells of pancreas that produce insulin, leading to
absolute insulin deficiency, hyperglycemia, oxidative stress, inflamma-
tion and other metabolic complications (Li et al., 2014; Rashid et al.,
2017). The prevalence of T2D is about 90% among the global diabetic
patients and will reach 592 million by the end of 2035 (Zimmet et al.,
2001). Insulin resistance due to insulin receptor (IR) insensitivity,
chronic hyperglycemia, low grade inflammation, dyslipidemia are the
features of T2D (Esser et al., 2015; Zimmet et al., 2001). As the name
suggests, gestational diabetes is diagnosed in pregnant women,

featuring adverse clinical condition in mother and offspring (Associa-
tion, 2013) [Fig. 1]. Hyperglycemia is the most critical criteria of all
types of diabetes and its consistency leads to various complications such
as cardiovascular disorders, kidney failure, neuropathy, lipid meta-
bolism disorders, etc. So, controlling the blood glucose level in diabetic
patients is most vital (Bello et al., 2014; Jiao et al., 2018). Various
bioactive molecules have been reported to ameliorate different patho-
physiological conditions (Basak et al., 2017; Das et al., 2009; Ghosh
et al., 2017; Manna et al., 2008, 2009; 2010, 2012; Sarkar et al., 2016;
Sinha et al., 2007). Accordingly, in recent updates on the treatment of
diabetes mellitus, a-glucosidase inhibitors (AGIs) from various plant
sources are trending for their ability to inhibit a-glucosidase activity
leading to reduction of hydrolytic cleavage of non-reducing ends of di-
etary oligosaccharides and diminished release of a-glucose (Kumar
et al., 2011), that retard carbohydrate digestion and absorption of
glucose in small intestine. This mechanism of action plays an important
role in controlling postprandial hyperglycemia, which is one of the
modern therapeutic approach towards stabilizing blood glucose level in
diabetic patients especially in T2D (Ghani, 2015). Anti-diabetic drugs
having a-glucosidase inhibiting properties such as acarbose, voglibose,
miglitol and emiglitate are now commercially available for controlling
postprandial hyperglycemia. Nevertheless, regular consumption of these
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Nomenclature

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
AGEs advanced glycation end products

AGIs a-glucosidase inhibitors

AMSTAR A Methodological Tool to Assess Systematic Reviews
Arg Arginine

Asn Asparagine

Asp Aspertic Acid

BPD B-type procyanidin dimer

CD Circular Dichroism

CP Cyclocarya paliurus

DPPH 2,2-diphenyl-1-picrylhydrazyl

FDA Food and Drug Administration

FRAP Ferric Reducing Antioxidant Power
GLP1 Glucagon like Peptide 1

Gln Glutamine

Glu Gultamic Acid

Glut4  Glucose Transporter Type-4

GSH Glutathione

HAS hydroxyl-a-sanshool

HBS hydroxyl-B-sanshool

His Histidine

HMG-CoA reductase 3-hydroxy-3-methyl glutaryl coenzyme A

reductase
IC50 Half maximal Inhibitory Concentration
IDF International Diabetes Federation
Ile Isoleucine
Lys Lysine
Met Methionine
ORAC  Oxygen Radical Absorbance Capacity
PCOS Polycystic Ovarian Syndrome

Phe Phenylalanine

PKC Protein Kinase C

pNPG p-Nitrophenol-aD-Glucopyranoside

PPG postprandial glucose

PRISMA Preferred Reporting Items for Systematic Reviews and
Meta-Analysis

PTP1 Protein Tyrosine Phosphatase 1B

ROS Reactive Oxygen Species

Ser Serine

T1D Type 1 diabetes

T2D Type 2 diabetes

Trp Tryptophan

Tyr Tyrosine

UCP1 Uncoupling Protein 1

Val Valine

WHO World Health Organization

drugs leads to various side effects such as diarrhoea, vomiting, flatu-
lence, severe stomach pain, allergic reactions, etc., (Krentz and Bailey,
2005; Patil et al., 2015). So, in spite of these commercially available
efficient AGIs, researchers are still engaged in the discovery of new
bioactive AGIs with high inhibitory potential and least side effects. Here,
in this overview, we have focused on the most recent discoveries of AGIs
from naturally occurring dietary and non-dietary sources. Recent up-
dates include flavonoids, phenolic compounds, polysaccharides, betu-
linic acid, tannins, anthocyanins, steroids, polyols, oleanolic acids,
urasolic acid, ethanolic extracts, etc., from various natural sources such
as potatoes, berries, persimmon, guava, red cabbage, beans, mushrooms,
medicinal plants, etc (Booth, 2001).

2. Review methodology

The data for this overview have been obtained, analysed and sum-
marized based on the following principles.

2.1. Search strategy and selection criteria

In this review, the literature survey mainly focussed on scientific
research papers published in the last five years. The search strategy
involved the use of keywords like a-glucosidase inhibitors, postprandial
hyperglycemia and a-glucosidase inhibitors, diabetic complications and
a-glucosidase inhibitors, reactive oxygen species and a-glucosidase in-
hibitors, enzyme kinetics of a-glucosidase inhibitors, plant sources of
a-glucosidase inhibitors etc. The databases used in course of the search
were Google Scholar and National Centre for Biotechnology Information
(NCBI). In vitro studies taken under consideration, were obtained from
reports related to ganomycin from lingzhi mushrooms, polysaccharides
from guava juice etc. Clinical significance of studies like those involving
oleanolic acid and ursolic acid from Queen’s crepe-myrtle have been
incorporated.

2.2. Data extraction and analysis

Since an overview is partially synonymous to a systematic review,
therefore the Preferred Reporting Items for Systematic Reviews and

Meta-Analysis (PRISMA) checklist and PRISMA flow diagram were
consulted for improvement of the review in terms of data extraction and
analysis [Fig. 2] (Liberati et al., 2009). The PRISMA checklist has been
included as Supplementary material I.

2.3. Risk-of-bias assessment

Based on A Methodological Tool to Assess Systematic Reviews
(AMSTAR) tool, this review has been categorized as a moderate quality
review in terms of risk-of-bias assessment (Shea et al., 2017). The
AMSTAR report has been included as Supplementary material II.

3. Result of literature study and analyses
The key findings of this review have been summarized in Table 1.

4. Role of a-glucosidase inhibitors in controlling postprandial
hyperglycemia

Hyperglycemia is a critical condition in both T1D and T2D patients
and is the main contributing factor behind oxidative stress and its
deleterious consequences. Hyperglycemia can induce ROS (reactive
oxygen species) generation and accumulation via various metabolic
pathways (Vanessa Fiorentino et al., 2013). In diabetic condition, as
glucose uptake in insulin dependent tissues (fat and muscle) is mini-
mized, uptake of glucose is elevated in insulin independent tissues (King
and Loeken, 2004). This excessive intracellular glucose is converted to
the polyalcohol sorbitol, resulting in decrease of NADPH/NADP + ratio
and glutathione (GSH) concentration. In addition, hyperglycemia leads
to activation of PKC (protein kinase C) isoforms, induction of hexokinase
pathway and over production of advanced glycation end products
(AGEs). All these effects of hyperglycemia are responsible for dimin-
ishing antioxidant agents and overproduction and accumulation of
reactive oxygen species, which ultimately leads to oxidative stress (King
and Loeken, 2004; Vanessa Fiorentino et al., 2013). The detrimental
consequences of this oxidative stress condition are long term damage
and pathophysiological conditions of various organs like kidney, heart,
liver, testis, spleen etc. (Chowdhury et al., 2016; Ghosh et al., 2018; Pal
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Fig. 1. Schematic diagram of different types of diabetes, their cause and consequences. [Glut 4, Glucose Transporter Type-4; PCOS, Polycystic Ovarian Syndrome].

et al., 2014; Rashid and Sil, 2015),. For this reason, researchers are
trying to control hyperglycemic condition in order to reduce various
diabetic complications. The most eminent hyperglycemia controlling
agents are the AGIs, which slow down a-glucosidase activity and effi-
ciently diminish postprandial hyperglycemia. According to the guide-
lines of IDF, AGIs in combination with insulin, metformin and
sulfonylureas is the best treatment option for uncontrolled hyperglyce-
mia in diabetic patients (Lozano et al., 2016; Ghosh et al., 2018).

Almost all AGIs structurally resemble disaccharides or oligosaccha-
rides and can bind to the active site of a-glucosidase, forming complexes
with stronger affinity than that of carbohydrate-a-glucosidase complex.
This results in the competitive inhibition of a-glucosidase activity and
diminishes carbohydrate hydrolysis and glucose absorption in the brush
boarder site of small intestine [Fig. 3].

A study on the inhibitory effects of Eucomis humilis “Baker bulb”,
commonly called dwarf pineapple flower, on carbohydrate metabolizing
enzymes, sheds light on the enzyme kinetics of its a-glucosidase inhib-
itory activity. It has been reported that ethanolic extract of E. humilis
exhibits highest percentage of a-glucosidase inhibition compared to
aqueous and hydro-ethanolic extracts. Ethanolic extract of E. humilis also
exhibited the lowest half maximal inhibitory concentration (ICsg) for
a-glucosidase, thereby indicating strong a-glucosidase inhibition. To
analyse the mode of inhibition of a-glucosidase by the ethanolic extract
of E. humilis, the kinetics of inhibition was studied using Lineweaver-
Burk plots. The result revealed that o-glucosidase was inhibited by the
ethanolic extract of E. humilis through the competitive route. This
indicated that the active ingredient of the extract resembled the normal
substrate of a-glucosidase structurally and could bind to the active site of
the enzyme instead of the normal substrate (Kazeem et al., 2017). Thus,
a-glucosidase inhibitors function through competitive inhibition.

Most of the carbohydrates that are not hydrolysed are subsequently
broken down in lower parts of small intestine and result in delayed

glucose absorption after meal (Mehta et al., 1998; Patil et al., 2015). This
mechanism of action of AGIs reduces the postprandial hyperglycemia,
which is an efficient remedy against various diabetic complications.
Another striking characteristic of AGIs is that it can assist in the stim-
ulation of glucagon like peptide (GLP1) (an incretin hormone) secretion,
that helps lowering the postprandial hyperglycemia by triggering insulin
secretion and inhibiting glucagon secretion (Drucker and Nauck, 2006).
GLP1 is secreted from intestinal L cells, on sensing food intake. AGIs
delay polysaccharide digestion that results in increased local carbohy-
drate concentration in the lower gut. Since, lower gut has sufficient
amount of GLP1 secreting cells, belated carbohydrate absorption helps
to stimulate GLP1 secretion properly. Thus, AGI helps in GLP1 secretion,
which in turn stimulates insulin secretion (Patil et al., 2015).

The most featured AGIs are acarbose, voglibose, and miglitol
[Fig. 4]. Acarbose, first obtained from various Actinomycetes, is a
nitrogen-containing pseudo-tetrasaccharide (Wehmeier and Piepers-
berg, 2004). It was the first drug in AGI category to be approved by Food
and Drug Administration (FDA) with the commercial name ‘Precrose’ in
USA. Acarbose acts locally on the small intestinal brush border cells
(GODA et al., 1982; Pyner et al., 2017), delaying release of glucose from
polysaccharides by competitively binding with o-glucosidase and
lowering PPG level (Drucker and Nauck, 2006; Ketema and Kibret,
2015). The second traditional AGI, Voglibose, is a valiolamine deriva-
tive and is a research product of Takeda Chemical Industries of Japan
(Dimitriadis et al., 1985; Madar and Omursky, 1991; Patil et al., 2015).
Voglibose hinders uptake and metabolism of polysaccharides by
reversibly inhibiting carbohydrate digestive enzymes. Since, voglibose
does not inhibit pancreatic a-amylase and lactase, it makes voglibose
more selective than acarbose as a disaccharide inhibitor (Baron, 1998;
Kalra, 2014). Voglibose also enhances the release of glycogen like pep-
tide 1 (GLP1) (Wehmeier and Piepersberg, 2004). Miglitol, a derivative
of nojirimycin, the first pseudo-monosaccharide a-glucosidase inhibitor,
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was approved by FDA in 1996. Miglitol is almost fully absorbed in the
small intestine and lowers postprandial glucose (PPG) (Yee and Fong,
1996). Recent findings by Sugimoto et al. shows that miglitol upregu-
lates the expression of uncoupling protein 1 (UCP1) present in brown
fat. Thus, miglitol increases energy expenditure in diet induced obese
mice through p3-adrenergic receptor-cAMP-protein kinase A pathway
(GODA et al., 1982; Pyner et al., 2017). This finding can be correlated
with postprandial energy expenditure in T2D diabetes regarding diet
therapy (Coniff et al., 1995).

In order to overcome the side effects of the traditional AGIs, dis-
coveries of new bioactive inhibitors continue. In this review, we have
categorized the natural sources and mechanistic details of recently
updated bioactive a-glucosidase inhibitors into dietary and non-dietary
sources.

5. Dietary sources and their bioactive a-glucosidase inhibitors
5.1. Anthocyanin and polyphenols in red cabbage

Red cabbage (Brassica oleracea capitatarubra) is a popular vegetable
consumed all over the world, mainly cultivated in North America,
Japan, China and Europe. It is composed of high amount of phenolic
components having a large proportion of anthocyanins (Wu et al., 2006)
and is well known for its anti-diabetic effects (Kataya and Hamza, 2008).

Podsedek et al. found that the polyphenol levels differ in different va-
rieties. Koda variety was found to have maximum levels of polyphenols,
whereas Kissendrup variety has maximum level of anthocyanin (Pod-
sedek et al., 2017). The IC50 value of Koda and Kissendrup in context of
a-glucosidase inhibition was found to be 3.87 and 4.97 mg of dry weight
per ml respectively, which are several folds lower than acarbose (0.5
mg/mL). Podsedek et al. found 18-21 types of anthocyanin in red cab-
bage which was in accordance with other studies, although the content
may vary depending on vegetation period of the plants (Wiczkowski
et al., 2014). Mizgier et al. found 21 hydroxycinnamic acid derivatives
from red cabbage which were made up of residues of antioxidant mol-
ecules like ferulic acid and p-coumaric acid [Fig. 5]. The antioxidant
property of red cabbage extract was confirmed by ferric reducing anti-
oxidant power (FRAP) and 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid (ABTS) method (Mizgier et al., 2016).
Ethanolic extract of red cabbage (1 g/kg body weight, daily) was found
to improve weight loss of diabetic rats (Kataya and Hamza, 2008).
4-methylumbelliferone (4-MUG) based a-glucosidase inhibition assay
established red cabbage extracts as AGIs (Podsedek et al., 2017).

5.2. Phenolic compounds in berries

Berries are rich in polyphenols (100-300 mg/100 g), anthocyanins,
ellagic acid derivatives etc., and are well-known a-glucosidase inhibitors
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Table 1
Key findings of this review.
Type of Source Nature Observation
a-glucosidase
inhibitor
Polysaccharide Guava Guava juice Antioxidant
Anthocyanin Red cabbage, Extract Antioxidant
Potatoes, Black
current
Betulinic acid Chinese date tree Pure form Hypoglycemic
Tannin Persimmon Extract Hypoglycemic
Phenols Berries, Millets Extract Antioxidant
Erythritol Grapes Pure form Competitive
inhibition
Quercetin Tea leaves Extract Competitive
inhibition
Galangin Rhizome of herbs Extract Competitive
inhibition
Procyanidins Apples In-silico Competitive
analysis inhibition
Sanshools Shinchuan pepper Pure form Competitive
inhibition
Flavonoids Princess tree, Extract Competitive
Asparagus inhibition
Fucoxanthine Sea weed Extract Mixed type
inhibition
Ganomycin Lingzhi mushroom Synthesized Cholesterol
derivatives biosynthesis
Oleanolic and Queen’s crepe- Pure form Hypoglycemic
Ursolic acid myrtlu
Cholesterol Thai medicinal Extract Antioxidants
derivatives plants
Stigmasterol Mimosa pudica Pure form Metal chelator
Resin glycosides Morning glory In-silico Competitive
analysis inhibition

(Edirisinghe and Burton-Freeman, 2016; Yin et al., 2012) (Boath et al.,
2012; McDougall et al., 2005). Studies showed that different variants of
raspberry phenolic extract have antioxidant property and acts as an
inhibitor to starch digestive enzymes (Zhang et al., 2010). Recently
raspberry ketone, one of the well-known key compounds present in
raspberry responsible for its aroma, was characterized as an AGI having
an ICsy value of 6.17 mM [Fig. 5]. In silico protein ligand docking
simulation revealed that several key residues (ASP68, TYR71, HIS111,
PHE157, PHE158, PHE177, GLN181, ASP214, THR215, ASP349,
ASP408, and ARG439) of isomaltase (PDB: 3AJ7) interacts with the
(-OH) group of raspberry ketone. Interestingly, kinetic analysis showed
that the compound binds reversibly and non-competitively with
a-glucosidase (Xiong et al., 2018). Phenolic compound rich ethyl acetate
soluble extract of mulberry fruit (Morus alba L.) showed re-alteration of
antioxidant enzyme activity like catalase, superoxide dismutase, gluta-
thione dismutase as well as lowering of fasting blood glucose level in
streptozotocin induced diabetes rats (Wang et al., 2013).

5.3. Tannins in persimmon

Persimmons are edible fruits of several species of trees under genus
Diospyros and are mostly native to tropical regions with few distributed
in temperate regions (Germplasm Resources Information Network,
2016). Tannins are polyphenolic biomolecules and can be extracted by
widely variable procedures from various plant sources. The extraction
and purification of persimmon tannins are done from astringent
persimmon (Li et al., 2010). In a recent study, the inhibitory effect of
persimmon tannin on a-glucosidase and its role in decreasing post-
prandial blood glucose level has been clearly manifested in rat model
[Fig. 5]. Li et al., experimentally showed that ICs¢ of persimmon tannin
and acarbose (positive control) on o-glucosidase were 0.2391 and
0.2445 mg/ml, respectively, pointing out a similar potential of tannin
extracted from persimmon on inhibiting a-glucosidase in comparison to
the positive control. Moreover, persimmon tannin has a strong binding

Food and Chemical Toxicology 145 (2020) 111738

potential with starch granules, resulting in reduction of starch di-
gestibility and hence decreases postprandial hike of blood glucose level
(Li et al., 2018).

5.4. Anthocyanin and polyphenols in potatoes

Potatoes are major cheap food crop cultivated and consumed all over
the world. Although there are no reports regarding potatoes preventing
diabetes, some studies suggests that polyphenols present in potato tu-
bers may act as AGIs (Kalita et al., 2018). Total content of polyphenols
and anthocyanins were found be greater in red and purple potato tubers
than white and yellow tubers. Mass spectrometric analysis revealed that
the main constituent of potato extract is chlorogenic acid and its
different isomers namely petunidin-3-coumaroylrutinoside-5-glucoside,
Peonidin-3-coumaroyllrutinoside-5-glucoside, = malvidin-3-coumaroy
Irutinoside-5-glucoside, cyanidin-3-coumaroylrutinoside-5-glucoside,
Pelarogonidin-3-caffeoylrutinoside-5-glucoside, Pelarogondin-3-fer-
uloylrutinoside-5-glucoside (Kalita et al., 2018) [Fig. 5]. The methanolic
extract showed radical scavenging property in DPPH, ABTS, ORAC as-
says and the total phenolic content was found to be strongly correlated
with radical scavenging property with different verity (Kalita and
Jayanty, 2014). The mode of a-glucosidase inhibition by the extracts
from potatoes was found to be both non-competitive and mixed type and
the ICso value ranges between 42.42 and 78.65 pg/mL, lower than
acarbose (15.65 pg/mL) (positive control) but causes least side effects
(Kalita et al., 2018).

5.5. Erythritol

Erythritol, a sugar alcohol (C4 polyol), occurs naturally in grapes,
pears, watermelon, mushrooms and in some fermented items such as
sake, wine, etc. (Shindou et al., 1988; Wen et al., 2018) [Fig. 5].
Recently, erythritol is considered as a substitute for sucrose for diabetic
and overweight individuals and is also approved as safe food additives in
many countries due to its zero-caloric value and is rapidly absorbed in
proximal intestine (Rzechonek et al., 2018). In a study, the beneficiary
role of erythritol in diabetic rat was assessed and showed that it has long
term anti-hyperglycemia potentials and can reduce the kidney damage
caused due to oxidative stress led by hyperglycemia (Yokozawa et al.,
2002). In a recent study, it was demonstrated that erythritol can control
postprandial hyperglycemia by inhibiting o-glucosidase. Erythritol
strongly inhibit a-glucosidase with IC50 value of 6.43 mg/mL (52.7
mM). Enzyme kinetics study reveals that erythritol exhibit competitive
inhibition by binding to the active site of a-glucosidase. The (-OH) group
on C1 atom of erythritol forms hydrogen bonds with Asp69 and Arg446
in active site of a-glucosidase via H113 water molecules and another
(-OH) group on C4 atom form identical bonds with Asp215, Arg213, and
Asp352 via H132 water molecules, clearly suggesting the occupancy of
erythritol in the active site of a-glucosidase (Wen et al., 2018). So,
erythritol can be considered as a potential a-glucosidase inhibitor and it
can overcome the drawbacks of the traditional a-glucosidase inhibitors
due to its negligible side effects and caloric value.

5.6. Betulinic acid

Betulinic acid (BA) is a naturally occurring pentacyclic triterpenoid
found in various food sources such as winged bean (Psophocarpus tetra-
gonolobus), persimmon, chinese date tree (Ziziphus mauritiana), etc., and
in many flowering plants (Ali-Seyed et al., 2016; Ding et al., 2018b)
[Fig. 5]. It has been reported that BA possess a remarkable anti-diabetic
potential and it can reduce blood glucose concentration by inhibiting
a-glucosidase activity and regulating various signaling pathways in
diabetic mice (Vinayagam et al., 2017). In enzyme kinetics study, it was
revealed that BA binds to a-glucosidase by competing with pNPG
(p-nitrophenol-aD-glucopyranoside), a substrate used for the assay of
a-glucosidase activity. Moreover, BA can also efficiently bind with
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a-glucosidase-pNPG complex to form a tertiary complex. These results
indicate that a-glucosidase inhibition by BA is a mixed competitive in-
hibition. The inhibition by BA is a reversible process and interaction
between BA and a-glucosidase involves non-covalent bonds (Ding et al.,
2018b; Han et al., 2017). Estimated ICs¢ value of BA was (1.06 + 0.02)
x 107° mol L' and that of acarbose (positive control) was (1.76 +
0.03) x 10~ mol L™}, indicating that a-glucosidase inhibition by BA is
17 times lower than positive control. In spite of this result, BA would be
more preferable than acarbose as it can overcome the side effects caused
due to chronic medication involving acarbose or other synthetic
anti-diabetic drugs (Ding et al., 2018b).

5.7. Polysaccharides in guava

Guavas (Psidium guajava) are the common tropical fruits, native to
Mexico, Central America, northern & southern America and have
extended throughout many tropical and subtropical regions (Compen-
dium, 2017). In some studies, it has been demonstrated that in the
treatment of diabetes mellitus, guava juice can be used as an adjuvant
(Zhang et al., 2016). Extracts from guava can revive loss of body weight
and have hypoglycemic effect in streptozotocin (STZ) induced diabetic
rats (Huang et al., 2011). Polysaccharides that are water soluble have
been reported to have anti-hyperglycemic properties (Hu et al., 2013).
Zhang et al. have isolated GP90-1B (further purification of GP90) and
P90 as water soluble polysaccharides from guava and have experimen-
tally demonstrated their a-glucosidase inhibitory and antioxidant
properties [Fig. 5]. GP90 and P90 showed a dose-dependent inhibitory
effect on a-glucosidase with ECsg 2.27 pg/mL and 0.18 mg/mL respec-
tively, compared to positive control (acarbose) ECsp of 3.13 mg/mL.

This suggests that P90 and GP90 have 17 and 1379 times higher
inhibitory effect than positive control respectively (Zhang et al., 2016).
In a recent study, Jiao et al. (2018), extracted a novel hetero-
polysaccharide, GP70-3 from guava and manifested its outstanding
inhibitory effect on a-glucosidase. GP70-3 exhibited a-glucosidase in-
hibition in vitro, with ICsq value of 2.539 pM and that of acarbose was
4.744, indicating that GP70-3 has 1867 times higher inhibition activity
then positive control (Jiao et al., 2018). Besides this remarkable inhib-
itory effect, both of these polysaccharides have 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) radical scavenging activities, especially GP90, having
much higher activity than P90 and ascorbic acid (positive control)
(Zhang et al., 2016). Hence, from these results, it is evident that poly-
saccharides in guava are responsible for controlling postprandial hy-
perglycemia and reducing oxidative stress.

Other than guava, other sources of polysaccharide a-glucosidase
inhibitors are Abel fruit hull, fruit pulp pf Annona squamosa etc (Ren
et al.,, 2017; Zhang et al., 2015). They can provide new avenues to
anti-diabetic research.

5.8. Procyanidins from apples, grape seeds and cocoa beans
Procyanidins, obtained from apples, grape seeds, cocoa beans inhibit
a-glucosidase activity [Fig. 6]. In silico analyses reveal that B-type pro-

cyanidin dimer (BPD) binds to the active site of a-glucosidase through
both hydrophobic interactions and hydrogen bonding (Dai et al., 2019).

5.9. Galangin from rhizome of Alpinia galanga

Galangin, a flavonol obtained from the rhizome of the edible herb
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Alpinia galanga, reversibly inhibits a-glucosidase activity [Fig. 6]. It does
so via a monophasic kinetic process. It provokes a conformational
change of a-glucosidase by generating an o-glucosidase-galgangin
complex. Galangin interacts with the amino acid residues located within
the active site of a-glucosidase enzyme, thereby preventing the entry of
the actual substrate. This decreases the catalytic efficiency of the
enzyme (Zeng et al., 2019).

5.10. Leaves and twigs of Sesbania grandiflora

The leaves and twigs of Sesbania grandiflora, an edible medicinal
plant are found to be rich in flavonoids and terpenes such as vomifoliol,
loliolide, kaempferol and quercetin which exhibit a-glucosidase inhibi-
tory activity [Fig. 6] (Thissera et al., 2020).

5.11. a-glucosidase inhibitors in tea leaves

Extracts of Cyclocarya paliurus (CP) tea leaves inhibit a-glucosidase
activity at an ICsg value of 31.5 & 1.05 pg/mL which is very much lower
than the ICs value of 296.6 + 1.06 pg/mlL, i.e., of acarbose, the positive
control (Ning et al., 2019). The active components of the extract with
a-glucosidase inhibitory activity were quercetin-3-O-glucuronide,
quercetin, kaempferol-3-O-rhamnoside, kaempferol, genistein and
asiatic acid [Fig. 6]. Studies related to molecular docking have revealed
that these components can occupy the active sites of a-glucosidase more
easily than acarbose (Ning et al., 2019).

5.12. Phenolic antioxidants of selective breeding cultivations of foxtail
and little millet

In a particular study, the major phenolic antioxidants in the soluble
fraction of little millets have been found to be ferulic acid, sinapic acid
and caffeic acid. However, ferulic and p-coumaric acids were abundant

in the bound fractions. The phenolic antioxidants from little millets
showed higher inhibitory potential against a-glucosidase than foxtail
millet counterparts. Thus, millets can be used for the treatment of dia-
betes (Pradeep and Sreerama, 2018).

5.13. Anthocyanins from blackcurrant, blueberry and blue honeysuckle
fruits

The anthocyanins obtained from the extracts of blackcurrant, blue-
berry and blue honeysuckle fruits are glycosidic anthocyanins. They are
converted to anthocyanidins during acid hydrolysis and act as a-gluco-
sidase inhibitors. They are mixed-type inhibitors which establish
hydrogen bonds more efficiently to a-glucosidase than a-glucosidase-
substrate complex (Zhang et al., 2019).

5.14. Hydroxyl-a-sanshool and hydroxyl-f-sanshool from sinchuan
pepper

Sichuan pepper, a common ingredient for food seasoning, bears hy-
droxyl-a-sanshool (HAS) and hydroxyl-p-sanshool (HBS) as active
components. It has been reported that both HAS and HBS inhibit
a-glucosidase activity (ICsq value of 9.5 and 18.6 pg/mL) more strongly
than that acarbose, the positive control (ICsq value of 241 pg/mL) (Li
et al., 2020).

5.15. a-glucosidase inhibitors from edible seaweed
Fucoxanthin from extracts of edible brown seaweed Undaria pinna-

tifidae inhibits a-glucosidase activity through mixed type of inhibition
(Zaharudin et al., 2019).
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6. Non-dietary sources and their bioactive a-glucosidase
inhibitors

6.1. Ganomycin from an active ingredient of lingzhi mushroom

Polypore lingzhi mushroom (Ganoderma sp.) is an important source
of Ganomyecin I [Fig. 7]. It acts as a dual inhibitor of a-glucosidase and
HMG-CoA reductase. 3-hydroxy-3-methyl glutaryl coenzyme A reduc-
tase (HMG-CoA reductase) catalyses the conversion of HMG-CoA to
mevalonate, thereby augmenting cholesterol biosynthesis (Friesen and
Rodwell, 2004). According to Liu et al. ganomycin I has been found to
exhibit anti-diabetic effects on KK-Ay mice (Wang et al., 2017). The
para-dihydroxyl benzene moiety in its induces chemical instability. To
overcome this disadvantage, 14 ganomycin I derivatives were synthe-
sized and screened for their dual inhibitory effect on a-glucosidase and
HMG-CoA reductase activity in vitro. Of the 14 derivatives, (R,
E)-5-(4-(tert-butyl)phenyl)-3-(4,8-dimethylnona-3,7-dien-1-yl)furan-2
(5H)-one was found to exhibit substantial stability and potent dual
inhibitory activity. Further in vivo studies revealed that gut microbiota
augmented the therapeutic effects of this compound (Wang et al., 2018).

6.2. Oleanolic acid and ursolic acid from Queen’s crepe-myrtle

Six pentacyclic triterpenes isolated from Lagerstroemia speciosa
(commonly called Queen’s crepe-myrtle) leaves exhibited a-glucosidase
activity as follows: corosolic acid > maslinic acid > oleanolic acid> 23-
hydroxyursolic acid > arjunolic acid > asiatic acid (Hou et al., 2009). Of
these, oleanolic acid and ursolic acid are isomers which vary in the

glucosidase inhibitors from dietary sources.

position of a methyl residue connected to C-19 or C-20 position in their E
ring (Sheng and Sun, 2011). The study focussed on oleanolic acid and
ursolic acid as they can inhibit the increase of blood sugar level and
diabetic complications (Castellano et al., 2013).

Spectrophotometric study of change in absorbance due to interaction
of oleanolic acid and ursolic acid with a-glucosidase revealed that the
relative activity of a-glucosidase gradually decreased with increase in
the concentrations of oleanolic acid and ursolic acid in a dose-dependent
manner [Fig. 7]. In comparison to ursolic acid, oleanolic acid was found
to exhibit a higher inhibitory activity on o-glucosidase. Three-
dimensional fluorescence spectroscopic studies showed that in com-
parison to ursolic acid, oleanolic acid exerted a greater inhibitory effect
on a-glucosidase conformation. Adoption of circular dichroism (CD)
technique revealed the increase in the a-helical and random coil con-
tents conforming to the fact that the structure of a-glucosidase tends to
be more condensed in the presence of oleanolic acid and ursolic acid,
thereby inducing a decline in its stability and the a-glucosidase catalytic
activity (Ding et al., 2018a). Studies have also shown that the binding of
oleanolic acid to a-glucosidase induces its conformational change to
facilitate the binding of ursolic acid thereby resulting in synergistic
inhibitory effect on a-glucosidase activity. Oleanolic acid mainly in-
teracts with amino acid residues Trp14, Ser295, Ala289, His258, Lys12,
Tyr292, Lys262, Val265, Ile271 and Glu270 of a-glucosidase. On the
other hand, ursolic acid interacts with amino acid residues such as
Trp465, Glu405, Lys410, Asn411, Val407, Serl79, Argl80, GIn67,
Gln66 and Met69. Molecular docking simulation experiments have
revealed that hydrogen bond contributes immensely to the binding of
oleanolic acid and ursolic acid to a-glucosidase (Ding et al., 2018a).
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6.3. Stigmasterol, quercetin and avicularin from Mimosa pudica

In a particular study, a-glucosidase inhibitors from Mimosa pudica
were isolated through a bioassay mediated fractionation approach.
Repeated silica gel and sephadex LH 20 column chromatography of
bioactive fractions resulted in the identification of stigmasterol, quer-
cetin and avicularin whose ICs( values as compared to acarbose (351.02
+ 1.46 pg/mL) were found to be as 91.08 + 1.54, 75.16 + 0.92 and
481.7 + 0.703 pg/mL respectively (Tasnuva et al., 2017) [Fig. 7].
Stigmasterol or Wulzen anti-stiffness factor is 3.8 fold more potent than
acarbose. It acts as a metal chelator and lipid peroxide scavenger (Tor-
res-Piedra et al., 2010). Quercetin is 4.6 times more potent than the
acarbose. It protects the pancreas from oxidative stress (Li et al., 2009).
Avicularin, a quercetin derivative, also showed potent inhibitory effect
against a-glucosidase enzyme. Presence of a sugar moiety attached to
the quercetin skeleton significantly reduces the scavenging power of this
molecule (Kumar and Pandey, 2013).

6.4. Flavonoids from princess tree

Paulownia tomentosa (princess tree) of the Paulowniaceae family, a
deciduous tree widely spread in Korea, Japan and China, harbours a
large pool of metabolites of which geranylated flavonoids are the major
bioactive members (Handkova et al., 2015; Schneiderova and Smejkal,
2015; Smejkal et al., 2007). Various studies have revealed the antioxi-
dant effects of these compounds (Lee et al.,, 2014). Spectroscopic
analyses have shown that these flavonoids are characterized by the
presence of a geranyl group at their C-6 position. 8 such compounds
isolated from methanolic extracts from princess tree include flavanones
like mimulone, 30-O-methyldiplacone, 40-O-methyldiplacone, 6-ger-
anyl-30, 5, 50,7-tetrahydroxy-40-methoxyflavanone, 30-O-Methyl-50
-O-methyldiplacone and dihydroflavonols like 30-O-methyldiplacol,
40-O-methyldiplacol, and 6-geranyl-3,30,5,50,7-pentahydroxy-40-me-
thoxyflavane (Asai et al., 2008) [Fig. 8]. These components have been
found to exhibit mixed type inhibition against PTP1B with ICs( value of
1.9-8.2 pM and noncompetitive inhibition towards a-glucosidase with
ICs0 value of 2.2-78.9 pM. Mimulone is most effective against PTP1B



U. Hossain et al.

b [ TTTTIETERT

Food and Chemical Toxicology 145 (2020) 111738

Ganomycin 1

Oleanolic acid

Ursolic acid

OH
on OH
e}
COH
o]
Stigmasterol I Quercetin Avicularin
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with ICso value of 1.9 pM while 6-geranyl-3,30,5,50,7-pentahydrox-
y-40-methoxyflavane is a potent inhibitor of a-glucosidase with ICsg
value of 2.2 pM. Inhibition of a-glucosidase decreases postprandial
hyperglycaemia and the same time, protein tyrosine phosphatase 1B
(PTP1B) downregulates insulin signaling by catalyzing the dephos-
phorylation of the activated insulin receptor (Johnson et al., 2002).
PTP1B is a non-transmembrane phosphatase, belonging to the PTPs
enzymes family, is highly expressed in the tissues targeted by insulin
such as muscle, liver etc. (Dwek et al., 2002). Thus, such flavonoids
antagonize hyperglycaemia and significantly augment insulin sensiti-
zation (Song et al., 2017).

6.5. Thai folk medicinal formulations

Thai traditional medicinal system involves polyherbal preparations
for the treatment of diabetes. In a particular study inspired from Thai
Mor Porn’s folk medicinal recipe, 15 medicinal plants i.e., Vitex glabrata,
Acanthus ebracteatus, Zea mays, Mimosa pudica, Pandanus odorus, Dio-
spyros rhodocalyx, Abutilon polyandrum, Phyllanthus amarus, Senna sia-
mea, Terminalia catappa, Rhinacanthus nasutus, Salacia chinensis,
Acarbose, Legerstroemia speciosa and Senna alata were selectively
screened for their a-glucosidase activity. The study showed the ethanolic
extracts from V. glabrata (popularly called “Khai-nao” in Thai) to exhibit
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the highest a-glucosidase inhibitory activity (Somtimuang et al., 2018).
The genus Vitex of the family Verbenaceae consists of about 250 tropical
species most of which have been traditionally used for various treat-
ments. For example, V. cannabifolia is used as an analgesic, V. agnus as a
diuretic and V. trifolia against fever and inflammation (Somtimuang
et al., 2018). Chromatographic analyses of bark and leaf extracts of Vitex
glabrata has revealed the presence of ecdysteroids, 11a,20-dihydrox-
yecdysone, 7-dehydrocholesterol, pterosterone and 20-hydroxyecdy-
sone, khainaoside A,- B and - C [Fig. 9] (Chouhan et al., 2012; Sridevi
et al., 2012). Khai-nao has been used in Thai folk medicine as an anti-
pyretic, antidiarrheal and anthelmintic, for treatment of gastrointestinal
disorders and promotion of lactation (Chouhan et al., 2012). The etha-
nolic extracts of its leaves have been reported to exhibit
anti-inflammatory and antioxidant properties (Sridevi et al., 2012).

6.6. Flavonoids and caffeoylquinic acid from artemisia

Artemisia is a miscellaneous genus of plants having more than 400
species. Presence of various bioactive compounds including flavonoids
(Ferreira et al., 2010) and caffeoylquinic acids (Carnat et al., 2000)
makes Artemisia plants a promising hub of naturally occurring thera-
peutic agent of diabetes [Fig. 10]. Several recent researches profoundly
studied about the identification of bioactive agents present in this genus
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and their role as an alpha glucosidase inhibitor. Artemisia is used as
traditional herbal medicine for years for the treatment of diabetes (Islam
et al., 2013). Oral ingestion of alcoholic extract of Artemisia dracunculus
and Artemisia pallens was found to act as anti-hyperglycemic agent in
diabetic mice (Ribnicky et al., 2006; Subramoniam et al., 1996). Islam
et al. studied the a-glucosidase inhibitory activity of 12 species of this
genus and found that extracts from Artemisia capillaris are the most
potent inhibitor. Further isolation of the anti-hyperglycemic compounds
discovered several phenolic compounds like derivatives of caffeoyl-
quinic acids such as 1,5-dicaffeoylquinic acid, 3,4-dicaffeoylquinic acid,
3,5-dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid methyl ester, 4,
5-dicaffeoylquinic acid, 3-caffeoylquinic acid; flavonoids like quer-
cetin, cirsilineol, isorhamnetin, hyperoside and coumarins like escule-
tin, umbeliferone, daphnetin, 6-methoxy artemicapin C, scopoletin
(Islam et al., 2013). Olennikov et al. studied 12 Siberian Artemisia spe-
cies and found that all the plant extract have alpha glucosidase inhibitor
property (IC50 = 214.42-754.12 pg/mL; acarbose IC50 = 1209.59
pg/mL), with caffeoylquinic acid derivatives being the major inhibitors
(Olennikov et al., 2018).

6.7. Resin glycosides from morning glory

Morning glory is a mainly tropical plant belonging to Ipomoea genus.
The main bioactive compounds in this genus were found to be resin
glycosides (Pereda-Miranda et al., 2010). Resin derivatives are jalapi-
nolic acid (11S-hydroxyhexadecanoic acid) with glycosylation de-
rivatives. Out of 27 tested resin glycosidases, only four namely
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purginoside II, pescapreins V, pescapreins I and purgin III showed
a-glucosodase inhibitory effect with ICsq values of 1067, 724, 626 and
330 mM, respectively. These result clearly suggests that purgin III
exhibit almost similar inhibitory effect on a-glucosodase in comparison
to positive control (acarbose; ICsy value = 332.99 mM). Structure
analysis by molecular docking revealed that the residues, HIS279 and
GLN322 of glucosidase are responsible for the interaction with these
resin glycosidas which is similar to acarbose (Rosas-Ramirez et al.,
2018).

6.8. Flavonoids, tannins, saponins from Asparagus racemosus leaf
extracts

Root extracts of the Asparagus racemosus exhibit o-glucosidase

inhibitory activity lower than acarbose. The major active components of
the extract are flavonoids, tannins and saponins (Vadivelan et al., 2019).

6.9. Flavonoids, glycosides and tannins from the woody acer tree

Extracts from the leaves of the woody Acer palmatum and
A. truncatum tree bear flavonoids, glycosides and tannins which exhibit
a-glucosidase inhibitory activity (Zhang et al., 2019).

7. a-glucosidase inhibitors against COVID-19

Diabetic people with viral infection face an elevated risk of diabetic
ketoacidosis, a condition experienced in people with T1D. Diabetic
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Compounds isolated from V. glabrata.

Fig. 9.

ketoacidosis impairs fluid intake and electrolyte levels. This may lead to
sepsis. Sepsis and septic shock are important COVID-19 infection related
complications (Apicella et al., 2020).

Protein folding patterns of the spike protein (S) of the coronavirus
involves the N-glycosylation and calnexin pathway. Therefore, it is hy-
pothesized that inhibition of a-glucosidase I & II can disrupt SARS-CoV2
replication as observed in SARS-CoV1. Miglustat and celgosivir are
considered potent candidates for this purpose [Fig. 11] (Ritchie et al.,
2010; Fukushi et al., 2012; Williams et al., 2020). However, since
a-glucosidase inhibitors are not recommended in patients with diabetic
ketoacidosis, the use of miglustat and celgosivir may pose risk of
side-effects (Derosa and Maffioli, 2012).

8. Conclusion

Bioactive a-glucosidase inhibitors can potentially inhibit the break-
down of disaccharides and oligosaccharides and release of a-D glucose,
resulting in delayed absorption of glucose in the small intestine and
efficiently diminishes the postprandial hyperglcemia and its deleterious
physiological disorders. Recently isolated AGIs from various dietary
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Chemical structures of bioactive a-glucosidase inhibitors isolated from stem of V. glabrata (Somtimuang et al., 2018).

sources such as polysaccharides (GP 90, GP 70-3) from guava, possess
higher inhibitory effect than positive control (acarbose), whereas
betulinic acid, tannins from persimmon, anthocyanins, polyphenols
from berries and potatoes, galangin from rhizome of Alpinia galang,
anthocyanins from blackcurrant, blueberry and blue honeysuckle fruits,
procyanidins from apples, grape seeds and cocoa beans, hydroxyl-
a-sanshool and hydroxyl-p-sanshool from Sinchuan pepper, active
components from leaves and twigs of Sesbania grandifiora, edible
seaweed, millets & tea leaves and erythritol have more or less similar
inhibitory effect on a-glucosidase as compared to positive control. From
non-dietary sources, oleanolic acid & ursolic acid, ganomycin, flavo-
noids, stigmasterol, quercetin, caffeoylquinic acid, resin glycosides,
tannins, saponins and avicularin have proven to have more or less
similar potential as that of acarbose in context of a-glucosidase inhibi-
tion. As the above said compounds are in the stage of preliminary ex-
amination, further investigation and clinical trials must be carried out.
In summary, we could postulate that these compounds may be consid-
ered as potent AGIs in medication for ameliorating diabetic complica-
tions in future due to their immense efficiency in controlling
postprandial hyperglycemia and their least side effects.
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