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ARTICLE INFO ABSTRACT

Keywords: p-Boswellic acid (5-BA) and 11-keto-p-boswellic acid (8-KBA) are crucial bioactive compounds, mostly isolated
HYPOglyc‘?miC' from frankincense. These compounds are known for their potent anticancer and anti-inflammatory activities.
p-Boswellic acid Herein, we have explored the complete anti-diabetic potential of #-BA and -KBA with detailed parameters. This

11-keto-p-boswellic acid
Glibenclamide
Streptozotocin-induced diabetes
Dipeptidyl peptidase 4

research revealed that treatment with -BA and $-KBA at a dose of 1, 2, and 10 mg/kg body weight for 21 days
significantly improved body weight loss, water consumption, and specifically the concentration of blood glucose
level (BGL) in diabetic animals, which indicated that the -BA and -KBA possess strong anti-diabetic activities.
Serum total superoxide dismutase (SOD) and malondialdehyde (MDA) assays were also performed to evaluate
the antioxidant effects. The biochemical analysis revealed that these compounds improve an abnormal level of
several biochemical parameters like serum lipid values including total cholesterol (TC), triacylglycerol (TG), low-
density lipoprotein cholesterol (LDL-C) to a normal level and the high-density lipoprotein cholesterol level (HDL-
C). To understand the mechanism of action of f-BA and p-KBA, their most probable biological targets were
searched through the inverse docking approach. Our computational analysis reflects that among other probable
targets, the Dipeptidyl peptidase 4 (DPP-4) enzyme could be one of the possible binders of -BA and -KBA to
produce their anti-diabetic activities. These in-silico results were validated by an in-vitro experiment. It indicates
that the anti-diabetic effects of f-BA and p-KBA are produced by the inhibition of DDP-4. Thus, these anti-
diabetic, antioxidant, and anti-hyperlipidemic effects of f-BA and p-KBA suggest these compounds as potential
therapeutics for diabetic conditions.

1. Introduction individual lives, families, and societies. The global diabetes prevalence
in 2019 was estimated to be 9.3% (463 million people) which will in-
Diabetes is a long-lasting and serious disease that globally affects crease up to 578 million (10.2%) and 700 million (10.9%) by 2030 and

Abbreviations: AMPK, Activators of 5 adenosine monophosphate-activated protein kinase; ALP, alkaline phosphatase; ALOX5, Arachidonate 5-Lipoxygenase; BGL,
blood glucose level; -BA, p-Boswellic acid; f-KBA, 11-keto-#-boswellic acid; DPP-4, Dipeptidyl peptidase 4; COSY, Correlation spectroscopy; DEPT, Distortionless
enhancement by polarization transfer; DS, Docking score; EMA, European Medicines Agency; GIP, gastric inhibitory polypeptide; GDM, Gestational diabetes mellitus;
GLP-1, Glucagon-like peptide-1; GPR, G-protein coupled receptor; HMQC, Heteronuclear multiple quantum coherence; HMBC, Heteronuclear multiple bond
coherence; HDL, High density lipoprotein; InsR, Insulin receptors; IDF, International Diabetes Federation; LDL, Low density lipoproteins; MDA, malondialdehyde;
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2045, respectively. The prevalence in an urban area (10.8%) is higher
than in the rural (7.2%) areas, and in high-income countries (10.4%)
than low-income countries (4%) [1].

Natural products have gained great attention as a source of drug
candidates globally and their use in drug discovery has increased to
promote the traditional healthcare systems. About 80% of the world’s
population uses plant-based traditional health remedies due to their
affordability and therapeutic safety [2]. Several species of Boswellia have
shown interesting medicinal properties. The compounds f-BA and
B-KBA (which belong to a group of pentacyclic triterpenoids) are solely
isolated from the resins of Boswellia spp. with superior medicinal ac-
tivities [3]. They inhibit growth and affect apoptosis in brain tumors,
colon cancer cells, breast and prostate cancers cells, malignant glioma
cells, and leukemia cells [4-7]. Moreover, their biological activities
against ulcerative colitis, asthma, chronic colitis, hepatitis, inflamma-
tion, and arthritis are well documented [8-13]. They also act as chronic
inflammatory agents, mainly by blocking the activities of 5-lipoxyge-
nase and different cytokines (interleukins and TNF-a) [14-17]. Boswel-
lia extract and S-KBA exert significant anti-diabetic potential by
inhibiting the expression of proinflammatory cytokines from
immune-competent cells and eventually prevent insulitis and insulin
resistance in T1D and T2D, respectively. They can be considered as a
promising therapy for the treatment of T1D and T2D [18-21].

Recently, we have reported boswellic acid derivatives as active in-
hibitors of a-glucosidase [3]. Considering the antidiabetic potential of
boswellic acids, two main boswellic acids ($-BA and S-KBA) were iso-
lated from Boswellia sacra in the current study and scrutinized in in vivo
model of high-fat diet and low dose STZ-induced T2D with detailed
parameters. Moreover, the inverse-docking approach was applied to
predict the most appropriate physiological drug targets for -BA and
S-KBA. During the search for biological targets of these compounds, the
Dipeptidyl peptidase 4 enzyme was identified as one of the potential
binders of f-BA and pS-KBA to exert their anti-diabetic activities.
Dipeptidyl peptidase 4 (DPP-4, EC3.4.14.5) inhibitors are relatively new
drugs used in T2D that significantly reduce blood glucose [22]. DPP-4 is
a class of exopeptidase that selectively cleaves dipeptides at the N-ter-
minal of different substrates including incretin hormones, neuropep-
tides, growth factors, and cytokines [23]. DPP-4 inhibitors (gliptins)
were first introduced in 2006 for the oral treatment of T2D. The DPP-4
inhibitors increase the concentration of incretin glucagon-like peptide-1
(GLP-1) and gastric inhibitory polypeptide (GIP) hormones which in
turn stimulate the secretion of insulin and inhibit the secretion of
glucagon [24]. These two hormones stimulate insulin secretion under
hyperglycemic conditions and contribute to ~70% of the post-prandial
insulin secretion [25-27]. GLP-1 and GIP are peptide hormones with a
short biological half-life due to rapid enzymatic degradation of these
hormones by the DPP-4 enzyme [27-29]. Orally, small active molecules
can be used to inhibit DPP-4. The administration of DPP-4 inhibitors
leads to 2-3-folds elevation of endogenous GLP-1 concentration [30].
Other than GLP-1, DPP-4 has an indirect target” or “off-target” that also
contributes to the normalization of glycemia in T2DM [31]. More,
recently treatment of COVID 19 patients with DPP-4 inhibitors (sita-
gliptin) at the time of hospitalization was found to be associated with
low mortality and improved clinical outcomes [32,33], thus making
them useful agents for patients with COVID 19 and T2D. Several DPP-4
inhibitors including sitagliptin, saxagliptin, linagliptin, and alogliptin
are approved by the FDA, whereas Vildagliptin has approval by the
European Medicines Agency (EMA). However, these DPP-4 inhibitors
have shown several side effects such as, upper respiratory tract and
urinary tract infections, anaphylaxis, angioedema, nasopharyngitis,
pancreatitis, headache, and arthralgia [34-36].

In this study, the antidiabetic potential of f-BA and p-KBA was
studied initially in vivo model of high-fat diet and low dose STZ-induced
T2D. Later, the antioxidant effects of f-BA and p-KBA were examined
through total superoxide dismutase and malondialdehyde assays.
Additionally, the anti-hyperlipidemic effects of f-BA and -KBA were
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studied by examining the levels of total cholesterol, triacylglycerol, low-
density lipoprotein cholesterol, and high-density lipoprotein choles-
terol. While the mechanism of action of these compounds was predicted
by in-silico inverse docking, which revealed that the anti-diabetic effects
of the compounds are due to the inhibition of the DPP-4 enzyme. The
complete mechanism of -BA and $-KBA is shown in Fig. 1.

2. Experimental
2.1. Plant material and identification

The oleo-gum resins of B. sacra were collected from various locations
of the Dhofar region (Sultanate of Oman) by a trustful partner (Mr. Saleh
Al-Amri). The specimen (BSHR-01/2016) was deposited in the herbar-
ium of the Natural and Medical Sciences Research Center (NMSRC).

2.2. Extraction and isolation

The air-dried ground material (1 kg) of B. sacra resin was exhaus-
tively extracted with pure methanol at room temperature. The extract
was dried by evaporating solvent through Rota vapor to yield methanol
extract (820 g) which was subjected to column chromatography (SiOa,
70-230 mesh; Merck, Munich, Germany) using a gradient solvent sys-
tem of 10-60% n-hexane/EtOAc, then washed by pure EtOAc to get
eight fractions (BSF1-BSF8). After taking TLC, three fractions BSFs ;
(20-40% EtOAc/n-hexane) were combined and further subjected to
column chromatography, using gradient solvent system of EtOAc/n-
hexane to get a mixture of two compounds; -BA and -KBA, which
were further purified by recycling chloroform HPLC and eluted as a UV-
active (#-KBA) and UV-inactive (-BA) at a retention time of 42 min with
4 ml/min flow rate. After in vitro study, both compounds (5-BA and
p-KBA) were selected for further in vivo antidiabetic studies.

2.3. Chemicals

The ingredients of the high-fat diet such as casein sodium salt from
bovine milk, cholesterol, sodium cholate sodium carboxymethylcellu-
lose (Na-CMC), and DL-methionine were purchased from Sigma Aldrich.
Vitamin and mineral complex were purchased from the local Pharmacy,
whereas yeast powder and vegetable oils were procured from the local
market.

Different organic solvents and chemicals used in extraction were
purchased from local suppliers of Merck Germany. Streptozotocin
(Sigma Aldrich), glibenclamide (Sanofi Aventis Pharma (Pvt) Ltd.,
Pakistan), and glucose estimation kits (S.D Chek Gold Germany) were
used in this study. Other reagents used in this study were tween-80
(Scharlau Chem. Spain), normal saline (Utsoka Pharma (Pvt) Ltd
Pakistan), biochemical reagents for lipid profile, LFTs Kits (Human
Germany) and RFTs kit (Bioneed Germany diagnostic).

2.3.1. Animals

Adult Sprague Dawley rats in the weight range of 150-200 g were
housed in the animal house of the Department of Pharmacy, University
of Swabi, Khyber Pakhtunkhwa, Pakistan. The rats were divided into
two dietary groups. One group was given a normal pellet diet (NPD) and
the other groups were fed on a high-fat diet (HFD) (powdered NPD=
36.5 g, vegetable oils 31. g, casein 25 g, cholesterol 1 g, sodium cholate
0.5 g, vitamins and mineral complex 6 g, D-L methionine 0.3 g, yeast
powder 0.1 g, sodium chloride 0.1 g) for two weeks. The animals were
maintained at 12 h light and dark cycle at room temperature maintained
at 22-25C in the animal house. All animal procedures were approved by
the Departmental Animal Ethical Committee, University of Swabi, KPK,
Pakistan (DAEC/PHARM/2016/15) and were conducted according to
the UK animal scientific procedure act, 1986.
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Fig. 1. The mechanism of -BA and p-KBA. Both the compounds inhibit the DPP-4 enzyme in micromolar concentration. DPP-4 inactivates the incretin hormone
which inhibits glucagon release and stimulates insulin release, thereby decreasing blood glucose level. f-BA and $-KBA increase the incretin by inhibiting DPP-4, thus

decreasing the blood glucose level.

3. Biological assays
3.1. Examination of acute toxicity of -BA and -KBA

The acute toxicity of f-BA and f-KBA were determined by using adult
Sprague Dawley rats weighing in the range of 160-200 g, according to
the method described by Irwin (1968) [37]. The animals were divided
into six groups (n = 6) for f-BA and -KBA. Group 1 was used as a
control which received 1% Tween 80 (vehicle) orally. Other groups
(Group II- Group VI) received -BA and -KBA ata dose of 1, 2, 5, 10, and
20 mg/kg orally. Each animal was subjected to various parameters
including writhing, convulsions, aggressiveness, hypersensitivity, sali-
vation, lacrimation, spontaneous activity, ataxia, and catalepsy 30 min
before injection (baseline) and then at O (straight after injection), 30 and
60 min, 24, 48 and 72 h and 1 week after administration. All the animals
were observed for the same kind of behavioral, physical, and pharma-
cological toxic effects.

3.2. Induction of hyperglycemia

Hyperglycemia was induced in overnight fasting Sprague Dawley
rats by a single intraperitoneal (i.p) injection of Streptozotocin (STZ,
50 mg/kg) reconstituted with ice-cold normal saline (0.9%). After 72 h
of STZ injection, blood was collected from tail vein puncture with one-
touch Glucometer strips using an SD glucometer (Germany) for esti-
mation of glucose levels. Rats with fasting blood glucose lev-
els> 300 mg/dl were considered diabetic and selected for the study.

3.3. Experimental design

All the animals were randomly divided into 9 groups (8 rats in each
group). The first group served as normal control (non-diabetic) and
received vehicle and NPD whereas the rest of the treatment groups were
given HFD. The second group served as diabetic control and received
STZ (50 mg/kg). The third group received a standard drug, glibencla-
mide (0.5 mg/kg, p.o). The fourth, fifth, and sixth groups were given
S-BA orally at a dose of 1, 2 & 10 mg/kg, respectively. Whereas the
seventh, eighth, and nine groups received -KBA at a dose of 1, 2 &
10 mg/kg, respectively. The treatment was continued once daily at
09:00 am for 21 days. Bodyweight and blood glucose levels were esti-
mated on the 1st, 5th, 8th, 10th, 15™ and 21st day of treatment [38].

3.4. Estimation of biochemical parameters

After the completion of the antidiabetic assay on the 21st day, all
animals were anesthetized with pentobarbital sodium (35 mg/kg) and
euthanized by cervical decapitation using the method described in
schedule 1 of the animal scientific procedure act 1986 and blood sam-
ples were collected through the cardiac puncture to study biochemical
and oxidative parameters [39]. Collected blood was centrifuged at
1500g for 10 min for the separation of serum. The serum sample was
then analyzed by a spectrophotometer (Perkin Elmer, Germany) for the
determination of serum glutamic-pyruvic transaminase (SGPT), serum
glutamic-oxaloacetic transaminase (SGOT), and serum alkaline phos-
phatase (ALP) using standard IFCC kinetic method (Bioneed kit Ger-
many). Total cholesterol (TC), triglycerides (TG), low density
lipoproteins (LDL), high-density lipoprotein (HDL), and serum creati-
nine were determined by CHOD-PAP [40]. Furthermore, C-peptide was
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measured by Auto-analyzer or ELISA Kits.
3.5. Antioxidant activity

3.5.1. Lipid peroxidation

Malondialdehyde (MDA) in serum was assayed by using a thio-
barbituric acid (TBA) reactive substance at high temperature, thus
resulting in the formation of a colored complex, which was expressed as
nanomoles per milliliter plasma with a molar absorption coefficient of
156,000 M l.em! at A = 532 nm [41]. The reaction mixture consisted
of 1 mM potassium permanganate, 10 mM phosphate buffer (pH 7.4),
and the tested compounds. In the first step, 10 mM ferrous sulfate was
added twice to initiate the reaction. Then, 20% trichloroacetic acid was
added to stop the reaction process. Finally, malondialdehyde (MDA)
reacted with thiobarbituric acid to form a colored product.

3.5.2. Superoxide dismutase

The serum superoxide dismutase (SOD) was determined following
the previously described method [42] with modification. The absor-
bance of the reaction mixture was read at A = 540 nm against the blank.

3.6. Histopathological assessment of liver, kidney, and pancreas

At the end of the study, after euthanasia, the liver, kidney, and
pancreas tissues were fixed in 10% formalin solution for 48 h. The tis-
sues were properly washed in running tap water, and dehydrated in
descending grades of isopropanol and cleared in xylene. The tissues were
then embedded in molten paraffin wax. Approximately 5 um thick sec-
tions were prepared using a microtome and stained with Hematoxylin
Eosin (H/E). The histopathological evaluation included 4-5 sections
from each organ. Histopathological analysis of the liver, kidney, and
pancreatic tissues was carried out under a light microscope 400X. His-
tological parameters were scored as described previously [43]. The
visible histopathological features were graded and indicated as no
change, mild, moderate and severe and were subsequently converted
into numerical scoring consisting of Score 0 = no visible cell damage;
Score 1 = damage < 30% of the tissue; score 2 = damage to 30-60% of
the tissue; score 3 = Extensive necrosis involving damage to > 60% of
the tissues.

4. Statistical analysis

All the values of blood glucose, body weight, and biochemical pa-
rameters were represented as mean + S.E.M. Two groups were
compared using Student’s t-test, and more than two groups were
compared by one way ANOVA followed by Dunnett’s posthoc multiple
comparison test. The non-parametric data based on scoring from histo-
logical studies were evaluated by the Kruskal-Wallis nonparametric
analysis of variance (ANOVA) followed by the Dunns Posthoc test. Dif-
ferences between groups were considered significant at p < 0.05.

4.1. In vitro inhibition of DPP-4 activity

The colorimetric assay against DPP-4 activity was based on a method
described by Parmar et al. with slight modifications [44]. The assay was
carried out by monitoring the DPP-4 mediated cleavage of the substrate
GPPN to release p-nitroanilide, at 405 nm. Briefly, in a 96-well micro-
plate, DPP-4 (150 U ml—1), dissolved in Tris-HCl (50 mM, pH 8.0), was
pre-incubated at 37 C, for 10 min, with the tested samples (0-200 pM)
dissolved in DMSO [final concentration of 9.1% (v/v)]. Subsequently,
GPPN (0.25 mM), dissolved in Tris HCl (50 mM, pH 8.0), was added.
Kinetic readings were initiated immediately after the addition of GPPN
and maintained for 60 min, at 37 C. The enzymatic reaction was
monitored using an ELISA plate reader (Spectra Max M2, Molecular
Devices, CA, USA), by measuring the absorbance at 405 nm. The con-
centrations of DPP-4 and the tested samples refer to those attained
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before the addition of the substrate. The amount of DMSO used had no
interference in the assay. The effects are expressed as the % inhibition of
DPP-4 activity, calculated using the slope of the enzymatic reaction
between 5 and 60 min. Sitagliptin (0-0.8 uM) was used as positive
controls. The percent inhibition was calculated by using the following
formula:

% Inhibition = 100-(OD test well/OD control) x 100

5. Results and discussion
5.1. Isolation of f-BA and -KBA

S-Boswellic acid was isolated as a white amorphous powder from the
methanol extract of B. sacra resins. The molecular ion peak at m/z
455.3996 was determined by the high-resolution electrospray ionization
mass spectrometry (HR-ESI-MS, Agilent 6530 LC Q-TOF (country of
origin USA/EU, made in Singapore) corresponding to the loss of proton
[M—H] ", leading to the molecular formula C3oH4g03. The 'H- and 3¢
NMR spectra were recorded on nuclear magnetic resonance (NMR)
spectrometer (Bruker, Ziirich, Switzerland) operating at 600 MHz
(150 MHz for 13C) using the solvent peaks as internal references (CDCl3,
H: 7.26; C: 77.0). 'H NMR spectra showed the presence of five tertiary
methyls, two secondary methyls, and one double-bonded proton at &y
5.12 in the compound. The analysis of 13C NMR data along with the
distortionless enhancement by polarization transfer (DEPT) experiments
and heteronuclear multiple quantum coherence (HMQC) correlations
revealed the presence of seven methyls, nine methylenes, seven
methines, and seven quaternary carbons, one carboxylic group at 8¢
183.16, two olefinic carbon atoms at 8¢ 124.5 and 139.61. Based on the
evidence given above and 2D NMR experiments using 'H-'H correlation
spectroscopy (COSY), HMQC, and heteronuclear multiple bond coher-
ence (HMBC) further confirmed the position of a double bond between
C-12 and C-13 and carboxylic acid at C-24 poison, as a result, the
structure was determined as $-BA (Fig. 2) [3,45].

Similarly, 11-keto-g-boswellic acid was isolated as white crystals
from the methanol soluble extract of B. sacra resin. The mass spec-
trometry (HR-ESI-MS) exhibited a molecular ion peak at m/z 471.3473,
[M+H]" corresponding to the molecular formula C3gH4704 (calculated
for C3oH4604, 470.3396). 'H NMR spectra displayed the presence of two
secondary methyls, five tertiary methyls, and one double-bonded proton
at 8y 5.12. 3C NMR data along with the DEPT experiments and 2D
(HMQC and HMBC) correlations revealed the presence of 30 carbons
including seven methyls, eight methylenes, seven methines, and eight
quaternary carbons. Two olefinic carbon atoms at ¢ 131.3 and 167.61,
one carbonyl group at &c 202.0, and one carboxylic group at &c 180.9
were determined by DEPT experiment. The position of these functional
groups at C-12/13, C-11 and C-24 were further confirmed by 2D (HSQC,
HMBC, and COSY) experiments) [3,45] and as a result, the structure was
determined as f-KBA (Fig. 2).

S COH p-BA ~ COH pKBA

Fig. 2. The chemical structures of #-BA and p-KBA.
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5.2. Acute toxicity of p-BA and $-KBA in STZ-induced diabetic rats

In the acute toxicity studies, the administration of -BA and $-KBA
was found safe at a dose level of 1, 2, 5, 10, and 20 mg/kg. The com-
pounds did not produce any significant harmful changes in the behavior
of the animals as observed by lack of convulsions, respiratory distress,
writhing, changes to reflex activity, or mortality.

5.3. Antihyperglycemic effects of f-BA and -KBA. in STZ-induced
diabetic rats

The effects of f-BA, f-KBA, and glibenclamide on serum glucose
levels in STZ induced diabetic rats are shown in Table 1. The standard
reference drug, glibenclamide (0.5 mg/kg, p.o.) significantly reduced
fasting blood glucose levels on day 5th, 7th, 10th, 15% and 21st day as
compared to the diabetic control group as shown in Table 1. Chronic
administration of #-BA at a dose of 1, 2, and 10 mg/kg also produced a
significant antihyperglycemic effect on the 5th day onward in STZ-
induced diabetic rats and significantly lowered the blood glucose
level. The mean blood glucose level was reduced from
254 + 25-137 + 18 mg/dl at the highest dose tested (10 mg/kg).
Similarly, the oral administration of f-KBA at a dose of 1, 2, and 10 mg/
kg also produced a significant reduction in blood glucose level as shown
in Table 1. Thus #-BA and $-KBA demonstrated good antihyperglycemic
activity and did not cause any hypoglycemic effect unlike insulin and
other synthetic drugs [46].

5.4. Effect of f-BA and -KBA on Body Weight in STZ-induced diabetic
rats

In diabetic control (untreated) rats, continued weight loss was
observed till the end of the study (21 days treatment). During this
period, a significant reduction in their body weight was recorded.
However, STZ mediated bodyweight reduction was reversed by g-BA
and p-KBA at the dose level of 1, 2, and 10 mg/kg and caused an
improvement in body weight significantly (Table 2). This improvement
in body weight was compared to that of glibenclamide-treated rats. This
reversal of body weight loss can be attributed to the hypoglycemic effect
of -BA and p-KBA.

5.5. Effects of p-BA and $-KBA on biochemical in STZ-induced diabetic
rats

The lipid profiles, the activity of hepatic marker enzymes, and renal
function in serum in control and experimental rats are depicted in
Table 3. In STZ-induced diabetic control rats, significant (**p<0.01,
n = 8; Student’s t-test) increase in total cholesterol (TC), TG, LDL
cholesterol, and serum creatinine and a significant decrease (*p<0.05,
n = 8; Student’s t-test) in HDL cholesterol was observed as compared to
the normal control. Whereas the administration of -BA and S-KBA (at
the dose of 1, 2, & 10 mg/kg, given for 21 days) showed a significant
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(**p<0.01, ***p<0.001, n = 8; one way ANOVA with Dunnett’s posthoc
test) reduction in TC, TGs and LDL cholesterol and dose-dependent in-
crease of HDL cholesterol level as compared to the diabetic control rats.
Furthermore, -BA and -KBA (1, 2 & 10 mg/kg) significantly reduced
the serum SGPT, SGOT, ALP, and serum creatinine in rats intoxicated
with STZ (**p<0.01, ***p<0.001, n = 8; one way ANOVA with Dun-
nett’s posthoc test). Studies have shown that liver cells are destroyed
irreversibly by STZ which increases the levels of different enzymes
including SGPT, SGOT, and serum ALP in the blood [47]. In this study,
B-BA and p-KBA significantly reduced the activities of these enzymes.
This indicates the protective effects of f-BA and $-KBA on hepatocytes.
Chronic hyperglycemia can also cause nephropathy that increases serum
creatinine [48]. The reduction of serum creatinine by these compounds
in treated rats may be due to the lowering of blood glucose levels.
Furthermore, there was a slight decrease in c- peptide in the
STZ-induced diabetic control group; however, it was statistically not
significant when compared to the normal control and compounds
treated groups (p > 0.05; n = 6) (Table 4).

5.6. Antioxidant activity of -BA and f-KBA

Increasing evidence suggests the involvement of oxidative stress in
hyperglycemia, impaired glucose tolerance, and diabetic complications.
Oxidative stress is also implicated in beta-cell dysfunction and insulin
resistance [49,50]. Furthermore, lipid peroxidation alters the antioxi-
dant defense mechanism of the body leading to further impairment in
glucose metabolism, extensive membrane damage, and dysfunction
[51]. Thus, plasma malondialdehyde (MDA) serves as a useful marker of
oxidative stress in pathological processes [52]. Serum total superoxide
dismutase (SOD) IS one of the main antioxidant enzymes which main-
tains the cellular levels of oxygen within the physiological concentra-
tions by converting superoxide anion radicals produced in the body to
hydrogen peroxide [53]. Thus, SOD activity is a measure of the reactive
oxygen species’ elimination ability of the body indirectly. In the present
study, compared with normal rats, MDA levels in diabetic control rats
were significantly increased, whereas SOD activity was significantly
decreased at the end of the treatment period. Oral administration of
B-BA and p-KBA at the dose of 2 and 10 mg/kg, significantly decreased
serum MDA level (p<0.05, 0.01), and increased serum SOD levels
(p<0.05, 0.01) as compared to the diabetic control group. The standard
reference drug glibenclamide also caused a significant decrease in serum
MDA level and enhanced serum SOD levels indicating antioxidant effect
(Table 4).

6. Histopathological analysis
6.1. Effect on liver
Fig. 3 shows the histopathological analysis of liver tissues and their

description in Table 6 after the treatment period. Fig. 3A shows that liver
architecture is normal in control animals. Liver sections in these animals

Table 1

Effect of daily oral administration of -BA, #-KBA, and Glibenclamide on blood glucose level of STZ-induced diabetic rats.
S. No Groups Dose (mg/kg) 1% day 5% day 8™ day 10™ day 15% day 21° day
1 Normal control 0.4 ml 106 + 8 110+ 5 108 + 6 105 + 4 112+ 3 108 + 6
2 Diabetic control 0.4 ml 251 + 20 274 £18 290.87 £+ 20 316 + 14 336 + 30 354 £ 21
3 Glibenclamide 0.5 265 +11 213 + 23* 180 + 15* * 171 £ 12*% * 152 + 11* ** 126 + 10* **
4 p-BA 1 231 £13 223 £ 14 * 210 £17 * 190 +£ 16 * 169 + 12 * 150 + 32 *
5 p-BA 2 240 + 20 216 £12°* 205+ 14 * 180 £11 * 164 £ 10 * * 145 £12* *
6 p-BA 10 254 +£ 25 210 £15* 210 £19* 167 £18 * * 150 £ 14 * * 137 £18 * **
7 p-KBA 1 264 +£11 218 £10 * 205+ 13 * 185+ 10 * 160 + 11 * * 155 + 12 **
8 p-KBA 2 248 +10 210 £12* 200 +11 * 176 £10 * * 168 £ 9 * * 148 £12* *
9 P-KBA 10 245 + 24 209 £5* 201 +£98 * 163 £45 * * 164 +24 * * 136 + 34 * **

The values are expressed as mean + SEM. (n = 8 in each group). *P< 0.05, * *P< 0.01,

ANOVA followed by Dunnett’s multiple comparison test).

**P< 0.001 as compared with diabetic control at the same time (one-way
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Effects of f-BA and $-KBA on percentage bodyweight (B.W)t in STZ-induced diabetic rats.

Groups Dose (mg/kg) B.W on 1st Day B.W (g) on 5th day B.W (g) on 8th day B.W (g) on 10th day B.W (g) on 15th day B.W (g) on 21st day
Normal control 0.4 ml 178 + 22 168 + 31 158 + 45 154 + 45 140 +£19 125 +78

Diabetic control 0.4 ml 152+ 7 157 + 4 * ** 161 + 45 165 + 32 169 + 22 175 + 82
Glibenclamide 0.5 153 + 4 170 £5* * 178 + 43 * * 187 + 67 * * 192 £ 23 * * 200 + 45 * *

p-BA 1 162+ 3 176 £4* * 180 £ 22 * * 182 £ 78 * * 196 + 33 * * 203 +£ 04 **

p-BA 2 163 + 4 167 £ 6 ** 170 £ 34 * * 172 £ 28 * * 186 £ 13 * * 200 + 23 * *

S-BA 10 161 + 4 168 +9 172 + 23 * * 177 + 39 183 +£21 * * 198 + 34

P-KBA 1 149 +9 167 £8* * 170 £ 18 * * 172 £ 24 * * 179 £41 * * 199 £ 27 * *
P-KBA 2 156 + 53 169 £2* * 173 £29* * 177 £35* * 188 £ 24 * * 197 £ 28 * *
S-KBA 10 152 + 43 172 + 42 % * 175 £ 32 % * 187 + 98 * * 196 + 20 * * 207 £ 39 * *

The values are expressed as mean + SEM. Each value corresponds to a mean of 8 animals. *p<0. 05, * *p<0.01; comparison of (diabetic control) vs (Glibenclamide, and
B-BA and B-KBA treated groups) (One way ANOVA followed by posthoc Dunnett’s multiple comparison test).

Table 3

The Effect of -BA and $-KBA on biochemical parameters in STZ-induced diabetic rats.

Groups Dose (mg/  TC (mg/dl) TG (mg/dl) HDL (mg/dl) LDL (mg/dl) SGPT (IU) SGOT (IU) ALP (IU) Serum Creatinine (mg/
kg) dn
Normal Control 0.4 ml 203 £ 6.10 324 +7.40 15+21 279 £ 3.5 214 + 3.4 217 £ 4.5 372 £18.5 1.54 £ 0.3
Diabetic 0.4 ml 2353+3.4** 267.0+69** 19.2+22* 2654+79 171.24+11.8 243.4+421** 293.8+17.3** 24+03**
Control
Glibenclamide 0.5 136.7 £5.3 127.3 £ 6.5* * 87.3+ 4.5 385+35**% 185+25%%* 1269 £ 4.3 ** 0.6 £0.1
S-BA 1 142.2 £ 4.3 139.5+5.7 * * 52.6 + 2.2 23.4+£80** 229+39** 201.2+17.55** 0.8+0.1
S-BA 2 1525+ 75** 1348+55** 456+45** 41.5+3.6*** 21.4+10** 21.7+£49** 191.2 £16.52* * 0.7 £ 0.2 * **
p-BA 10 132+ 3.2** 1348 £55** 356+45** 91.5+ 3.6 29.4+10** 26.8+4.9** 189.2 +£15.21 ** 0.6 £ 0.2 * **
S-KBA 1 1522 +£43** 1435+5.7** 365+1.1** 90.6+2.2* 235+80** 348+39** 201.2 +£16.55 * * 0.5 £0.1 * **
S-KBA 2 151.5+75** 127.8+55** 346+35** 895+3.6*** 224+10** 21.7+49** 181.2 £17.22** 0.7 £ 0.2 * **
p-KBA 10 167.2+£24** 169.8+27** 346+35** 763+72%* 288+28** 342+32%* 162.0 +£19.56 * * 0.9 £ 0.5 * **

Each value is mean + SEM of 8 animals. Comparisons were made between a normal control to diabetic control using student t-test (*p < 0.05, **p < 0.01) and between
diabetic control to Glibenclamide/ p-BA and p-KBA) treated groups using one way ANOVA followed by Dunnett’s posthoc multiple comparison test (** p < 0.01,

*xxp < 0,001).

Table 4
Effect of g-BA, f-KBA on serum MDA, SOD and c-peptide.
Groups Dose MDA (nmol/ml) SOD U/ml c-peptide
(mg/ ng/ml
kg)
Normal 0.4 ml 2.60 £+ 0.09 260.5 + 8.5 0.09 £ 0.02
Control
Diabetic 0.4 ml 7.12 +0.05° 180.4 £ 6.4 * * 0.06 + 0.02
Control
Glibenclamide 0.5 3.20 £ 0.09 * ** 240.6 + 7.8 * ** 0.08 + 0.01
p-BA 1 6.25 + 0.05 255.5+ 5.4 0.07 £ 0.02
p-BA 2 5.45 £ 0.07 * 220.2+52* 0.08 £ 0.01
p-BA 10 3.75 £ 0.06 * ** 230.5+7.3** 0.09 + 0.01
p-KBA 1 5.95 + 0.04 250.4 + 6.8 0.06 + 0.02
p-KBA 4.98 +0.06 * 2153+ 6.5* 0.07 £ 0.02
p-KBA 10 3.50 £ 0.08 245.6 + 4.8 * * 0.08 + 0.01

Each value is mean + SEM of 8 animals. Comparisons were made between
normal control to diabetic control using student t-test (***p < 0.001) and be-
tween diabetic control to Glibenclamide -BA and -KBA) treated groups using
one way ANOVA followed by Dunnett’s posthoc multiple comparison test
((*p < 0.05, ** p < 0.01, ***p < 0.001).

showed unremarkable lines, parenchyma comprised of portal triads,
central vein, and hepatocytes are arranged in cord fashion separated by
sinusoidal spaces. STZ-induced diabetic animals showed severe patchy
hemorrhagic necrosis of hepatocytes and periportal inflammation
accompanied by dilation in sinusoidal spaces and lymphocytic infiltra-
tion (Fig. 3B). Glibenclamide treated group showed normal hepatocytes
with portal vein and portal artery and showed only mild inflammation
(Fig. 3C). Animals treated with the 5-BA and -KBA at the dose of 10 mg/
kg showed protective effects in STZ-induced liver injury and showed
only mild inflammation and almost normal hepatocytes (Figs. 3D and
3E). These results indicate the protective effects of 5-BA and $-KBA on
liver tissues.

6.2. Effect on kidney

Fig. 4 shows the histopathological effects on kidney tissues following
treatment with f-BA and B-KBA and their description is given in Table 6.
The results showed normal morphological features of the kidney such as
prominent glomeruli, tubules, ascending and descending loops, and
collecting ducts in the control group. STZ-induced diabetic animals
showed the presence of crystal deposition on the glomeruli accompanied
by severe infiltration of red blood cells and destructed glomeruli. Groups
treated with glibenclamide, $-BA and -KBA demonstrated the reversal
of these pathological alterations as obvious from the regeneration of
cells and removal of crystal deposition.

6.3. Effect on pancreas

Fig. 5 shows the histopathological changes following various treat-
ments. The animals in the control group exhibited normal histological
architecture. There were numerous rounded normal proportions of the
islet of Langerhans which were present all around the pancreatic acini.
Prominent nuclei with well-arranged lobules together with surrounding
islets were found in the normal control rats. The STZ-induced diabetic
group showedsevere cellular damage to the pancreatic acini and islets,
which resulted in pancreatic f-cell damage followed by degeneration
with asymmetrical vacuoles. The groups treated with glibenclamide,
p-BA, and p-KBA showed reversal of these pathological changes and
demonstrated marked improvement in the cellular damage caused by
STZ. This improvement was evident from the more symmetrical vacu-
oles, partial restoration of islet cells, reduced p-cell damage, and in-
crease in the number of islet cells. The description of these changes is
given in Table 6.
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Fig. 3. Effect of -BA and p-KBA on liver architecture in STZ-induced hepatic damage (A) Normal control group (B) STZ-induced diabetic group showing significant
degenerative changes liver as compared to the normal control (**p<0.01). (C) glibenclamide (0.5 mg/kg) treated (D) f-BA 10 mg/kg (E) f-KBA 10 mg/kg. The
histopathological changes in the liver are significantly reversed in glibenclamide, f-BA and p-KBA treated groups as compared to the STZ-induced diabetic
group (**p<0.01).

Fig. 4. Effect of -BA and f-KBA on kidney in various groups of rats: (A) Normal control; there is the normal size of the glomerulus and cells shape (B) STZ-induced
diabetic control; shows the presence of inflammatory cells in blood vessels and increase deposition of fats. STZ induced diabetic rats showed significant alterations in
kidney architecture as compared to the normal control (**p<0.01). (C) glibenclamide (05 mg/kg) (D) f-BA 10 mg/kg (E) f-KBA 10 mg/kg. The histopathological
changes in the kidney are partially reversed in glibenclamide, f-BA and p-KBA treated groups and were significant as compared to the STZ-induced diabetic
group (**p<0.01).
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Fig. 5. Effect of p-BA and p-KBA on Histological changes of different control and treatment groups (A) Normal control group showing peripheral p-cell-rich area with
an organized cellular mass of islet of the Langerhans (B) STZ-induced diabetic group showing the degenerative change in pancreatic architecture. STZ induced
diabetic rats showed significant impairment in pancreatic architecture as compared to the normal control (***p<0.001). (C) glibenclamide (0.5 mg/kg) treated (D)
p-BA 10 mg/kg (E) p-KBA 10 mg/kg. The histopathological changes in pancreatic tissues are reversed in glibenclamide, -BA and p-KBA treated groups and were

significant as compared to the STZ-induced diabetic group (**p<0.01).

6.4. In silico target fishing and inverse docking

The potential therapeutic biological targets of f-BA and -KBA were
predicted by both cheminformatics and structural bioinformatics ap-
proaches. Initially, a set of antidiabetics (Fig. S1) was selected from
KEGG antidiabetic pathway (map07051) [54] (https://www.kegg.jp/).
We identified nine biological targets that are specifically targeted by
anti-diabetic drugs (currently present in the market). The anti-diabetic
drugs are categorized as (i) Agonist of Insulin receptors (InsR), Peroxi-
some proliferator-activated receptor gamma (PPAR-y), Glucagon-like
peptide-1 receptor (GLP1), Free fatty acid receptor 1/Gprotein-coupled
receptor (GPR40), and Sulfonylurea receptor agonists/ATP sensitive
potassium channel (SUR1/Kir6.2) blockers, (ii) Inhibitors of Dipeptidyl
peptidase 4 (DPP-4) enzyme, o-glucosidase enzyme and Sodium-glucose
transport protein 2 (SGLT2) and (iii) Activators of 5° adenosine
monophosphate-activated protein kinase (AMPK). Later, more biolog-
ical targets of these compounds were explored by SwissTargetPrediction
server [55] (www.swisstargetprediction.ch/), which showed that Prolyl
endopeptidase  (PREP), Prostaglandin E synthase (PTGES),
Protein-tyrosine phosphatase 1B (PTP-1B), T-cell protein-tyrosine
phosphatase (TC-PTP or PTPN2), Arachidonate 5-Lipoxygenase
(ALOX5), and PPAR-y are suitable drug target of $-BA, while ALOX5,
PTP-1B, TC-PTP, and PTGES are probable drug targets for p-KBA
(Table S1 and S2). Additionally, these compounds were searched on
ChEMBL [56] (https://www.ebi.ac.uk/chembl/) database which
revealed that both compounds possess weak activity against PREP,
TC-PTP, PTGES, Cyclooxygenase-2, and PTP-1B. Moreover, -BA also
exhibits very low potency against DNA-(apurinic or apyrimidinic site)
lyase, while -KBA has shown lower potency against 11-beta-hydroxys-
teroid dehydrogenase 1 and 2, ALOX5. ChEMBL results agreed with the
results of SwissTargetPrediction. Among the targets predicted by Swis-
sTargetPrediction and ChEMBL, PTP-1B is a promising therapeutic
diabetic drug target in type II diabetes mellitus (T2D). Based on these

findings and extensive literature review, we selected nine potential
physiological targets for g-BA and p-KBA, including Insulin receptor,
PPAR-y, GLP1, GPR40, SUR1/Kir6.2, DPP-4, a-glucosidase, AMPK, and
PTP-1B. The structure of SGLT2 is not yet solved by X-ray crystallog-
raphy or Nuclear Magnetic Resonance and is not deposited in the re-
pository of protein databank, thus it was omitted in this study. The list of
selected targets for f-BA and $-KBA is tabulated in Table S3.

Inverse structure-based docking was performed on the three-
dimensional (3D-) structures of selected targets using Molecular Oper-
ating Environment (MOE version 2014.09). The 3D structure of each
suggested target was downloaded from Protein Data Bank (rcsb.org) in
complex with a ligand which may be an agonist or an inhibitor.
Hydrogen atoms were added to all the structures to fulfill their valency.
Protein-ligand interacting water molecules were retained, while the rest
were removed from each PDB file. Partial charges were calculated based
on MMFF-94x forcefield. Active site or ligand binding site was defined
by using the bound ligand present in the PDB files of all targets. In in-
sulin receptors, insulin binding residues were targeted. Two-
dimensional structures of -BA and $-KBA were drawn on ChemDraw
and converted into 3D by MOE. Protons were added on both the struc-
tures and partial charges were calculated by MMFF-94x force field. The
compound’s structures were energy minimized till the RMS gradient of
0.1RMS kcal/mol/A was achieved. For docking, the Triangle Matcher
docking method was used in combination with the London dG scoring
function and Force field refinement method. Thirty docked conforma-
tions of both compounds were retained as a default parameter, however,
based on the compound’s flexibility, a different number of docked
conformations were generated by MOE on each biological target. Later,
based on the docking scores and binding interactions of ligands with the
selected biological target, the most appropriated docked conformation
was selected by conformational sampling.
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6.5. Computational prediction of probable drug targets of f-BA and
p-KBA

Structure-based bioinformatic approaches play a significant role in
the prediction of a specific biological target for any compound. We
applied both cheminformatics and bioinformatics approaches to predict
the most appropriate physiological targets of -BA and -KBA. The anti-
diabetic drugs pathway was studied from the KEGG database, which
showed that most of the anti-diabetic drugs act as an agonist of the in-
sulin receptor, sulfonylurea receptor, GLP-1 receptor, GPR-40, and
PPAR-y, while some of the drugs inhibit the activity of a-glucosidase,
DPP-4, and SGLT2. Moreover, other drugs block ATP-sensitive potas-
sium channels (SUR1/Kir6.2). While metformin and buformin are the
drugs that activate the enzyme AMPK. Additionally, we explored various
drug targets from SwissTargetPrediction and ChEMBL, which suggested
that Protein-tyrosine phosphatase 1B (PTP-1B) could be a probable drug
target of these compounds. Thus, an inverse docking approach was
applied to predict the binding potential f-BA and p-KBA towards those
probable drug targets.

To test the docking accuracy of MOE, initially, re-docking was per-
formed. The bound ligands were extracted from each protein (except
InsR) and re-docked at their cognate space in their 3D structure. The
performance of Redocking was scrutinized by calculating the root mean
square deviation (RMSD) between the docked conformation and the
native X-ray conformation of the ligand. Re-docking results were
promising, and all the compounds were docked with RMSD < 3.0 A
(Table S4). This criterion suggests that the docking method can find
docked orientation close to the experimentally determined conforma-
tion in the X-ray structure. Thus, the applied docking method is robust
enough to be used in inverse docking protocol. The superimposed view
of docked conformation and the reference conformation of compounds
are shown in Fig. S2.

Inverse docking results showed that the binding preference of -BA
and $-KBA towards DPP-4 and a-Gluc is high, followed by Surl/Kir6.2.
On these targets, both the compounds exhibited docking scores (DS) in
the range of > —9. While the DS of -BA and $-KBA in the binding
pockets of InsR, PPAR-y, GLP-1, AMPK, and PTP-1 was in the range of
< —9to > —6. Based on DS, DPP-4 (DS=-9.59 Kcal/mol), a-Gluc (DS =
—9.20Kcal/mol) and SUR1/Kir6.2 (—9.05) were retrieved as potential
targets for f-BA. Whereas -BA exhibited moderate binding affinities for
GLP1 (—8.99), InsR (—8.45), PPAR-y (—8.37), and PTP1B (DS = —8.03),
and least affinity for AMPK (DS = —6.99). Similarly, the DS of 5-KBA on
DPP-4 (—10.90), a-Gluc (DS = —9.29), and SUR1/Kir6.2 (DS = —9.11)
was high, while GLP-1 (DS = —8.69), InsR (DS = —8.33), and PTP1B (DS
= —8.08) showed moderate to lower binding potential for -KBA,
whereas AMPK (DS = —7.47) and PPAR-y (—7.04) were identified as
least preferred binders. However, the DS of both the compounds on
GPRA40 reflects that these compounds could not inhibit GPR40 (DS of
p-BA = +17.78 and p-KBA = +19.19) and the binding of these com-
pounds with GPR40 is an unfavorable and an endothermic process
(Table S5). The binding potential of /-BA and $-KBA for different targets
is shown in Fig. 6. The binding interactions of both compounds on each

Biomedicine & Pharmacotherapy 147 (2022) 112669

selected target are being discussed in Supporting information.

6.6. Comparison of docking scores of f-BA and -KBA with the reference
ligands

B-BA and p-KBA exhibited higher DS as compared to reference
compounds, Glibenclamide, Vildagliptin, Acarbose, and 97 V which are
inhibitors of SUR1/Kir6.2, DPP-4, a-glucosidase, and agonist of GLP1,
respectively. #-BA and -KBA exhibited a comparable binding score with
the PPAR-y agonist. Both the compounds depicted lower binding affin-
ities for AMPK, PTP-1B and GPR40 as compared to the AMPK activator
(DS = —7.95), PTP-1B inhibitor (DS = —10.75) and GPR40 agonists (DS
= —9.35), respectively. Based on the docking results, we predict that
DPP-4, a-Gluc, and Surl/Kir6.2 could be the most potential physiolog-
ical targets for f-BA and -KBA (Table S5). The docking results of f-BA
and S-KBA on different biological targets are discussed in Supporting
information. The binding modes of f-BA and f-KBA in the ligand-
binding sites of selected druggable proteins are shown in Figs. S3-S10.

6.7. Binding Interactions of f-BA and p-KBA with dipeptidyl peptidase 4

DPP-4 is involved in signal transduction, immune regulation,
apoptosis, glucose metabolism, and regulates the degradation of incre-
tins like Glucagon-like peptide-1 (GLP-1) which stimulates glucose-
dependent insulin release from the pancreas. DDP-4 inhibitors reduce
glucagon and blood glucose levels, thus can be used to treat T2DM. DPP-
4 inhibitors can be given to patients with chronic kidney disease who are
intolerant to metformin. Moreover, some DPP-4 inhibitors are linked
with an increased risk of heart failure. Thus, safer DDP-4 inhibitors are
required. In our inverse docking results, f-KBA (—10.90Kcal/mol)
showed higher binding potential for DDP-4, while -BA (—9.59Kcal/
mol) also depicted good binding affinities with this enzyme. Moreover,
both the compounds exhibited higher binding potential as compared to
the reference drug Vildagliptin (DS= —7.28Kcal/mol). Vildagliptin
binds with the active site residues Glu205, Glu206, Argl25, Asn710,
Tyr631, and a water molecule through H-bonding while Glu206 also
provides ionic interactions to the Vildagliptin. The docked orientation of
B-KBA exposed that carboxylic group of the compound mediates H-
bonding with the side chain of Glu206 and a water molecule. Moreover,
Arg669 and a water molecule seem to donate H-bond to this group.
While carbonyl moiety has a chance to interact with three water mole-
cules in the vicinity, the -OH group can donate H-bond to the side chain
of Tyr662. The water-mediated protein-ligand bridging are playing
important role in the stabilization of -KBA. The compound is neatly
accommodated in the active site of DPP-4. -BA also binds at the same
position; however, its carboxylic group is tilted more towards Asn710
which provides bidentate interactions to the carboxylic group of f-BA.
The -OH group of -BA does not interact with the surrounding residues,
while the lack of carbonyl group is responsible for the lack of water-
mediated protein-ligand interactions. Because of this reason, f-BA
showed less affinity towards DPP-4 as compared to f-KBA. The binding
modes of -BA and -KBA are shown in Fig. 7.

DPP-4 «a-Gluc SURI/Kir6.2 GLP-1 InsR PPAR-y PTP1B AMPK GPR40

f-BA N

A-KBA

DPP-4 a-Gluc SURI/Kir6.2 GLP-1 InsR PTP1IB AMPK PPAR-y GPR40

Fig. 6. Binding potential of f-BA and $-KBA on the selected drug targets based on docking score. Green color indicates higher potential, low to least binding potential
is depicted in orange to red color. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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Dacked View of KBA

Fig. 7. The binding modes of -BA and p-KBA are shown in the active site of DPP-4 (golden ribbon). The binding mode of Vildagliptin (lime green sticks) is
highlighted in a box. #-BA and $-KBA are shown in the olive green stick model, interacting residues are depicted in the coral stick model, H-bonds are displayed in
black lines, the chance of H-bonding in $-KBA is displayed in red dotted lines. (For interpretation of the references to colour in this figure, the reader is referred to the

web version of this article.)
6.8. In-vitro validation of DPP-4 activity of f-BA and p-KBA

Based on the DS, DPP-4 was identified as the top-ranked biological
target of f-BA and f-KBA. The in-silico findings were validated by testing
the inhibitory potential on -BA and -KBA against the DPP-4 enzyme. In
in-vitro testing, both $-BA and p-KBA possessed significant DPP-4 inhi-
bition with ICsy values of 3.06 + 0.85 and 1.65 + 0.065 uM, respec-
tively. f-KBA exhibited two-times better activity than f-BA (Table 5).
The DS and binding interactions of f-KBA (—10.90 kcal/mol) was higher
than the DS (—9.59 kcal/mol) and binding interaction of $-BA. There-
fore our in vitro validation results complement our docking results
completely. In our previous studies, a-glucosidase inhibitory potential of
p-BA and p-KBA were scrutinized in-vitro on Saccharomyces cerevisiae
a-glucosidase [3]. In in vitro test, f-BA showed weak inhibition of
S. cerevisiae a-glucosidase while f-KBA exhibited significant inhibition
with ICsg of 52.9 + 4.66 pM. The current in silico study indicates that
these compounds may show good inhibitory potential for human

Table 5
DPP-4 inhibitory activity of f-BA and -KBA.

Compounds Docking Score (kcal/ % ICsp &+ SEM (uM)
mol) Inhibition
S-BA -8.69 86.4 3.06 + 0.85
S-KBA -10.90 82.3 1.65 + 0.065
Sitagliptin 92.8 0.106 + 0.006
(standard)

10

a-glucosidase.
7. Conclusions

In conclusion, #-BA and p-KBA decreased the blood glucose level
significantly in fasting STZ-induced diabetic rats caused a significant
reduction in the lipid and lowered various biochemical parameters
including SGPT, SGOT, ALP, and serum creatinine in diabetic rats. The
lowering of blood glucose level and effects on the pancreatic f-cells of
islets of Langerhans indicate a strong antidiabetic potential of f-BA and
S-KBA. Moreover, the inverse docking method was applied to elucidate
the molecular mechanism/s involved in the antidiabetic activity of f-BA
and f-KBA. Our in-silico results indicate the antidiabetic effect observed
in this study might be mediated via inhibition of DPP-4 and GLP1 and
Insulin receptors can be potential biological targets for f-BA and S-KBA.
Furthermore, -BA and f-KBA and their analogs could provide useful
leads for the development of novel therapeutics for treating patients
with COVID 19 and T2D.
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Histological injury score of liver, kidney, and pancreas after treatment for 21 days with glibenclamide, $-BA, and f-KBA.

Groups Injury score
Liver Kidney Pancreas
Necrosis  Sinusoidal Infiltration of Necrosis of Glomerular Infiltration of red  Pancreatic islets Asymmetrical
dilatation inflammatory cells tubular epithelial deformity blood cells cell necrosis vacuolization
cells
Normal control 0 0 0 0 0 0 0 0
Diabetic control 3 3 3 3 3 3 3
Glibenclamide 1** 1** 2 1** 1** 2 1** 1**
(0.5 mg/kg)
p-BA(10 mg/kg) 1** 2 1** 1** 1** 1% 2 1x*
S-KBA (10 mg/kg) 1** 1** 1** 1** 1** 2 1= 1=

Liver, kidneys and pancreas were scored for histopathological parameters via light microscopy with Score 0 = no visible cell damage; Score 1 = damage < 30% of the
tissue; score 2 = damage to 30-60% of the tissue; score 3 = Extensive necrosis up to > 60% of the tissues. Data were analyzed by the Kruskal-Wallis nonparametric
analysis of variance (ANOVA) followed by Dunns Posthoc test (**p<0.001; n = 6).
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