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A B S T R A C T

The embelin derivative 2a was synthesized with the 1,2,3-bistriazole and spectral data confirmed its structural
identity. Anti-diabetic and anti-lipidemic effects were evaluated using HFD-STZ induced type 2 diabetic rats. The
derivative 2a (30 mg/kg b wt.) supplementation significantly (P ≤ 0.01) normalized the changed biochemical
parameters like fasting blood glucose (FBG), body weights, plasma insulin level, total cholesterol (TC), trigly-
cerides (TG) and marker enzymes of carbohydrate metabolism. The derivative 2a (30 mg/kg) also showed a
significant effect on oral glucose tolerance test (OGTT) and intraperitoneal insulin tolerance test (ITT). But
15 mg/kg dose of derivative 2a failed to show any significant effects in HFD-STZ induced type2 diabetic
rats. Histopathology analysis substantiated the protective effect of this derivative 2a (30 mg/kg b wt.) on the β-
cells of the pancreatic, liver and adipose tissues in diabetic treated rats. Further, the expressions of PPARγ and
GLUT4 were significantly enhanced in the epididymal adipose tissue. The HOMO and LUMO energies char-
acterized the molecular stability of the derivative 2a with 6-311G++ (d, p) in DFT/B3LYP/LanL2DZ method
using Gaussian09 program package. The molecular docking analysis also confirmed the activity of derivative 2a
through hydrogen bond interaction with ARG 288, GLU 343, SER 342 and least energy value (−7.72 kcal/mol).
Hence, the embelin-1,2,3-bis triazole derivative 2a (30 mg/kg) enhanced the activity of embelin and might be
acting as a suitable drug for type 2 diabetes, obesity and its complications.

1. Introduction

Type 2 diabetes mellitus (T2DM) is an endocrine-metabolic disease
characterized by insulin resistance and insulin secretion defects that
can be demonstrated through several alterations in carbohydrates, li-
pids, and protein metabolism. It caused by metabolic dysregulations
like decreased utilization of glucose linked with slanted insulin sig-
naling cascade. Also, insulin resistance decreases the insulin secretion

and β-cell mass in the peripheral tissues that lead to β-cell dysfunction
[1,2].

PPARs, the nuclear receptor superfamily plays a specific role in
glucose and energy metabolism. It acts as the primary target for ligand
inducible transcription factors that regulates glucose and lipid meta-
bolism [1–3]. PPARγ has different tissue distributions in the adipose,
skeletal muscle, and hepatic tissues based on insulin sensitivity and its
reactions to the drugs are significantly different [3–5]. Specifically,
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activation of PPARγ improved the insulin sensitivity in adipose tissue
through adipokines production leads to glucose homeostasis, lipogen-
esis and adipogenesis [6–8]. Thiazolidinediones (TZDs) group of drugs
such as rosiglitazone and pioglitazone are the well-known PPARγ ac-
tivators. Due to the various adverse effects such as osteoporosis, he-
patotoxicity, water and sodium retention and inducing the risk of
cancer, they have been withdrawn from the market [9]. Hence, there is
a demand to develop better PPARγ activators for eradicating insulin
resistance conditions [10].

The natural product extracts possess secondary metabolites and
integrative bioactive ingredients that serve as valuable medicinal
sources in emerging new drugs for hysterical diseases. Embelin is a
benzoquinone component of Embelia ribes Burm. from the Myrsinaceae
family [11–15]. The alkyl substitution of 1,4-benzoquinone core pos-
sesses many biological properties such as anti-diabetic, anti-in-
flammatory, antihelminthic, antimicrobial, analgesic, antioxidant, an-
ticancer, wound healing, and cardio-protective activities [16]. Many
quinones containing triazoles have been documented from natural
sources, especially in traditional medicinal plants. In recent years, the
triazole substituted quinones have strong biochemical and pharmaco-
logical properties that attract many clinical applications.

1,2,3-bistriazole heterocyclic compounds continue to be an ex-
ploding field in pharmaceutical chemistry [17,18]. Modern trends in
organic chemistry are driving more towards the novel synthesis of
highly potential biomolecules, which are useful as drugs in clinical
research [19–21]. The potency of triazole is measured in terms of
toxicity, dosage and effective binding to specific receptor sites to con-
trol the replication of harmful microorganisms thereby inhibition of
neglected disease [22]. 1,2,3-bistriazoles are one of the important
components in the field of medicinal and organic chemistry because of
the presence of nitrogen heterocycles [23–25]. It has various, exciting
pharmacological properties such as antitubercular [26], anti-HIV [27],
antimalarial [28], antiepileptic [29], antiallergic [30], antileishmanial
[31–33], antifungal [34,35] and anticancer activities [36]. Due to the
astounding features of oxygen and nitrogen-based biomolecules, it has
been utilized in inhibition of intracellular proinflammatory mediators,
reduction of lipid levels and in managing severe hyperglycemia and
enhancement of oxidative stress in the diabetic treatment [37,38].
Embelin and some of its derivatives have been proven for their anti-
diabetic activity through the utilization of glucose in peripheral tissues
[11,39].

In the field of organic synthesis and theoretical chemistry, 1,2,3-
bistriazoles have played a significant role in the development of bio-
logically active compounds [40–42]. Based on the above facts, the
present study was designed to synthesize 1,2,3-bistriazole derivative of
embelin and evaluate its effects on high-fat diet (HFD) fed-streptozo-
tocin (STZ) - induced type 2 diabetes in rats, using microscopic, phy-
siological and biochemical studies.

2. Results and discussion

Benzoquinone types of molecules derived from medicinal plants
have been shown to entail progressive effects in the management of
obesity, diabetes and associated ailments [11–14]. A large number of
benzoquinone derivatives have been synthesized and reported for their
various activities, including anti-diabetic activity [43]. Already, we
investigated and reported the anti-diabetic activity of two embelin
derivatives (6–bromoembelin (2) and vilangin (3)) [39].

In the current study, the novel embelin-based 1,2,3-bistriazole (2a)
(alkyl substitution of 1,4-benzoquinone by (1,2,3)-triazoles moieties)
derivative was synthesized to accelerate the antidiabetic activity in
HFD fed-STZ-induced type2 diabetic rats. The combination of HFD and
a low dose of STZ induce hyperinsulinemia in the mode of impaired
glucose tolerance with dyslipidemia, hyperglycemia, and destruction in
the function of β-cell witnessed in the Wistar rats. Due to the resem-
blance of these metabolic characteristics to the human T2DM, this kind
of animal models has preferable been used to generate the obesity-
linked T2DM [44–49].

2.1. Chemistry

The embelin-based 1,2,3-bistriazole derivative (2a) was synthesized
by propargylation followed by click chemistry reaction in scheme 1.
Synthesized embelin bis-triazole derivative was illustrated by 1H & 13C
NMR, IR and MS (mass spectra) analysis for structural confirmation. In
the spectral confirmation of compound 2a, FT-IR spectrum functional
group confirmation exhibited a broad band at 1709 cm−1 corre-
sponding to a carbonyl group (C]O), aromatic carbon–carbon
stretching (CeC) was present at 1642 cm−1, and triazole containing
carbon-nitrogen (CeN) was shown at 2322 cm−1, respectively. The
proton NMR spectrum of molecule 2a shows the exact peaks in the
range 6.99–7.87 ppm, integrating fourteen protons corresponding to
aromatic protons. The embelin core containing one aromatic proton is
depicted as a singlet at 5.60 ppm; the peak at 5.51 ppm integrating four
protons confirms the presence of triazole attached benzyl eCH2 protons
and peaks ranging from 0.86 to 2.09 ppm represent twenty-three ali-
phatic protons integrated for confirmation of protons containing em-
belin side chain. 13C NMR spectrum in CDCl3 depicts two quinone
carbonyl carbons (eC]O) at 172.63 ppm and 200.03 ppm and the
peaks ranging from 124.04 ppm to 152.16 ppm show the presence of
aromatic carbons. The peak at 98.67 ppm confirms an iodine attached
carbon (eCeI) in the aromatic ring, the peak at 83.05 ppm corresponds
to embelin containing aromatic eCH carbon and aliphatic side chain
containing carbons are present at 14.27–30.00 ppm depicted for com-
pound 2a. ESI-MS for compound 2a showed a peak at m/z 889.19 for
[M + H]+ ion, which confirms the formation of the product (See
supplementary information: Figs. 1–3).

Scheme 1. Schematic representation for the synthesis of embelin-based 1,2,3-bistriazole diversified system.
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2.2. Biological evaluation

2.2.1. Effect of derivative on FBG
The results of FBG analysis showed that treatment with a higher

dose of 2a (30 mg/kg) and pioglitazone (10 mg/kg) significantly re-
duced the blood glucose levels in a HFD fed-STZ-induced type 2 dia-
betic rats. The reductions of blood glucose levels in 2a (30 mg/kg)
treated animals were found to be 67.98% (P ≤ 0.01) and 81.11%
(P ≤ 0.01) on day 21 and day 28, respectively. Whereas, pioglitazone
reduced the blood glucose level by 68.53% (P ≤ 0.01) and 82.04%
(P≤ 0.01), respectively. Treatment with a lower dose of 2a (15 mg/kg)
to HFD fed-STZ-induced type 2 diabetic rats also lowered the blood
glucose levels on day 21 (13.59%) and day 28 (25.04%) but results are
statistically insignificant (Fig. 1).

2.2.2. Effect of derivative on plasma insulin
The diabetic rats treated by the derivative 2a (30 mg/kg) and pio-

glitazone significantly (P ≤ 0.01) decreased the levels of elevated
plasma insulin (79.15%, and 76.59% respectively) to near normal on
day 28. But 15 mg/kg dose of derivative 2a failed to show a significant
reduction in plasma insulin level (31.44%) (Table 1). The administra-
tion of derivative 2a (30 mg/kg) on diabetic rats prompted a significant
reduction in FBG and plasma insulin levels, thereby decreasing the in-
sulin resistance condition and improving the insulin sensitivity and β-
cell function in peripheral tissues [50,51].

2.2.3. Effect of derivative on OGTT
In OGTT, glucose was orally administered to the rats and the levels

were assessed. After 30 min, the plasma glucose levels were increased
in the normal and diabetic rats (Fig. 2). The rats treated by derivative
2a (30 mg/kg) significantly (P ≤ 0.01) reduced the glucose level at 60

and 120 min (30.12% and 36.22%, respectively). Similarly, pioglita-
zone treated rats also reduced the elevated glucose level (31.48% and
41.06%, respectively). But, the plasma glucose levels were not sig-
nificantly reduced in the diabetic rats treated by 15 mg/kg dose of the
derivative 2a at 60 and 120 min (5.08% and 12.51%, respectively).

2.2.4. Effect of derivative on ITT
ITT also exhibited a significant (P ≤ 0.01) glucose reduction in

diabetic rats administered with the derivative 2a (30 mg/kg) and pio-
glitazone at 30 min (68.14%, 67.52% respectively) and 60 min
(71.37%, 70.24%, respectively). But, the 15 mg/kg dose of derivative
2a did not show a significant glucose reduction on 30 and 60 min
(12.60% and 18.33%, respectively) (Table 1). These results confirmed
that the derivative 2a (30 mg/kg) regulated the insulin-dependent
glucose clearance into the peripheral tissues and revealed their influ-
ence in elevating the short-time glucose homeostasis. [52,53]

2.2.5. Effect of derivative on body weight, and lipid profiles
During the experiment, a significant body weight gain with in-

creased levels of serum TC, TG, and FFA was noticed in the diabetic
control rats. This is due to the intracellular lipid accumulation in the
adipose cells by increasing the size of epididymal adipose cells resulting
in a significant increase in body weight [46,54,55]. After 28 days of
experiment, the derivative 2a (30 mg/kg) and pioglitazone adminis-
tered diabetic rats had significantly (P≤ 0.01) lowered the levels of TC
(30.44% and 15.53%, respectively), TG (65.55% and 16.92%, respec-
tively) and FFA (54.34% and 27.19%, respectively) (Table 2). However,
the levels of TC (7.76%), TG (10.67%) and FFA (10.14%) for the de-
rivative 2a (15 mg/kg) treated rats are statistically insignificant.

The derivative 2a (30 mg/kg) was sufficient to control the increased
lipid accumulation and significantly (P ≤ 0.01) reduced the size of
adipose tissue and reversed the increased body weight on 21st (15.90%)

Fig. 1. Alteration of derivative 2a on FBG in experimental rats. DC – Diabetic
Control, NC – Normal Control, 2a – derivative 2a (15 mg/kg and 30 mg/kg b
wt.), PG – Pioglitazone. Values indicate mean ± standard error of the mean
(SEM) of six rats per group. aSignificantly different from the normal control
group (P ≤ 0.01); bSignificantly different from the diabetic control group
(P ≤ 0.01).

Table 1
Impact of derivative 2a on Plasma insulin and glucose level (ITT) in experimental rats.

Groups Plasma insulin (µU/ml)
0 day 28th day

Blood glucose level (mg/dl)
0 min 30 min 60 min

Normal control 16.26 ± 0.46 16.78 ± 0.44 130.24 ± 3.4 106.34 ± 2.6 98.2 ± 1.4
Normal + 2a (15 mg/kg b wt.) 16.34 ± 0.62 15.38 ± 0.36 122.34 ± 2.8 106.26 ± 3.6 98.84 ± 2.4
Normal + 2a (30 mg/kg b wt.) 15.48 ± 0.74 15.64 ± 0.22 120.26 ± 2.6 100.24 ± 3.4 96.20 ± 2.2
Diabetic control 26.34 ± 0.80a 29.81 ± 0.84a 324.20 ± 8.4a 320.80 ± 4.2a 316.50 ± 4.2a

Diabetic + 2a (15 mg/kg b wt.) 25.86 ± 0.32 22.68 ± 0.42 138.60 ± 3.6 280.40 ± 3.2 258.48 ± 5.8
Diabetic + 2a (30 mg/kg b wt.) 23.39 ± 0.44 14.64 ± 1.22b 134.80 ± 4.2b 102.22 ± 4.2b 90.62 ± 6.2b

Diabetic + Pioglitazone (10 mg/kg b wt.) 24.26 ± 0.24 16.88 ± 0.63b 136.2 ± 3.6b 104.20 ± 5.4b 94.20 ± 5.4b

Values indicate mean ± standard error of the mean (SEM) of six rats per group.
a P ≤ 0.01, compared with normal control values.
b P ≤ 0.01, compared with diabetic control values.

Fig. 2. Alteration of derivative 2a on oral glucose tolerance levels of experi-
mental rats by OGTT. DC – Diabetic Control, NC – Normal Control, 2a – deri-
vative 2a (15 mg/kg and 30 mg/kg b wt.), PG – Pioglitazone. Values indicate
mean ± standard error of the mean (SEM) of six rats per group, aSignificantly
different from the normal control group (P ≤ 0.01); bSignificantly different
from the diabetic control group (P ≤ 0.01).
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and 28th (27.42%) days, respectively [39,56]. The diabetic rats treated
by 15 mg/kg dose of derivative 2a and pioglitazone, however, did not
show a significant weight reduction on 21st (1.73%, 2.25%, respec-
tively) and 28th day (7.39%, 9.32%, respectively) (Table 3).

2.2.6. Effect on liver enzymes
In the liver, STZ creates toxicity and modifies its shape and func-

tions [57–59] and leads to decreased activities of essential liver en-
zymes such as hexokinase, glucose-6-phosphatase and fructose-1, 6-
bisphosphatase enzymes. The derivative 2a (30 mg/kg) and pioglita-
zone administered diabetic rats had significantly (P ≤ 0.01) improved
the activities near to standard levels for hexokinase (67.39% and
60.87%, respectively), glucose-6-phosphatase (47.50% and 45.00%,
respectively) and fructose-1 6-bisphosphatase (24.40% and 26.83%,
respectively) enzymes. But, the diabetic rats treated with 15 mg/kg
dose of derivative 2a showed no significant effect (2.54%, 5.00% and
4.88% respectively) (Table 4).

2.2.7. Gene, protein expressions of PPARγ and GLUT4
Due to the insulin resistance, the lipid and glucose metabolism af-

fects T2DM that leads to the down regulation of PPARγ in adipose,

skeletal muscle, and hepatic tissues. By the activation of PPARγ, the
tissues have been up-regulated to reverse the insulin resistance condi-
tion [60–64]. In our study, the PPARγ gene and protein expression
significantly (P ≤ 0.01) increased in the epididymal adipose tissue
through the treatment of derivative 2a (30 mg/kg) in HFD-STZ induced
diabetic rats (Figs. 3 and 4). The expression of PPARγ was, however,
slightly increased in the skeletal muscle and liver (data not shown).

In the glucose transporter family, glucose transporter 4 (GLUT4) is
one of the main subtypes present in adipose tissues, skeletal muscle,
and heart [65,66]. By the activation of GLUT4, translocation and acti-
vation regulate the glucose homeostasis that leads to glucose clearance
into peripheral tissues [67,68].

According to Suzuki et al., the translocation and activation of
GLUT4 could not properly occur under the insulin resistance condition
causing the elevation of glucose level in T2DM [65,66]. Hence, the
GLUT4 mRNA and protein expression levels down regulated in the
skeletal muscles and adipose tissue [46,66,69]. We also found a de-
creased expression of GLUT4 mRNA and protein in the epididymal
adipose tissue of diabetic rats. The treatment by derivative 2a (30 mg/
kg) significantly (P ≤ 0.01) improved the expression of GLUT4 mRNA
and protein levels recorded in the epididymal adipose tissue of treated

Table 2
Impact of derivative 2a on TC, TG and FFA levels in experimental rats.

Groups TC (mg/dl) TG (mg/dl) FFA (mg/dl)

Normal control 74.62 ± 2.42 76.42 ± 1.54 44.44 ± 1.24
Normal + 2a (15 mg/kg b wt.) 76.46 ± 1.12 76.28 ± 1.14 44.68 ± 1.36
Normal + 2a (30 mg/kg b wt.) 76.26 ± 2.34 75.74 ± 5.44 42.84 ± 1.28
Diabetic control 98.64 ± 4.86a 146.48 ± 4.82a 108.44 ± 5.24a

Diabetic + 2a (15 mg/kg b wt.) 91.54 ± 3.42 132.36 ± 2.84 98.46 ± 4.84
Diabetic + 2a (30 mg/kg b wt.) 75.62 ± 2.24b 88.48 ± 1.46b 70.26 ± 4.24b

Diabetic + Pioglitazone (10 mg/kg b wt.) 85.38 ± 2.36 125.28 ± 2.46 85.26 ± 5.24b

Values indicate mean ± standard error of the mean (SEM) of six rats per group.
a Significantly different from the normal control group (P ≤ 0.01);
b Significantly different from the diabetic control group (P ≤ 0.01).

Table 3
Impact of derivative 2a on body weight in experimental rats.

Groups Body weight (g)
0 day 14th day 21st day 28th day

Normal control 188.28 ± 10.24 190.42 ± 10.28 196.34 ± 12.26 198.46 ± 12.42
Normal + 2a (15 mg/kg b wt.) 186.44 ± 7.68 192.86 ± 10.42 195.48 ± 8.64 199.84 ± 10.48
Normal + 2a (30 mg/kg b wt.) 185.64 ± 2.24 192.52 ± 11.24 194.42 ± 10.48 199.24 ± 6.28
Diabetic control 184.12 ± 12.10 200.24 ± 12.22 234.54 ± 12.48a 260.48 ± 10.68a

Diabetic + 2a (15 mg/kg b wt.) 186.28 ± 10.84 198.34 ± 12.26 230.56 ± 12.84 242.56 ± 10.56
Diabetic + 2a (30 mg/kg b wt.) 184.44 ± 11.26 194.26 ± 10.62 202.38 ± 12.26 204.42 ± 10.26b

Diabetic + Pioglitazone (10 mg/kg b wt.) 186.44 ± 12.26 196.34 ± 9.24 229.38 ± 11.84 238.28 ± 10.42

Values indicate mean ± standard error of the mean (SEM) of six rats per group.
a Significantly different from the normal control group (P ≤ 0.01).
b Significantly different from the diabetic control group (P ≤ 0.01).

Table 4
Impact of derivative 2a on hexokinase, glucose-6-phosphatase, and fructose-1,6-bisphosphatase and in experimental rats.

Groups Hexokinase (U/mg protein/min) Glucose-6- phosphatase (U/mg protein/
min)

Fructose-1,6- bisphosphatase (U/mg protein/min)

Normal control 7.80 ± 0.4 0.40 ± 0.1 0.42 ± 0.2
Normal + 2a (15 mg/kg b wt.) 7.62 ± 0.2 0.39 ± 0.1 0.41 ± 0.1
Normal + 2a (30 mg/kg b wt.) 7.26 ± 0.6 0.36 ± 0.2 0.35 ± 0.4
Diabetic control 4.60 ± 0.2a 0.80 ± 0.2a 0.82 ± 0.2a

Diabetic + 2a (15 mg/kg b wt.) 4.72 ± 0.2 0.76 ± 0.1 0.78 ± 0.2
Diabetic + 2a (30 mg/kg b wt.) 7.70 ± 0.5b 0.42 ± 0.1b 0.62 ± 0.3b

Diabetic + Pioglitazone (10 mg/kg b wt.) 7.40 ± 0.6b 0.44 ± 0.2b 0.60 ± 0.4b

Values indicate mean ± standard error of the mean (SEM) of six rats per group.
a P ≤ 0.01, compared with normal control values.
b P ≤ 0.01, compared with diabetic control values.
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diabetic rats (Figs. 3 and 4). These findings are in agreement with
earlier reports [70,71,72]. Since the derivative 2a (15 mg/kg) didn’t
show a significant effect in blood glucose levels and other biochemical
parameters, the gene and protein expression levels were not studied.

2.2.8. Histopathology analysis
The pancreatic islet cells, liver and intra-peritoneal adipose tissues

of experimental rats were subjected to the histo-pathological analysis.
The β-cells of the pancreas with granulated cytoplasm and uniform
nuclei were detected in the tissues of the normal control rats (Fig. 5A).
In T2DM, pancreatic β-cells have been affected by the peripheral insulin
resistance, which is correlated with inadequate insulin secretion
[73–76]. As reported earlier, in the current study, we found de-granu-
lated and functionally decreased pancreatic β-cells and lesions [77,78]
in the untreated diabetic control rats (Fig. 5B). Histology in the tissues
of treated diabetic groups by the derivative 2a (30 mg/kg) and pio-
glitazone showed re-granulation in tissues and β-cells development
(Fig. 5C, D).

The histology of HFD diabetic control rats showed fatty changes in
the liver (Fig. 6B) and there are no changes observed in normal rats
(Fig. 6A), while the treatment with derivative 2a (30 mg/kg) and
pioglitazone lowered the amount of fat accumulation in the treated rats

Fig. 3. mRNA expression of derivative 2a on PPARγ and GLUT4 in adipose
tissue. NC – Normal Control (30 mg/kg b wt.), DC – Diabetic Control (30 mg/kg
b wt.), 2a – derivative 2a (30 mg/kg b wt.) Bars are represented as
means ± SEM for three independent experiments performed. *Significantly
different from the normal control group (P ≤ 0.01); **significantly different
from the diabetic control group (P ≤ 0.01).

Fig. 4. Protein expression of derivative 2a on PPARγ and GLUT4 in adipose
tissue. NC – Normal Control, DC – Diabetic Control, 2a – derivative 2a (30 mg/
kg b wt.). Bars are represented as means ± SEM for three independent ex-
periments performed. *Significantly different from the normal control group
(P≤0.01); **significantly different from the diabetic control group (P≤ 0.01).

Fig. 5. Histological alterations in the derivative 2a treated islets of pancreas in
experimental rats (H & E, 40×) A - Normal control, B - Diabetic control, C -
Diabetic + 2a (30 mg/kg b wt.), D - Diabetic + Pioglitazone (10 mg/kg b wt.)

Fig. 6. Histological alterations in the derivative 2a treated islets of Liver in
experimental rats (H & E, 40×) A - Normal control, B - Diabetic control, C -
Diabetic + 2a (30 mg/kg b wt.), D - Diabetic + Pioglitazone (10 mg/kg b wt.)

Fig. 7. Histological alterations in the derivative 2a treated islets of Adipose
Tissue in experimental rats (H & E, 40 × ) A - Normal control, B - Diabetic
control, C - Diabetic + 2a (30 mg/kg b wt.), D - Diabetic + Pioglitazone
(10 mg/kg b wt.)
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(Fig. 6C, D). The histological data support that the derivative 2a
(30 mg/kg) improved the liver cellular count and helped to decrease
the blood glucose level [58,79]. Similarly, in the HFD diabetic control
rats showed the hypertrophy in the histology of the intra-peritoneal
adipose tissue (Fig. 7B) and no changes were observed in normal rats
(Fig. 7A); in the treated rats the amount of hypertrophy was reduced
(Fig. 7C, D). Hence, the derivative 2a (30 mg/kg) significantly en-
hanced the function and arrangement of hepatic cells thereby de-
creasing the complications of diabetes mellitus [58,79]. The results are
in correlation with the biochemical parameters, as mentioned before.
Since the derivative 2a (15 mg/kg) didn’t show a significant effect in
blood glucose levels and other biochemical parameters, the histo-pa-
thological analysis was omitted.

2.3. Theoretical analysis

2.3.1. HOMO-LUMO analysis
The frontier orbitals and parameters of the molecules play a vital

role in drug design and in recognizing their reactivity. The HOMO and
LUMO energies characterize the capability of electron-donating and
withdrawing ability, respectively, and the energy gap (ΔE) between
HOMO and LUMO illustrates the stability of the molecular surface [80].
The red and green colors stand for the positive and negative phases of
the molecule, respectively. The higher EHOMO value indicates larger
feasibility of the molecule to donate electrons and smaller ELUMO value
of the molecules has more feasibility to accept electrons. The small
value of ΔE relates to lower kinetic stability and better chemical re-
activity [81–83]. The electronic transition absorption corresponds to
the transition from HOMO to the LUMO through electron transfer
(Fig. 8) [84].

As can be seen from the figure (Fig. 9), the electron density of
HOMO (−3.326 eV) and HOMO-1 (−6.079 eV) of 2a are located and
predominantly stretched over uncharged triazole to quinone rings. The
HOMO-1(−6.079 eV) is significantly positioned on the quinone ring
alone. The LUMO (−2.909 eV) is situated largely over the quinone ring
with partially spread over the triazole ring. The LUMO + 1
(−2.452 eV) specifically resides over triazole and benzene rings. The
computed HOMO-LUMO energy gap was found to be 0.417 eV, shown
in figure (Fig. 8).

For 6-bromoembelin (2) (Fig. 10), the HOMO (−7.072 eV) resided
on the quinone ring, mainly on one oxygen and bromine atoms and
extended over few bonds of the uncharged alkyl chain, whereas LUMO
(−3.781 eV) occupied the quinone ring particularly on two oxygen
atoms and not on bromine atom. This is illustrated in figure (Fig. 8); the
calculated HOMO-LUMO energy gap was 3.291 eV.

For embelin (1) (Fig. 11), the HOMO (−6.999 eV) was largely
crowded over on the quinone ring, mainly on one oxygen atom and
extended over few bonds of uncharged alkyl chain, whereas LUMO
(−3.563 eV) occupied the quinone ring mainly two oxygen atoms
(Fig. 8). The computed HOMO-LUMO energy gap was 3.436 eV.

2.3.2. Theoretical analysis of chemical reactivity
The frontier orbital energies exhibit various properties like the

chemical potential (μ), chemical hardness (η), and electrophilicity index
(ω) given in Table 5. According to Koopmans’s theorem and Parr ap-
proximation, the μ, η, and ω can be calculated using HOMO and LUMO
energies using the relation [85,86]:

= +µ (E E )/2HOMO LUMO (1)

= (E E )/2LUMO HOMO (2)

= µ /22 (3)

=Chemical softness S 1/(E E )LUMO HOMO (4)

The electrophilicity index (ω) discloses the stabilization energy of
the molecule received as an electronic charge from the adjacent en-
vironment. The results indicated that the derivative 2a containing
quinoline conjugated triazole molecule is more reactive. The in-
troduction of triazole groups at the para-position of the aromatic ring in
2a, yielded greater effect of electrophilic compounds at their singlet
ground state state (i.e., ω = 23.306 eV for 2a > ωN = 8.948 eV for
2 > ωN = 8.117 eV for 1) than 6-Bromoembelin (2) and Embelin (1).

The hardness η indicates the reactivity of the molecule, and the
hardness of the molecules increased in the following order
2a < 2 < 1, indicating that 2a had relatively higher reactivity and
more easily polarisable than 2 and 1. A rigid molecule with a sub-
stantial HOMO-LUMO gap with elevated excitation energies was es-
sential to a manifold of excited states, was less reactive and the electron
density was harder to change than for a soft molecule.

Fig. 8. Electron density distribution and the energies (eV) of HOMOs and LUMOs for three compounds 1, 2 and 2a.
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2.3.3. Electrostatic potential analysis
The investigation of Molecular electrostatic potential (ESP) receives

much attention due to the electrostatic property of molecules. The
electrostatic potential of the molecule can easily be correlated to its

performance, such as electrophilic and nucleophilic reactions for the
study of biological recognition processes [87], and hydrogen bonding
interactions. Besides, it can be used to infer the variety of physical and
chemical features including non-covalent interactions in complex

Fig. 9. Frontier molecular orbitals for the electronic transitions of derivative 2a as reported at B3LYP/LanL2DZ level using GAUSSIAN09 package.

Fig. 10. Frontier molecular orbitals for the electronic transitions of derivative 2 as reported at B3LYP/6311G++(d,p) level using GAUSSIAN09 package.
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biological systems [88]. The negative ESP surface can act as nucleo-
philic sites (electron-rich centres) indicated as red shades.

Similarly, a positive ESP surface can act as electrophilic sites
(electron-deficient centres) shown as blue shades. Green shades in-
dicate neutral sites. The molecular electrostatic potential was calcu-
lated to determine the active sites for nucleophilic and electrophilic
attack for the compounds 2a, 2 and 1 in optimized geometry. A po-
tential increase on the molecular surface is shown in the order
blue < green < red. The electrostatic potential diagrams of systems
such as 2a, 2 and 1 are shown in figure (Fig. 12). The electrostatic
potential diagram of 2a (Fig. 12A) showed that the entire molecule is
neutral. The ESP diagram (Fig. 12B) of system 2 showed several sites of
negative character including O20, and O21 atoms of quinone ring. In
system 1 (Fig. 12C), negative character includes O20 and O21 atoms of
the quinone ring. These negative centres of both systems 2 and 1
spontaneously constrained the electrophilic centre of target proteins.

The surface hydrogen atoms of the alkyl chain had a neutral character.
Also, the 1,2,3-bistriazole moieties had higher stability toward both
acidic and basic hydrolysis. The 1,2,3-bistriazole moieties gave inert-
ness for a variety of oxidizing and reducing chemicals.

2.3.4. Molecular docking analysis
2.3.4.1. PPARγ – 2a and GLUT4 – 2a. In the molecular docking
analysis, the derivative 2a showed promising interactions with PPARγ
active sites of the ligand-binding domain. Interestingly, the second
carbonyl of the ortho quinone moiety of embelin showed binding with
ARG‘288; the first carbonyl of the ortho quinone moiety of embelin
showed binding with SER‘342 and GLU‘343 (Fig. 13A). The binding
energy (−7.72 kcal/mol), ligand efficiency (0.30) and inhibition
constant (81.86 (mM)) also showed the efficacy of the compound 2a.
The full and partial agonist of PPARγ and their functions are based on
the amino acid interactions with the drug molecules. For full agonists,

Fig. 11. Frontier molecular orbitals for the electronic transitions of compound 1 as reported at B3LYP/6311G++(d,p) level using GAUSSIAN09 package.

Table 5
Calculated energy values of derivatives 2a, 6-Bromoembelin (2) and Embelin (1).

Compounds EHOMO (eV) ELUMO (eV) ΔE = ELUMO − EHOMO

(eV)
Chemical Potential μ
(eV)

Chemical Hardness η
(eV)

Electrophilicity ω (eV) Chemical Softness S
(eV)

2a −3.326 −2.909 0.417 −3.118 0.2085 23.306 2.398
6-Bromoembelin (2) −7.072 −3.781 3.291 −5.427 1.6455 8.948 0.304
Embelin (1) −6.999 −3.563 3.436 −5.281 1.718 8.117 0.291

Fig. 12. 3D molecular electrostatic potential surface of derivatives 2a (A), 2 (B), and 1 (C).
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the drug makes the hydrogen-bond interactions with SER 289, HIS 323,
HIS 449, and TYR 473 residues, and partial agonists generally make the
hydrogen bond with ARG 288 and SER 342 of PPARγ ligand-binding
domain [89]. Cho et al. discussed that when the drug acts as a partial
agonist of PPARγ, the conformational changes are different with
different co-activators for mRNA transcription. This function makes
the partial agonist of PPARγ, a selective PPARγ modulator and it may
develop significant effects without any adverse effects [90]. This is in
agreement with many previous publications [11,45,67,91–96]. Hence,
the docking study insists and shows that the compound 2a might act as
a partial agonist of PPARγ.

When the compound activates PPARγ, it also regulates the expres-
sion of other genes such as GLUT4, which is more important to the

regulation of glucose metabolism in the adipocyte [66,97,98]. In our
study, the compound 2a interacted with GLUT4 active sites in the
transmembrane (TM) region. The first carbonyl of the ortho quinone
moiety of embelin showed binding with GLN‘298 and the ortho quinone
showed π-π interaction with PHE‘389. The triazole ring in the side
chain at C-4 and C-5 showed π-π interaction with TYR‘309 and
PHE‘460. The benzyl ring in the side chain at C-5 showed π-π inter-
action with PHE‘463 (Fig. 14A). Some TM regions especially TM7, are
conserved with other glucose transporters like GLUT1 and the con-
served residues are essential for glucose transportation. The TM7 region
is a conserved motif at the exo-facial substrate-binding site of the glu-
cose transporter channel, which acts as a selectivity filter for the pas-
sage of glucose [46,99].

Fig. 13. Derivative 2a with corresponding amino acid residues of PPARγ (A); hydrophobic interactions between Derivative 2a and PPARγ (B); Yellow and Black
dotted lines noted as hydrogen bonds.

Fig. 14. Derivative 2a with corresponding amino acid residues of GLUT4 (A); hydrophobic interactions between Derivative 2a and GLUT4 (B); Yellow and Black
dotted lines noted as hydrogen bonds.

Table 6
Molecular docking analysis.

Ligand Protein(PDB ID) Binding Residues Binding Energy
(kcal/mol)

Vdw_hb_ desolv_energy
(kcal/mol)

Inhibition
Constant

RMSD (Ǻ) Ligand
efficiency

2a PPAR Gamma(PDB ID: 2PRG) ARG‘288/HE, GLU‘343/HN, SER‘342/HN −7.72 −8.73 81.86 (mM) 60.77 0.30
2a GLUT4 (Homology Model) GLN‘298/O/1HE2 −6.82 −6.2 95.9 (mM) 43.47 0.28
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Figs. 13B and 14B illustrate hydrophobic contacts of the docked
derivative 2a with active amino acids of 2PRG and GLUT4 (Modeled)
and the interacting amino acid residues are given in the table (Table 6).
The results obtained in this study indicated that the embelin based
1,2,3-bistriazole derivative (2a) up-regulated the PPARγ expression in
adipose tissue with the translocation of GLUT4 activation in HFD-STZ
induced diabetic rats.

3. Conclusion

In the present study, novel embelin-based 1,2,3-bistriazole moieties
showed significant anti-diabetic effects in the HFD-STZ type 2 diabetic
rats. The derivative 2a (30 mg/kg) showed a significant effect in PPARγ
and GLUT4 expression in epididymal adipose tissue. The measured
biochemical parameters, electrostatic potential analysis and molecular
docking studies extensively supported the activity of the molecule.
Hence, this 1,2,3-bistriazole derivative enhanced the activity of em-
belin and could be a better drug for obesity-related T2DM.

4. Materials and methods

4.1. Plant material

The dried Embelia ribes Burm. (Myrsinaceae) fruits were acquired
from the herbal farmhouse at Koyambedu, Chennai, India. It was au-
thenticated by the plant taxonomist (Dr. M. Ayyanar) from the
Department of Botany, Pachaiyappa's College, Chennai, India. The
fruits were well-preserved (specimen no: ER/ERI/589) for future
identification at the herbarium of the Entomology Research Institute,
Loyola College, Chennai, India.

4.2. Chemicals and reagents

Streptozotocin (STZ) (Sigma-Aldrich, St. Louis, MO, USA), Taq
polymerase, dNTPs, MMLV and primers - RT-PCR (GIBCO BRL,
Rockville, MD), β-actin, PPARγ, GLUT4 and anti-insulin antibodies
from Calbiochem (Darmstadt, Germany), ELISA kit and RNAiso Plus
from Crystal Chem, Inc - Downers Grove, IL and Takara (Kusatsu,
Japan), other Organic solvents from Merck (Darmstadt, Germany). All
other chemicals and reagents used in this study were of analytical
grade.

4.3. Isolation of embelin and synthesis of embelin –based 1,2,3-bistriazole
(2a)

Embelin was isolated from Embelia ribes Burm. as described in the
previously published article by Gandhi et al. [11,39]. The embelin-
based 1,2,3-bistriazole was synthesized by propargylation of embelin
followed by click reaction. Initially, potassium carbonate (1.04 g,
7.5 mmol) was added to the embelin (1) solution (1.47 g, 5 mmol) in
DMF (20 mL) on stirring continuously at room temperature. To this
solution, propargylbromide (0.7 mL, 7.5 mmol) was slowly added
dropwise with stirring and the mixture continuously stirred overnight.
Further extraction of the aqueous layer was done using DCM and re-
peated thrice. The combined organic extracts were dried over anhy-
drous Na2SO4, concentrated under vacuum to obtain the desired pro-
pargylated embelin (2′). By means of click chemistry, the obtained 2′
was converted to the bis-1,2,3-triazole derivative (2a). The latter was
prepared by dissolving 2′ (1.1 g, 3 mmol) in 1:1 THF/H2O mixture. To
this solution, sodium azide (4 mmol), cuprous iodide (CuI) (catalytic
amount) benzyl bromide (0.68 mL, 4 mmol) and triethylamine (0.7 mL,
5 mmol) were added. The ensuing solution was incubated in overnight
stirring at room temperature. The reaction mixture was filtered, ex-
tracted with ethyl acetate and concentrated under vacuum. The crude
2a was obtained and purified by using Column chromatography. The
compound 2a was confirmed by spectral analysis such as NMR (Bruker

NMR), and ESI-MS (Thermo Finnigan LCQ Advantage MAX 6000 ESI
spectrometer) spectroscopic techniques (See Supplementary informa-
tion).

4.4. Preparation of embelin –based 1,2,3-bistriazole (2a) suspension

For in vivo studies, the derivative 2a was suspended in 0.5% sodium
carboxymethylcellulose (CMC-Na) in warm water (1 mL/100 g) and
used for the treatment in rats. The vehicle was used (CMC-Na (0.5%)
thawed in warm water) individually at the dose of 1 mL/100 g for
normal rats.

4.5. Animals

Around 5 weeks old adult male Albino Wistar rats (180 ± 10 g)
were kept in the animal husbandry. The animal house was air-condi-
tioned at 22 ± 1 °C, with the humidity range of 60 ± 5%. The rats
were fed with standard pellet diet under the maintenance of 12/
12 h day and night cycle for a week [11,39]. The used animals and
experimental procedures were approved by the Institutional Animal
Ethics Committee (Approval No: IAEC- ERI-LC-04/16).

4.6. Animal experiments

4.6.1. Acute oral toxicity study
Acute oral toxicity test was performed according to OECD

(Organization for Economic Co-operation and Development) guideline
test, ANNEX-423. These studies revealed that the derivative 2a was safe
at a maximum oral dose of 300 mg/kg b.w. in animals. No lethality or
toxic reactions were observed in 14 days period. Based on this data, the
optimal dose was fixed at 15 mg/kg (lower dose) and 30 mg/kg (higher
dose) for further study.

4.6.2. Induction of diabetes
After acclimatization for a week, experimental rats were fed with a

standard HFD as per the protocol of Gandhi et al. (Table 7) [45]. The
normal control rats and the normal treated rats were fed with standard
pellet diet. To induce T2DM, STZ (40 mg/kg) dissolved in citrate buffer
(0.1 M with pH 4.5) was injected (1 mL/kg b wt.) into the rats by intra-
peritoneal injection. Citrate buffer was injected alone as a control to the
normal rats [6]. The blood samples were taken from the tail vein of the
rats after 5 days of the STZ injection and fasting blood glucose
(FBG) > 250 mg/dl was considered as diabetic and added into the
study [100].

4.6.3. Experimental grouping and treatment
The treatment setup and the animal group experiments were es-

tablished as follows: 42 animals were randomly allocated into seven
groups. Group I - Normal rats - vehicle (CMC-Na (0.5%) thawed in

Table 7
Composition of high-fat diet (%,W/W).

Ingredients High-fat diet (g/kg)

Lard 310
Dalda (saturated fat) 110
Casein 250
Cholesterol 10
Cornstarch 120
Sucrose 85
Cellulose 50
Vitamin mixture 30
Mineral mixture 30
DL-Methionine 3
L-Cystine 1
Sodium chloride 1
Total metabolizable energy (kcal/kg) 5941
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warm water) individually at the dose of 1 mL/100 g, Group II - Normal
rats - derivative 2a (15 mg/kg), Group III - Normal rats - derivative 2a
(30 mg/kg), Group IV - Diabetic rats – vehicle, Group V - Diabetic rats -
derivative 2a (15 mg/kg), Group VI - Diabetic rats - derivative 2a
(30 mg/kg) and Group VII - Diabetic rats - pioglitazone (10 mg/kg). All
the treatments were orally administered by an intra-gastric tube once in
a day for 28 days. Body weight of the animals was measured on day 0,
day 14, day 21 and day 28 and the percent changes in body weight at
each interval were calculated [17].

4.6.3.1. Bio-chemical estimation. In the biochemical analysis, the
examination of FBG was analyzed every seventh day for 28 days. The
Ultra-Sensitive Rat Insulin ELISA Kit (Crystal Chem, Inc. (USA)) was
used to measure the plasma insulin level in the intervals of 0 and
28 days. In the meantime, the 15th day was chosen for the
administration of OGTT. Afterward, the rats fasted 6 h with free
water access; glucose solution (2 g/kg) was given to the rats by intra-
gastric tube; before 30 min, the testing derivative molecule 2a and
vehicle were administered to the rats. Blood glucose levels of all rats
were tested initially before the glucose administration and 30, 60 and
120 min of post-glucose administration. In the study period, the
diabetic rats fasted for six hours on the 25th day and the collected
blood samples were gathered for the ITT. After the injection of treated
rats with insulin (1.2 U/kg) via intra-peritoneal, the glucose level was
administered between the time duration of 30 and 60 min.

The TG, TC, and FFA levels were assessed on 0 and 28th days
[101–103]. At the end of the study period (30th day), all the treated
rats were euthanized by gentle CO2 anesthesia according to animal
ethical regulations and serum was detached from the gathered blood
samples by centrifugation.

The liver, skeletal muscles, pancreas, and adipose tissue were re-
moved immediately from the rats and stored for further analysis. The
homogenized liver was examined for hepatic enzymes such as hex-
okinase, glucose-6- phosphatase and fructose-1,6- bisphosphatase
[104–107].

4.6.3.2. RT-PCT and western blotting analysis. To analyze the gene and
protein expression, total RNA and protein of liver, skeletal muscle and
adipose tissue (100 mg) were extracted from normal, diabetic control
and derivative 2a treated diabetic rats. Followed by the detailed
procedure of Stalin et al., the expression of two candidate genes and
proteins PPARγ and GLUT4 were explored [11,39,70,108].

4.6.3.3. Histopathology. The histological sections (5 µm thickness) of
the liver, adipose and pancreatic tissue of experimental rats were
examined by the rotary microtome and spotted with H & E
(Haematoxylin and Eosin) [109,110]. The samples were observed by
the microscope (Leitz diaplan (40x) (Leica, Germany)).

4.7. Statistical analysis

All the statistical results were calculated by way of mean ± SEM.
One-way ANOVA, followed by Dunnett's C posthoc test, was used to
analyze the statistical difference among the groups. A two-tailed P
value ≤ 0.01 was considered statistically significant.

4.8. Theoretical analysis

4.8.1. Ligand-protein selection
The structures of embelin based 1,2,3-bistriazole derivative 2a and

the standard control drug Pioglitazone was drawn by ChemDraw Ultra
12.0 and their bond errors were checked. To analyze the physico-
chemical properties of the derivative compound 2a, the parent mole-
cule embelin (1) and the derivative 6-Bromoembelin (2) have been
chosen from our previous study [39]. The molecular and electronic
structure calculations for embelin (1) and the derivative 6-

Bromoembelin (2) were executed with density functional theory (DFT)/
B3LYP method with 6-31G++ basis set for elements such C, H, N, O
and basis set LanL2DZ for element I using the Gaussian09 program
package [111] and the orbital analysis was completed with Gaussview
v6.

Energy minimization and structural conformation of the ligand 2a
were done by the PRODRG server [112]. The 3D structure of the se-
lected target protein PPARγ (PDB: 2PRG) was taken from the PDB da-
tabase. The homology model of GLUT4 was done by modeler 9v10 and
the model has been confirmed by Ramachandran Plot. The identifica-
tion of active amino acid sites for the entire target proteins has as de-
scribed earlier [11,39].

4.8.2. Docking analysis
The molecular docking analysis was executed by Auto dock tools

[113]. The target protein molecules PPARγ and GLUT4 were presumed
as a rigid body and the derivative molecule 2a and Pioglitazone were
being flexible. The affinity and electrostatic maps of all atoms of the
ligands were assigned with a grid size of 126 × 126 × 126 in the
spacing of 0.375 Å [114]. The Lamarckian Genetic Algorithm was used
to identify the least energy binding of ligands. The docking was run for
10 generations with the default populations and mutation rate. The
ligand-protein interaction was confirmed by the least binding energy
conformation and the images of the interaction with the amino acids
were generated by PyMol; two-dimensional hydrophobic interactions
were developed by Pose View [115].
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