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KEYWORDS Abstract The wax apple, Syzygium samarangense, is widely used in traditional medicine. We have
Syzygium samarangense; previously described a plethora of biological activities from its leaf extract. These include antioxi-
Diabetes mellitus; dant, anti-inflammatory, antiulcer, antitrypanosomal and hepatoprotective effects. Here, we
PPARY; explored the antidiabetic activities from the bioactive leaf extract in silico on two crucial receptors
GLP-1; involved in the management of diabetes disease namely peroxisome proliferator activated receptor
Molecular docking gamma (PPARY) and glucagon like peptide-1 (GLP-1) and in vivo against streptozotocin-induced

diabetic rats. Altogether, 457 secondary metabolites belonging to 10 classes (phenolic acids (86 com-
pounds), flavonoids (139 compounds), anthocyanins (61 compounds), alkylphenols (17 com-
pounds), chalcone (15 compounds), stilbenes (9 compounds), lignans (29 compounds), tannins
(29 compounds), tyrosols (13 compounds), and terpenes and others (59 compounds), were docked
into the active site of PPARy and GLP-1 receptors. From the PDB codes used for each receptor, the
co-crystallized ligand was extracted and docked together with a known reference ligand. This was
done simultaneously with docking the extract’s compounds to serve as references for comparative
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purposes. Out of the docked candidates, the top 30 compounds affording the best docking scores
were compiled for further inspection and they appeared to exhibit better scores than the respective
co-crystallized and reference ligands, highlighting the antidiabetic potential of the tested extract.
Nine compounds exhibited highly negative scores on both receptors, demonstrating their high prob-
ability of being potent antidiabetic agents through forming stable ligand-receptor complexes. These
activities were also confirmed in STZ diabetic rats where the extract reduced the elevated levels of
serum glucose and lipid peroxides and increased the declined serum insulin hormone level. Taking
all together, S. samarangense can be a potential candidate for further investigations for the treat-
ment of numerous health disorders including diabetes.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diabetes mellitus is a chronic disease happening due to limitations related
to either insulin release or/and insulin action. This defect is accompanied
with hyperglycemia which is the gate to further complications of the dis-
ease (American Diabetes Association, 2013). It is estimated that 642 mil-
lion adults aged 20-79 years would experience diabetes globally by 2040.
In addition, diabetes was responsible for 6.8% of global deaths in 2010
for people from the same age category (Zheng et al., 2018). These alarm-
ing statistics would assuredly view diabetes as one of the leading diseases
contributing to high morbidity and mortality rates worldwide.

Various types of diabetes exist; type I diabetes mellitus (T1DM),
type II diabetes mellitus (T2DM) and gestational diabetes (GDM),
however, most of the cases fall into the first two categories. TIDM
is characterized by decreased insulin secretion from the pancreas, par-
ticularly due to autoimmune destruction of pancreatic B-cells (Tan
et al., 2019). It accounts for only 5-10% of diabetes cases. On the other
hand, T2DM is a more prevalent form of diabetes (90% —95%) which
is usually due to a combination of insulin resistance and decreased
insulin secretion (American Diabetes Association, 2013, Tan et al.,
2019). The risk of developing T2DM increases with age, obesity, lack
of physical activity and it is also associated with genetic factors. In this
form of diabetes, hyperglycemia resulting from insulin resistance is
accompanied with a relatively insufficient compensatory release of
insulin. This hyperglycemic status usually goes undetected initially,
and then ends up with complications to various organs. T2DM compli-
cations are serious and costly and hence negatively impact the patient’s
quality of life (Tan et al., 2019). They are mainly sorted into macrovas-
cular, and microvascular complications. Macrovascular complications
refer to the large blood vessels of the circulatory system, particularly
those supplying heart, brain, and legs, the commonest of which is
atherosclerosis of coronary arteries being the major death cause among
diabetic patients. Microvascular complications of diabetes affect smal-
ler blood capillaries distributed all over the human body, causing com-
plications such as diabetic retinopathy and nephropathy. Moreover,
nerve damage (neuropathy) is also manifested as a very common com-
plication of diabetes. It can involve pain, numbness, ulcers, or atrophy
of the proximal organ (Zheng et al., 2018; Guthrie and Guthrie, 2004).

Management of T2DM involves lifestyle interventions and weight
control. This is usually paired with pharmacological drug approaches
which aim at lowering blood glucose levels by different mechanisms.
Some drugs affect insulin secretion either directly by stimulating the
pancreas to release insulin (sulfonylureas) or indirectly by providing
exogenous insulin analogues. Other drugs work on increasing insulin
sensitizations (thiazolidinediones) or decreasing gluconeogenesis in
the liver (biguanides) (Kaul et al., 2013).

Peroxisome proliferator activated receptor gamma (PPARY) is an
isoform of PPARs, which belong to the nuclear receptors superfamily
and are key transcription factors that regulate lipid and glucose meta-
bolism. PPARY is expressed in adipose tissue and in skeletal muscles, it
regulates glucose homeostasis, lipid uptake and adipocyte differentia-
tion (Ammazzalorso and Amoroso, 2019; Loza-Rodriguez et al.,

2020). Full and partial PPARY agonists can activate the receptor caus-
ing improvements in glycemic control. However, numerous side effects
were experienced with full agonists use; such as weight gain, renal fluid
retention, loss of bone density, and congestive heart failure. This made
research interests now more focused on developing candidates possess-
ing partial agonistic effect on PPARY, with reduced undesired adverse
effects (Frkic et al., 2021; Guasch et al., 2011; Cuthbertson et al.,
2012). Glucagon like peptide-1 (GLP-1) receptor is a G-protein cou-
pled receptor (GPCR) that belongs to class B family. It is expressed
in pancreatic islets, brain, kidneys, stomach, heart, and adipocytes,
and its activation by indigenous GLP-1 enhances insulin secretion.
This makes GLP-1 receptor an established target for the development
of drugs as antidiabetic agents (Cuthbertson et al., 2012).

The use of pharmaceuticals to treat T2DM is hindered by their
high cost and their possible side effects. Medical expenditure for dia-
betes patients is almost 3 times more than that of non-diabetic individ-
uals (Zheng et al., 2018). Furthermore, various shortcomings were
reported for diabetes medications, including hypoglycemia, weight
gain, water retention and risks of developing congestive heart failure
(Tan et al., 2019; Kaul et al., 2013). Consequently, the aim of this work
is to find safer and more cost-effective alternatives for T2DM manage-
ment, with potentially less adverse effects and accordingly a better
patient compliance. These advantages could be the highlights of
encouraging the use of natural phytochemicals for the treatment of
type 2 diabetes (Sobeh et al., 2019b).

Syzygium samarangense (commonly known as wax apple, Myrtaceae
family), is a fruiting plant that is well-known for its wide array of biological
activities (Mahmoud et al., 2021; Sobeh et al., 2016, 2018, 2019a). Previous
analysis of the plant’s constituents has revealed plenty of polyphenols
which are linked to the treatment of different diseases (Khandaker et al.,
2015). Leaf extracts of S. samarangense were reported to have antiulcer,
anti-inflammatory, analgesic, antioxidant, antifungal, spasmolytic, cytotox-
ic, antihyperglycemic, antidepressant and hepatoprotective effects. In addi-
tion, they were used for the treatment of fever, eczema and diarrhea in
southern China (Raj et al., 2021; Yang et al., 2018).

The phytoconstituents in the leaf extract were previously described
using LC-MS, and NMR (Sobeh et al., 2018, 2019a). Herein, we surveyed
all the identified metabolites from the species and we found 457 com-
pounds (Mahmoud et al., 2021). The possible mechanisms of the antidia-
betic effects of the leaf extract were explored in silico using a computational
approach on two different receptors that are recognized for their roles in
T2DM management; peroxisome proliferator activated receptor gamma
(PPARY) and glucagon like peptide-1 receptor (GLP-1). Furthermore,
the antidiabetic effects were investigated in vivo in STZ diabetic animals.

2. Materials and methods

2.1. Plant material

S. samarangense (Blume) Merr. & L.M.Perry leaves were col-
lected from full trees grown in private garden, 30 km away
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from Cairo on Cairo-Alexandria desert road during the spring-
time. The leaves were air dried, ground and extracted with
methanol (100 g, 3 x 0.5 L). The combined extracts were fil-
tered off and evaporated at 40 °C under reduced pressure till
dryness. The obtained residue was kept at — 80 °C then lyophi-
lized to yield a fine dry powder (Sobeh et al., 2018).

2.2. Molecular docking

Molecular modeling was performed through docking the
major metabolites identified in the extract into the active sites
of PPARY and GLP-1 receptors. The proteins’ structures were
downloaded from the Protein Data Bank (www.rcsb.org, PDB
IDs: 2Q5S and 60RYV). The downloaded proteins were pre-
pared before the docking process, where the unnecessary pro-
tein chains or ligands were removed, and the crystal structures
were protonated. The docked compounds were either down-
loaded directly as sdf files from PubChem or drawn using
the builder tool of Molecular Operating Environment
(MOE) software and saved as mol files. The compounds were
classified into 10 databases grouped according to their phyto-
chemical classes. Compounds’ ionization, partial charges, as
well as tautomeric states at pH 7.0 were checked and adjusted,
if necessary. Energy minimization was done using MMFF94x
force field. Structural water molecules at the protein ligand
interface, whenever available, were considered as an integral
part of the binding site since they are crucial in mediating
and improving hydrogen bonds. Docking was done using the
default MOE settings of placement (Triangle Matcher) and
scoring (London dG), and refinement was set to force field.
The scoring function was tested by a self-docking study which
indicated its ability to retain the docked poses with root mean
squared deviations below 2A°. The docked compounds were
evaluated based on the interactions of each pose to the sur-
rounding residues and the poses’ scores as an indication of
their binding affinity to the target protein. The poses’ scores
were compared to both the docked co-crystallized ligand pre-
sent in the PDB code as well as a docked reference ligand that
was previously reported to activate the receptor.

2.3. Antidiabetic activity

2.3.1. Animals

Male Wister rats (170-260 g) were provided by the animal
facility unit of King Fahd Medical Research Center, King
Abdulaziz University, Jeddah, Saudi Arabia. The local ethical
committee of Taibah University, Jeddah, Saudi Arabia had
approved the applied experimental protocol. According to
standard conditions, rats were housed under a temperature
of 24 £+ 5 °C, a relative humidity of 55 £ 5%, and normal
12 h light:12 h dark cycle. Rats had free access to food and
water. Animals were treated in accordance to care of animals
guidelines specified by WHO (Sobeh et al., 2017a).

2.3.2. Experimental protocol

Diabetes was induced as previously described (Singab et al.,
2005). Rats were randomly divided into 4 groups of 10 animals
each. The first group received vehicle for 10 days and was con-
sidered as the control group. The second group had rats with
the induced diabetes and named STZ-diabetic control (STZ

dose was 60 mg/Kg B.W, IP). Group 3 and 4 consisted of
STZ-diabetic rats which received daily (for 10 days) an oral
dose of 600 pg of glibenclamide (GLB) and 100 mg/kg of the
leaf extract, respectively. On day 11, the rats were anaes-
thetized and sacrificed. Trunk blood was then collected, the
serum was prepared, and the biochemical parameters were
determined as previously described (Omar et al., 2011; Sobeh
et al., 2017a). In brief, blood samples were centrifuged at
4 °C for 15 min at 3000 rpm and the sera obtained were used
for biochemical analyses. Serum glucose was estimated by the
glucose oxidase method. Serum immunoreactive insulin was
determined by the radioimmunoassay method using Amar-
sham insulin RIA kit using rat insulin as the standard. Lipid
peroxides expressed as thiobarbituric acid reactive substance,
(TBARS) production were determined according to the previ-
ous method (Sobeh et al., 2017b).

2.4. Statistical analysis

Values were expressed as mean = SEM. To analyze the differ-
ences between groups, statistical analysis was performed by
one-way ANOVA followed by Tukey’s post hoc test using
the software (GraphPad Prism, version 5, USA). Significance
was considered at a p value < 0.01.

3. Results and discussions

3.1. Molecular docking

Structure-based molecular docking has become a common tool
in early drug discovery process. It allows a rapid exploration of
vast chemical candidates and categorize them as potential hits
able to interact with a given target protein for the management
and treatment of a particular disorder. In the current work, the
major compounds that were identified and reported from the
previous literature in S. samarangense were docked into
PPARYy and GLP-1 receptors, which are substantially involved
in the prognosis of diabetes disease.

PPARY consists of an N-terminal ligand independent trans-
activation domain (AF1), a DNA-binding domain and a C-
terminal ligand-binding domain (LBD). The LBD contains a
ligand dependent transactivation function (AF2), it is a Y-
shaped structure formed of three arms: a hydrophobic
entrance (arm III) that branches into a polar arm (arm I)
and a hydrophobic arm (arm II) (Guasch et al., 2011; Zoete
et al., 2007). When ligands bind to PPARY, they specifically
attach to the ligand-binding domain of the receptor. The
receptor in turn forms a heterodimer with Retinoid X Receptor
o (RXRa) and binds to peroxisome proliferator response ele-
ment (PPRE). Coactivators or corepressors are then recruited
to the PPARY/RXRa complex promoting or repressing genes
transcription and consequently controlling cellular metabolic
homeostasis (Frkic et al., 2021). Full and partial PPARYy ago-
nists promote coactivator binding and genes transcription to a
different extent, where partial agonists have a weaker transac-
tivation activity on PPARY than full agonists. Nevertheless,
the antidiabetic activity of partial agonists is still maintained
via a different mechanism, which is the inhibition of PPARYy
phosphorylation at Ser273.

Full agonists demonstrated hydrogen bond interactions
with Tyr473 (H12), Ser289 (H3), His323 (H6) and His449
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(H11), they occupy arm I and arm II in the LBD and eventu-
ally contribute to H12 stabilization. The degree of transactiva-
tion of the full agonist is directly correlated to the degree of
H12 stabilization. Compared to the full agonist rosiglitazone,
partial agonists occupy arms II and III only in the LBD, and
they show statistically insignificant stabilization of H12 (resi-
dues 470 — 477) of the LBD (Guasch et al., 2011; Bruning
et al., 2007). Since partial agonists exhibit transactivation
responses without significantly stabilizing H12, they control
coactivator recruitment through a different approach, inde-
pendent of H12. X-ray crystallography as well as proton deu-
terium exchange (HDX) studies were used to explain the
transactivation response of partial agonists that appeared to
happen by stabilizing regions in the LBD other than H12,
specifically the B-sheet (residues 341-351) and H3 (residues
277-302). Since partial agonists are unable to contact H12,
the degree of transactivation of the partial agonist is directly
correlated to the degree of H3 stabilization (Bruning et al.,
2007). In addition to changes observed in H12 stabilization,
partial agonists demonstrated protection to exchange in the
B-sheet of the receptor, this can be explained by the hydrogen
bond network afforded between partial agonists and the B-
sheet (Bruning et al., 2007).

The crystal structure of PPARY bound to the partial ago-
nist n'TZDpa is deposited in the protein data bank (PDB ID:
2Q5S). The partial agonist n'TZDpa forms a hydrogen bond
with Ser342 through its’ 2-carboxy group of the indole ring
and another hydrogen bond with Glu343 that is water-
mediated. It also makes several hydrophobic interactions with
the B-sheet, particularly observed with Ile341. Other reported
partial agonists adopted hydrophobic interactions with
Cys285, Gly284, and Ile281 and a hydrogen bonding with
Arg288 in H3 (Bruning et al., 2007; Nolte et al., 1998).

As for GLP-1 receptor, it consists of 7 transmembrane
(TM) helices, a C-terminal intracellular domain, and an N-
terminal extracellular domain. Similar to other GPCRs, bind-
ing of a ligand to the extracellular domain of GLP-1 is trans-
duced to the inner of the cell, initiating a cascade of events. For
instance, when activated by GLP-1, the receptor stimulates the
adenylate cyclase pathway leading to increased cAMP as well
as increased intracellular calcium concentrations and conse-
quently boosting exocytosis of insulin-containing granules,
thus enhancing insulin release.

The crystal structure of GLP-1 receptor in complex with a
non-peptide agonist, TT-OAD2, was resolved (PDB ID:
60RYV). Compared to the peptide GLP-1, TT-OAD2 adopts
a different binding orientation within GLP-1 receptor, with
only 10 out of 29 common amino acid residues in their interac-
tions, indicating a limited overlap. The non-peptide agonist
experienced an orientation within the binding site that allowed
its protrusion through transmembrane helices 2 and 3, inter-
acting with residues located at the top of these helices, partic-
ularly Trp203. This is distinct from the interactions adopted by
GLP-1, which was more into TM5, TM6 and TM7 of the
receptor as well as side chains located deep in the bundle (par-
ticularly interacting with residues Tyr69, Argl21, Leul23 and
Glul128) (Underwood et al., 2010). On the other hand, most of
the reported interactions for TT-OAD2 were hydrophobic
contacts with Trp297, Phe230, Tyrl45, Leu201, Ile196,
Ala200, Leu217, Val229 and Met204. Additionally, the com-
pound forms an ionic interaction with Lys197 and interacts
through a hydrogen bond with Tyr220.

The docked compounds included in our study, with their
polyphenolic nature, are expected to maintain a polar network
and hydrophobic contacts within the binding sites of the two
receptors (Zhao et al., 2020). Docking of the databases on each
target was simultaneous with docking two compounds, the co-
crystallized ligand that is bound to the protein in the crystal
structure used, as well as a reference ligand that represents
another compound known to activate the receptor. For
PPARY receptor, the co-crystallized ligand in the crystal struc-
ture used was nTZDpa (PDB ID:2Q5S), while the reference
ligand was the partial agonist AL26-29. As for GLP-1 recep-
tor, the co-crystallized ligand is TT-OAD2 (PDB ID: 60RYV)
and the reference ligand is the non-peptide CHU-128. The
docking results of the co-crystallized and reference ligands in
the binding site of their respective receptor are shown in
Table 1.

Phenolic acids are classified into hydroxybenzoic acids,
hydroxycinnamic acids, hydroxyphenylacetic acids and
hydroxyphenylpropanoic acids. They act as antioxidant, anti-
inflammatory, immunoregulatory, anti-microbial, anti-
thrombotic, cardioprotective, and they are also reported to
have anti-cancer and antidiabetic properties (Rashmi and
Negi, 2020). The top phenolic acid derivative on PPARYy
receptor was  1-Sinapoyl-2-feruloylgentiobiose,  scoring
—28.79 kcal/mol. The compound forms a hydrogen bonding
network with Arg288, Ser342, Glu343 and forms hydrophobic
interactions with amino acids Leu330, Ile281, Cys285,
Table 1S. Concerning results on GLP-1 receptor, the com-
pound 1,2-Disinapoylgentiobiose was the top phenolic acid
derivative with a score of —12.63 kcal/mol. It forms a hydro-
gen bond network with Tyr220 and Arg299 in addition to
hydrophobic interactions with Trp297 and Arg299.

Flavonoids constitute a broad characteristic class of natural
polyphenols that can modulate enzyme functions and hence
possess numerous biological activities. They are known for
their antioxidant, antimutagenic and antitumor effects
(Panche et al., 2016). The prepared database of flavonoids con-
sists of 139 compounds, 113 of which showed better docking
score than both the co-crystallized compound (nTZDpa) and
the reference compound (AL26-29) on PPARy, Table 2S.
Interestingly, only three compounds in this large database
exhibited worse docking scores than the reference compound
(AL26-29). The interactions of the top scoring compound in
this class, Naringin 6’-malonate, included hydrogen bonds to
the residues Ser342, Glu259, Glu343 and Ser289 along with
hydrophobic interactions with Ile281, Ile341 and Arg288.
Docked naringin 6’-malonate scored 2 folds better than the
co-crystallized ligand, with an exact score of —30.90 kcal/mol.
When flavonoids were docked in the binding pocket of GLP-1,

Table 1 Docking scores of the respective co-crystallized
ligands and reference ligands in the binding sites of PPARy
and GLP-1.

Compound Docking scores (kcal/mol)
PPARY GLP-1

Co-crystallized ligand* —14.71 —11.58

Reference ligand ™ —11.47 —11.89

* nTZDpa on PPARy and TT-OAD2 on GLP-1 receptor.
" AL26-29 on PPARy and CHU-128 on GLP-1 receptor.
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Table 2 Selected docked top 30 secondary metabolites (glycosides and the respective aglycone) on PPARYy receptor (PDB ID: 2Q5S).

The scores are mean values of three simulations.

Compound name

PPARYy docking score (kcal/mol)

Anthocyanins (9 compounds) Glycoside Respective aglycone
Petunidin 3,5-O-diglucoside —30.74* —19.50
Petunidin 3-O-glucoside —27.75 —19.50
Pinotin A —27.96 -22.14
Petunidin 3-O-galactoside —26.99 —19.50
Cyanidin 3-O-sophoroside —27.87 —18.37
Cyanidin 3-0-(6"-succinyl-glucoside) —27.43 —18.37
Pelargonidin 3-O-glucosyl-rutinoside —27.62 —16.92
Pelargonidin 3-O-sophoroside —26.76 —16.92
Petunidin 3-0-(6"-p-coumaroyl-glucoside) —26.94 —19.50
Flavonoids (11 compounds)

Naringin 6'-malonate —30.73* —15.72
Rhoifolin 4'-O-glucoside —30.70* —24.99
Kaempferol 3-O-xylosyl-rutinoside —29.51 —16.22
Kaempferol 3-O-rhamnosyl-rhamnosyl-glucoside —29.24 —16.22
Chrysoeriol 7-O-(6""-malonyl-apiosyl-glucoside) —29.34 —14.00
Isorhamnetin 3-O-rutinoside —28.77 —17.33
Quercetin 3-0-xylosyl-rutinoside —28.15 —16.15
Myricetin 3-O-rutinoside —28.17 —17.95
Quercetin 3-0-(6"-acetyl-galactoside) 7-O-rhamnoside —28.08 —16.15
Neodiosmin —26.54 —15.97
Kaempferol 3-0-(2”-rhamnosyl-galactoside) 7-O-rhamnoside —27.30 —16.22
Phenolic acids (2 compounds)

1-Sinapoyl-2-feruloylgentiobiose —28.72

1,2-Disinapoylgentiobiose —27.69

Tannins (8 compounds)

Theaflavin 3'-O-gallate —31.64*

Procyanidin CI —31.08*

Theaflavin 3-O-gallate —30.17

Prodelphinidin dimer B3 —29.26

Epiafzelechin-(4b- > 8)-epicatechin 3,3'-digallate —29.05

Procyanidin dimer B2 3'-gallate —28.48

Procyanidin C2 —27.21

Procyanidin dimer B5S —26.81

* Top 5 scoring compounds on PPARY receptor.

27 compounds exhibited more negative scores than both the
co-crystallized ligand TT-OAD2 and the reference ligand
CHU-128. Myricetin 3-O-glucoside was the best flavonoid in
terms of its docking score to GLP-1 receptor with a score of
—16.24 kcal/mol. It interacted with amino acids in the binding
site by a hydrogen bonding to Cys226 and pi-pi stacking inter-
actions to Trp297. The hydrophobic interactions were
extended also to the amino acid residue Trp203.

Lignans are natural compounds having a core of two or
more phenylpropanoid units. They mostly exist as dimers
and are widely distributed across the plant kingdom. They
are reported to have a wide spectrum of activities, such as
antioxidant, antibacterial, antiviral, and antitumor effects
due to their structural diversity (Cui et al., 2020). Among the
29 lignans docked, 21 possessed better scores on PPARY recep-
tor than the co-crystallized and reference ligands, Table 3S.
Lariciresinol was the lignan with the best score of —18.71 kcal/-
mol, it interacts with the binding site through water mediated
hydrogen bonding with Gly284 and a hydrophobic interaction
with I1e281. However, isolariciresinol was the best scoring lig-
nan on GLP-1 receptor with a docking score of —12.62 kcal/-
mol. Interactions to the binding site were afforded via a pi-pi

stacking interaction with Trp297, a hydrophobic interaction
with Lys197 and a hydrogen bond with Tyr220.

Tannins are phenolic compounds, where the phenolic
groups act as electron scavengers allowing for the powerful
antioxidant properties of these compounds. They are also used
as anti-inflammatory agents, astringents for diarrhea and
diuretics (Khanbabaee and Van Ree, 2001; de Hoyos-
Martinez et al., 2019). Docking of the tannins database, which
consists of 30 metabolites revealed that 26 compounds scored
better than the co-crystallized and reference ligands on PPARy
receptor, Table 4S. Theaflavin 3'-O-gallate possessed a dock-
ing score of —31.77 kcal/mol, which is the best docking score
achieved across all classes. Examining the binding mode of this
compound, it was shown to directly make a hydrogen bond to
the essential residue Ser342 as well as Ile326, and it forms a
water mediated hydrogen bond network with Arg288 and
Glu343. Moreover, it interacts also with 11e326 via a
hydrophobic interaction. Docking results of this class of com-
pounds on GLP-1 receptor also seems promising, with 15 com-
pounds achieving more negative scores than the co-crystallized
and the reference ligands. The best scoring tannin on GLP-1
receptor was procyanidin C1 with a score of —15.15 kcal/mol,
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Table 3 Selected docked top 30 secondary metabolites ((gly-
cosides and the respective aglycone) on GLP-1 receptor (PDB
ID: 60RYV). The scores are mean values of three simulations.

GLP-1 docking score

Compound name

(kcal/mol)

Anthocyanins (9 compounds) Glycoside Respective
aglycone

Pinotin A —13.51 —10.07
Cyanidin 3-O-sophoroside —12.84 —7.76
Cyanidin 3-0-glucosyl-rutinoside —13.73 —7.76
Pelargonidin 3-O-sambubioside —13.31 -7.97
Malvidin 3,5-O-diglucoside —15.81" —8.84
Peonidin 3-O-rutinoside —13.14 —8.53
Pelargonidin 3-0-glucoside —13.86 -7.97
Cyanidin 3-O-xyloside —14.41 —7.76
Cyanidin 3-O-galactoside —14.74 —7.76
Flavonoids (12 compounds)
Kaempferol 3-O-xylosyl-rutinoside —14.53 —7.85
Myricetin 3-O-rutinoside —13.31 —10.43
Quercetin 3-O-sophoroside —12.98 -9.36
Luteolin 7-O-rutinoside —14.54 —8.13
Diosmin —1591° —7.53
Hesperidin —14.19 -9.32
Kaempferol 3-O-xylosyl-glucoside —13.82 —7.85
Myricetin 3-O-glucoside —16.35' —10.43
Apigenin 6,8-C-arabinoside-C- —14.69 —7.65
glucoside
Quercetin 3-O-rutinoside —14.08 -9.36
Narirutin —13.60 —7.80
Mearnsitrin —13.34 —13.41
Tannins (8 compounds)
Theaflavin 3'-O-gallate —13.09
Procyanidin C1 —15.33
Theaflavin 3-O-gallate —13.72
Prodelphinidin dimer B3 —14.15
Epiafzelechin-(4b- > 8)-epicatechin —13.86
3,3'-digallate
Theaflavin —14.50
Castalagin —13.55
Catechin 3'-glucoside —13.21 —8.83
Tyrosols (1 compound)
Demethyloleuropein —13.63

* Top 5 scoring compounds on GLP-1 receptor.

it forms a hydrogen bond with both Lys197, Cys296 and
hydrophobic interactions with Trp203 and Ala200.
Anthocyanins are glycosylated anthocyanidins, they are
colored, water-soluble phenolic compounds. Their intake is
associated with protection from neurogenerative and cardio-
vascular diseases, in addition to their known antioxidant prop-
erties (Mattioli et al., 2020). Docking of anthocyanins revealed
very promising results on PPARYy receptor, where 60 com-
pounds had more negative scores than nTZDpa and AL26-
29 out of 61 compounds in this database, Table 5S. The best
anthocyanin was petunidin 3,5-O-diglucoside whose best bind-
ing mode achieved a score of —30.61 kcal/mol. Examining this
pose, the compound forms direct hydrogen bonding with
Ser342, hydrogen bonding to Arg288, Gly284 and Glu343 that
are all mediated via structural water molecules. It also forms
Vander Waal interactions with Ile281. Thirty-three com-

Table 4 Docking results of the best scoring 30 compounds in
the crystal structure of PPARYy co-crystallized with a full
agonist (PDB: 4EMA).

Compound name Docking scores

(kcal/mol)
Anthocyanins (9 compounds)
Petunidin 3,5-O-diglucoside —17.76
Petunidin 3-O-glucoside —21.14
Pinotin A —18.16
Petunidin 3-O-galactoside —21.06
Cyanidin 3-O-sophoroside —20.21
Cyanidin 3-0-(6"-succinyl-glucoside) —20.57
Pelargonidin 3-O-glucosyl-rutinoside —18.37
Pelargonidin 3-O-sophoroside —17.62
Petunidin 3-0-(6"-p-coumaroyl-glucoside) —21.00
Flavonoids (11 compounds)
Naringin 6’-malonate —27.86
Rhoifolin 4'-0-glucoside —19.71
Kaempferol 3-O-xylosyl-rutinoside —24.32
Kaempferol 3-O-rhamnosyl-rhamnosyl- —24.81
glucoside
Chrysoeriol 7-O-(6""-malonyl-apiosyl- -23.69
glucoside)
Isorhamnetin 3-O-rutinoside -23.82
Quercetin 3-O-xylosyl-rutinoside —23.88
Myricetin 3-O-rutinoside -23.11
Quercetin 3-0-(6"-acetyl-galactoside) 7-O- —21.73
rhamnoside
Neodiosmin —22.23
Kaempferol 3-O-(2”’-rhamnosyl-galactoside) —25.76
7-O-rhamnoside
Phenolic acids (2 compounds)
1-Sinapoyl-2-feruloylgentiobiose —18.68
1,2-Disinapoylgentiobiose —18.28
Tannins (8 compounds)
Theaflavin 3'-O-gallate —25.75
Procyanidin C1 -22.92
Theaflavin 3-O-gallate —21.57
Prodelphinidin dimer B3 —26.14
Epiafzelechin-(4b- > 8)-epicatechin 3,3'- —20.55
digallate
Procyanidin dimer B2 3'-gallate -23.69
Procyanidin C2 —26.63
Procyanidin dimer BS -23.29

pounds belonging to anthocyanins showed promising results
on GLP-1 receptor with either equal docking scores or more
negative scores than both TT-OAD2 and CHU-128. Malvidin
3,5-O-diglucoside had a top score of —15.73 kcal/mol on GLP-
1 receptor among anthocyanins. It binds to Trp297 through a
pi-pi stacking interaction, and one of its glucosidic moieties
interacts with Ile196 through a hydrogen bond.

Chalcones are naturally occurring aromatic ketones. Their
structures include a reactive o, B-unsaturated carbonyl func-
tion which is highly electrophilic contributing to the biological
activities of this class. Chalcones are known for their anti-
inflammatory and their antitumor effect (Goyal et al., 2021).
The compound with the best score on PPARY receptor was
3-hydroxyphloretin 2'-O-xylosyl-glucoside, with a docking
score of —25.44 kcal/mol, Table 6S. The compound made
hydrogen bonds with the backbone of Ser342, and with the
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sidechains of the amino acids Arg288, Glu259 and Met329. It
formed hydrophobic interactions with Arg288 and Ile341. On
the other hand, docking of the database compounds in the
active site of GLP-1 receptor revealed that the best binder to
GLP-1 was floridzin, scoring —12.27 kcal/mol. Interactions
to the binding site of GLP-1 protein included hydrogen bonds
to Met204 and Cys296 as well as pi-pi stacking with Trp297.

Stilbenes (1,2-diphenylethylenes) are naturally occurring
phenolic compounds having antioxidant, neuroprotective and
antitumor effects. In addition, they are prescribed as anti-
obesity agents for their roles in regulating fat metabolism
(Benbouguerra et al., 2021). E-viniferin was predicted to have
the best binding affinity on PPARy with a score of —
23.09 kcal/mol, Table 7S. The binding of e-viniferin was sup-
ported by hydrogen bonds to Glu343 and Glu259 as well as
hydrophobic interactions with Arg288, Ile281 and Ile341.
For binding to GLP-1 receptor, pallidol was the top scoring
stilbene with —11.85 kcal/mol. The compound’s phenol groups
interacted with Trp203 and Leu217 through hydrogen bonds
and with Met233 through hydrophobic interactions.

Alkylphenols are organic compounds that can be found nat-
urally in plants extracts, in essential oils or from thermal cracking
of natural products such as brown coal and wood. They are pro-
duced industrially mainly by catalytic alkylation of phenols, cre-
sols, or xylenols. Their main industrial use is the manufacture of
surfactants (Fiege et al., 2000). Docking of alkylphenols into the
active site of PPARYy receptor revealed that the top scoring com-
pounds were resorcinol derivatives, with 5-tricosenylresorcinol
having the most negative score —17.53 kcal/mol, Table 8S. The
best binding mode for this compound showed a hydrogen bond
network with Arg288 and Glu343 mediated through structural
water molecules as well as a hydrophobic interaction with
Ile341. However, docking results on GLP-1 receptor afforded
scores that were less negative than both the co-crystallized ligand
as well as the reference ligand.

Tyrosol is a secoiridoid derivative present in olive oil. Tyr-
osol, and its derivatives, have a wide spectrum of biological
effects against hypertension, atherosclerosis, coronary heart
disease and insulin resistance (Karkovic Markovi¢ et al.,
2001). Docking in the binding site of PPARYy receptor
retrieved 10 out of 13 compounds scoring better than the
docked co-crystallized and reference ligands, Table 9S. The
best scoring tyrosol was oleuropein which made hydrogen
bonds with Ser342, Arg288 and Glu343. It also formed a
hydrophobic interaction with Ile281, all of which contributed
to a docking score of —21.41 kcal/mol. Its demethylated ana-
log, demethyloleuropein, was the best docked tyrosol on
GLP-1 receptor with a docking score of —13.81 kcal/mol.
The glucosidic part of the compound afforded 2 hydrogen
bonds with Tyr220. The rest of the interactions are hydropho-
bic ones, such as interactions with Trp203 and Trp297.

Terpenes, also called isoprenoids, are a large group of nat-
ural compounds that are known for their antiplasmodial,
antiviral, anticancer and antidiabetic activities. They are subdi-
vided according to the number of isoprene units in their struc-
tures (Cox-Georgian et al., 2019). The top scoring terpene on
PPARy receptor was carnosic acid, with a score of
—20.07 kcal/mol, Table 10S. The compound forms a salt
bridge with Arg288. Phlorin possessed the best score on
GLP-1 receptor among this class of compounds, with a score
of —12.01 kcal/mol. Phlorin afforded a hydrogen bond with
Tyr220 and a hydrophobic interaction with Trp203.

Comparing the results obtained across all docked classes of
compounds, it was found that the best results were obtained
for anthocyanins, tannins, and flavonoids on both receptors,
PPARy and GLP-1. >80% of the compounds in each of the
three databases scored better than nTZDpa and AL26-29 on
PPARYy. As for GLP-1, 54% of anthocyanins database and
51.7% of tannins database scored better than TT-OAD?2 and
CHU-128 while flavonoids followed afterwards with 19.4%.
Anthocyanins was the class of compounds with the best results
on both receptors; where 98.3% and 54% of the compounds
scored better than the relevant co-crystallized as well as refer-
ence ligands on PPARy and GLP-1, respectively. The top 30
compounds across all classes with the most negative scores
on PPARy and GLP-1 are compiled in Table 2 and Table 3,
respectively. The listed scores are average scores of three differ-
ent simulations. The detailed results of the three individual
simulations on each of the two receptors were compiled in
Table 11S and Table 12S, and the standard deviations were
calculated. Noteworthy, the compounds docked to PPARy
receptors showed a very comparable binding fashion to the
partial agonists as they afforded interactions with the amino
acids in H3 and B-sheet (particularly Ser342) but not with
amino acids in H12 (particularly Tyr473). In addition, the
docked poses of the compounds on GLP-1 receptor mimic
the binding modes of the reference non peptides, TT-OAD2
and CHU-128. This was illustrated through preserving polar
and hydrophobic interactions with the reported amino acids
in TM2 and TM3. Nine compounds were among the top 30
on both receptors. These compounds are: cyanidin 3-O-
sophoroside, epiafzelechin-(4b- > 8)-epicatechin 3,3'-digallate,
kaempferol 3-O-xylosyl-rutinoside, myricetin 3-O-rutinoside,
procyanidin C1, prodelphinidin dimer B3, theaflavin 3'-O-
gallate, pinotin A, and theaflavin 3-O-gallate.

Among this compiled list of top compounds, the structures
of the best scoring 5 compounds on each of PPARy and GLP-
1 receptors were grouped in Fig. 1. The top 5 compounds on
PPARY receptor were two tannins: theaflavin-3'-O-gallate (a,
CID: 71307578), procyanidin C1 (b, CID: 169853), two flavo-
noids: naringin-6’-malonate (¢, CID: 74819370), rhoifolin-4'-
O-glucoside (d, CID: 5282150) and one anthocyanin: petunidin
3,5-0O-diglucoside (e, CID: 71587075). Their best poses demon-
strated average scores of —31.64, —31.08, —30.73, —30.70 and
—30.74 kcal/mol, respectively. Moreover, the best scoring 5
compounds on GLP-1 were two flavonoids: myricetin-3-O-
glucoside (f, CID: 22841567), diosmin (g, CID: 5281613),
one tannin: procyanidin C1 (b, CID: 169853) and two antho-
cyanins: malvidin 3,5-O-diglucoside (h, CID: 159287), cyanidin
3-O-galactoside (i, CID: 441699). Their best poses demon-
strated average scores of —16.35, —15.91, —15.33, —15.81
and —14.74 kcal/mol, respectively. It was recognized that com-
pound (b) was among the top 5 scorers on both PPARy and
GLP-1 receptors. This latter finding suggests a possible
multi-target antidiabetic activity for this compound, and hence
it can serve as a lead compound for further modifications to
obtain candidates with potentially high antidiabetic activities
on either or both receptors.

From the top 5 scoring candidates on each target, the best
compound from each phytochemical class was picked for visu-
alization of its 2D interactions with the amino acids of the
binding site. Fig. 2 highlights the interactions of compounds
(a), (¢) and (e) with PPARY receptor, while Fig. 3 highlights
those of compounds (f), (b) and (h) with GLP-1 receptor.
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Fig. 1  Chemical structures of the top 5 compounds on each of PPARY and GLP-1 receptor. (a) theaflavin-3'-O-gallate, (b) procyanidin
C1, (¢) naringin-6’-malonate, (d) rhoifolin-4'-O-glucoside, (e) petunidin 3,5-O-diglucoside, (f) myricetin-3-O-glucoside, (g) diosmin, (h)

malvidin 3,5-O-diglucoside, (i) cyanidin 3-O-galactoside.

Moreover, the binding mode of the top scoring compound was
examined on each receptor (Fig. 4). In Fig. 41, compound (a)
afforded hydrogen bonds and hydrophobic interactions with
the amino acid residues in PPARY binding site as discussed
previously. It is clear from the figure that the residues involved
in the full agonist action (represented by the red ribbon on the
top right of the figure) were spatially away from the binding

site and thus are not involved in the interactions with the
docked ligand, suggesting the ligand’s activity on the receptor
in a partial agonistic fashion. In Fig. 411, compound (f) pre-
served the hydrophobic and hydrogen bonding interactions
with the residues of GLP-1 receptor. This was particularly evi-
dent through the pi-pi stacking between compound (f) and
Trp297.
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Fig. 2 The interactions of the best scoring anthocyanin (e; top left), tannin (a; top right), and flavonoid (¢; bottom) with the residues in
the binding site of PPARY receptor. Blue dotted lines represent direct hydrogen bonding with residues’ backbones, green dotted lines
represent direct hydrogen bonding with residues’ sidechains, gold dotted lines represent interactions through solvent molecules, and green

arene-hydrogen lines indicate hydrophobic interactions.

To exclude the potential full agonistic activity of the com-
pounds, the best 30 compounds in terms of their docking
scores on PPARYy were compiled into a database and were sub-
jected to a secondary virtual screening step. The compounds
were docked into a different crystal structure of PPARYy which
is complexed with the full agonist rosiglitazone (PDB ID:
4EMA). The docking results are shown in Table 4. All the
30 compounds exhibited more negative docking scores in the
partial agonists’ binding site than their scores in the full ago-
nists’ binding site. This revealed that the compounds docked
better into the partial agonists’ site. Through the inspection
of the binding modes as well as the interactions of the 30 com-
pounds with the amino acids lining the binding site of full ago-
nists, it was found that most of the compounds preserved their
binding modes like partial agonists and they maintained the
crucial interactions needed for partial agonistic effect without
interacting with amino acids reported for full agonistic
activity. Out of the 30 compounds, only 4 compounds showed
several poses displaying interactions with amino acids reported
for full agonistic activity; petunidin 3-O-glucoside, cyanidin 3-
O-sophoroside, pelargonidin 3-O-sophoroside and isorham-
netin 3-O-rutinoside. This requires additional inspection of

these compounds for possible presence of full-agonists’ side
effects.

In an attempt to compare the binding modes of our ligands
to reported partial as well as full agonists, the best candidate,
theaflavin-3'-O-gallate (a), was superimposed separately on
each of the co-crystallized ligands in the two crystal structures
2Q5S and 4EMA. The compound appears to be well overlayed
with the partial agonist ligand in 2Q5S than with the full ago-
nist ligand of 4EMA. In Fig. 5I, compound (a) displays inter-
actions with crucial amino acids for partial agonistic activity in
agreement with the co-crystallized partial agonist. On the other
hand, it appears in Fig. 5II that, unlike the co-crystallized full
agonist rosiglitazone, compound (a) didn’t display interactions
with the crucial residues for full agonistic activity, such as
Ser289 and Tyr473.

Herein, we present polyphenolic compounds that can be
further modified for possible optimum antidiabetic hits either
through their action on PPARy or GLP-1 receptors. Some
of the compounds are glycosides, and it’s hard to control the
bioavailability of glycosylated compounds as their bioavail-
ability depends on the type of sugar moiety involved. Conse-
quently, the extent of absorption and hydrolysis of such
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Fig. 3 The interactions of the best scoring anthocyanin (h; top left), tannin (b; top right), and flavonoid (f; bottom) with the residues in
the binding site of GLP-1 receptor. Blue dotted lines represent direct hydrogen bonding with residues’ backbones, green dotted lines
represent direct hydrogen bonding with residues’ sidechains, green arene-hydrogen lines as well as green arene-arene lines indicate

hydrophobic interactions.

compounds can’t be predicted unless pharmacokinetic studies
were performed. To address this issue, the respective aglycones
of all glycosylated compounds present among the top candi-
dates were docked to both PPARYy and GLP-1. The docking
results of aglycones were worse than that of the glycosylated
derivatives on the two targets. However, the aglycones still dis-
play docking scores that are better than (in PPARY) or compa-
rable to (in GLP-1) the co-crystallized/reference ligands. The
docking scores of the aglycones on PPARy and GLP-1 are
shown in Tables 2 and 3, respectively.

3.2. In vivo antidiabetic activities

Motivated by the promising data obtained from the in silico
studies, we decided to evaluate the potential of the oral admin-
istration of S. samarangense extract to mitigate the diabetic
status in rats with STZ-induced diabetes. The effects of the
studied extract on the serum levels of glucose, insulin, and lipid
peroxides is shown in Fig. 6. Blood glucose level is a perfect
biomarker to follow up and monitor the patients’ diabetic
status as it meets the necessary criteria needed for this purpose.
It enables diagnosis, evaluating the management and predict-
ing the complications of the disease (Krentz and Hompesch,

2016). It was shown that STZ injection lead to 243% increase
in the serum glucose level, Fig. 6. Oral administration of S.
samarangense extract resulted in 53.2% reduction in the ele-
vated serum glucose level (compared to STZ diabetic animals),
which was very comparable to the effect of the reference drug
glibenclamide. Noteworthy, this effect obtained by the extract
showed to be significantly different from the diabetic control
(» < 0.01) and did not differ significantly from the normal
control group.

Oral hypoglycemic therapies used to manage diabetes dis-
ease usually exert their effect by stimulating the pancreatic
beta cells to secrete insulin hormone, hence lead to rise in
the serum insulin level following administration (Ganesan
et al., 2018). Fig. 61l reveals that diabetic rats had their serum
insulin hormone reduced by 37.4% compared to the normal
control group. Rats orally treated with the studied extract
showed 35.6% elevation in their serum insulin level compared
to the diabetic group, an effect that showed to be significantly
different (p < 0.01) from STZ-diabetic rats and not signifi-
cantly different from that of the reference drug used in the
study.

Lipid peroxides are the oxidation products of different fat
materials such polyunsaturated fatty acids and phospholipids.
Lipid peroxides are mainly associated with the vascular com-
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I. Three dimensional representation of compound (a) in the active site of PPARY receptor. II. Three-dimensional representation

of compound (f) in the active site of GLP-1 receptor. An electrostatic molecular surface was created surrounding the amino acids
constituting the binding site. Side chains of amino acids were omitted for clarity. Red dotted lines indicate hydrogen bonding while blue
dotted lines indicate hydrophobic interactions. Secondary structures of receptors including red alpha helices, yellow beta sheets and blue

turns are displayed.
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I: Superimposition of the top compound theaflavin 3'-O-gallate (magenta) on the partial agonist n'TZDpa (green) in the binding

site of 2Q5S, II: Superimposition of the top compound theaflavin 3'-O-gallate (magenta) on the full agonist rosiglitazone (green) in the
binding site of 4EMA. Red dotted lines indicate hydrogen bonding while blue ones indicate hydrophobic interactions.

plications of diabetes mellitus as they can degenerate cellular
proteins, inactivate vital enzymes, destroy phospholipid-
based structures like the cell membrane and some subcellular
structures such as lysosomes, microsomes, and mitochondria
leading to their malfunction (Vedasree et al., 2022) . There
is, indeed, considerable evidence that hyperglycemia associated
with diabetes disease leads to an increased production of reac-
tive oxygen species (ROS) due to an altered erythrocytes’
membrane function, which in turn inhibits the activity of
superoxide dismutase enzyme. Accumulation of ROS results
in lipids peroxidation and hence, elevated lipid peroxides level.
As shown in Fig. 6III, induction of diabetes by STZ in rats
resulted in 250% increase in the serum level of peroxides rela-
tive to normal animals. Oral administration of S. sama-
rangense extract showed 48.5% reduction of the lipid

peroxides serum level, an effect that surpassed that of the ref-
erence drug, glibenclamide, and showed to be significantly dif-
ferent from the diabetic control group (p < 0.01). This
enhanced effect of the extract could be mainly attributed to
its rich content of different classes of polyphenols including fla-
vonoids, tannins, glycosides, and phenolic acids that are well
renowned with their powerful antioxidant potential.

Taking together the results of both in silico and in vivo stud-
ies conducted in this work, it is obvious that the considerable
antidiabetic potential of the extract is attributed to its high
content of polyphenols. Both PPARy and GLP-1 receptors
are possible molecular targets for the extract’s components
(mentioned above). Our results came in agreement with the
previously related literature that reported the antidiabetic
activity of the polyphenols identified in the S. samarangense



12

R.M.H. Rashied et al.

400 -
Q) a

300 -
2
ST 20 - b
) 2 a,b
g £ _
Z
@ 100 -

0 T T
20 -
an)
15 - a
=
s E b
g2 104 -
i b
T =
R -
3§ s5-
£
0 T T

Fig. 6

20 A

T ()

15 A

10 A

[U/mL]

Serum insulin hormone

[1 Untreated control

Hl STZ-diabetic rats

@I Extract-STZ-diabetic rats
E= GLB-STZ diabetic rats

In vivo antidiabetic results of S. samarangense extract (100 mg/kg) on STZ-induced diabetic rats. (I) serum glucose, (II) serum

insulin hormone, and (III) lipid peroxide. Results are shown as mean + S.E.M. (n = 10). *"Significantly different from normal control,

and diabetic group at p < 0.01.

extract. For instance, anthocyanins, which are among the
major extract’s components, have been recently reported to
exert hypoglycaemic effect through the inhibition of alpha glu-
cosidase and alpha amylase enzymes, thus interfere with the
starch digestion leading to a consequent hypoglycaemia
(Oliveira et al., 2020). Kaempferol and myricetin along with
their derivatives are as well among the compounds prevailing
in S. samarangense extract. Different mechanisms of action
were reported to explain the antidiabetic effect of kaempferol
derivatives including enhancing the cellular uptake of glucose,
stimulating the pancreatic beta cells function and leptin hor-
mone regulation (Zang et al., 2015). On the other hand, myr-
icetin derivatives, in accordance with our in silico results,
were reported to have an agonistic effects on GLP-1 receptors,
which in turn lead to insulinotropic action (Li et al., 2017). In
view of our results, we propose, here in, that the components
of S. samarangense extract could as well activate the PPARy
receptors and hence improve the glucose homeostasis via
increasing the expression of glucose transporters and enhanc-
ing the insulin sensitivity. Moreover, they can increase insulin
secretion via activating GLP-1 receptors.

The condensed tannin, procyanidin C1, was found to be a
potential insulin sensitizer that works through improving the
differentiation of 3 T3-L1 adipocytes, which in turn enhances
insulin-induced glucose uptake (Sun et al., 2019). Our in silico
data revealed the potential of this compound to activate
PPARYy receptors, an action that leads to enhancing insulin
sensitivity. A recent study has reported the regulatory effect
of theaflavin-rich fraction from green tea on adipogenesis, a
pathway that involves the PPARy receptors (Park et al.,
2019). In our study, two theaflavin derivatives were among
the top compounds that docked successfully to PPARY recep-
tors. Moreover, different hydrolysable and condensed tannins
isolated from several plant extracts such as Stachytarpheta

indica, amaranth leaves, finger millet, and sunflower seeds were
reported to exert an antidiabetic effects (Kasali et al., 2016;
Kunyanga et al., 2011). It is also crucial to consider the sub-
stantial antioxidant potential of the polyphenol-rich extracts
that alleviates the cellular oxidative stress and guard against
the vascular complications of diabetes disease. Similar antidia-
betic effects were reported from tannins rich extracts (Ximenia
americana var. caffra and Albizi harveyi) and polyphenols rich
extracts (Eugenia uniflora and Eremophila maculata) (Sobeh
et al., 2017a,b; 2019b; Youssef et al., 2017).

4. Conclusions

The leaf extract of S. samarangense contains plenty of previously char-
acterized polyphenols. These compounds were compiled into various
chemical classes and docked into the active sites of two receptors that
are recognized for their roles in T2DM management, PPARy and
GLP-1. Our molecular modelling results revealed that anthocyanins,
tannins and flavonoids were the best scoring classes on the two recep-
tors. The top candidates on each receptor were highlighted and it was
found that, out of the best scoring candidates, nine compounds
demonstrated good binding affinities on both receptors suggesting
their possible roles as antidiabetic agents with dual mechanisms. More-
over, the studied extract at 100 mg/kg was able to improve the glyce-
mic parameters, including serum glucose, insulin, and lipid peroxide
levels in STZ-diabetic rats. Further studies are recommended to isolate
and investigate, on a molecular level, the binding potential of the nine
compounds identified in our study towards PPARy and GLP-1 to pre-
sent them as lead compounds for treatment of diabetes disease.
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