
© 2020 The Authors. Romanian Journal of Diabetes, Nutrition and Metabolic Diseases published by Sanatatea Press 
Group on behalf of the Romanian Society of Diabetes Nutrition and Metabolic Diseases. This is an open access article 
under the terms of the Creative Commons Attribution License (CC-BY-NC-ND 3.0).

Original Research 

Rom J Diabetes Nutr Metab Dis
2020; volume 27, issue 4, pages 321-335

https://doi.org/10.46389/rjd-2020-1048
www.rjdnmd.org

The effects of exendin-4 on glucose homeostasis, pancreatic and 
duodenal homebox 1, and glucose transporter 2 gene expression 
disturbance induced by bisphenol A in male mice. The effects of 
exendin-4 on pancreatic gene expression
Akram Ahangarpour1, Golshan Afshari2*, Seyyed Ali Mard3, Ali Khodadadi4,  
Mahmoud Hashemitabar5

1  �Department of Physiology, Health Research Institute, Diabetes Research Center, Faculty of Medical Sciences, 
Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran

2  �Clinical Research Development Unit of Golestan Hospital, Ahvaz Jundishapur University of Medical Sciences, 
Ahvaz, Iran

3  �Physiology Research Center, Research Institute for Infectious Diseases of Digestive System and Department 
of Physiology, School of Medicine, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran

4  �Cellular and Molecular Research Center, Department of Immunology science, Ahvaz Jundishapur University 
of Medical Sciences, Faculty of Medicine, Ahvaz, Iran

5  �Cellular and Molecular Research Center, Department of Anatomical Science, Ahvaz Jundishapur University 
of Medical Sciences, Faculty of Medicine, Ahvaz, Iran 

*Correspondence to: Golshan Afshari, Golestan Hospital, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran,  
E-mail: golshanafshari59@gmail.com & Afshari.g@ajums.ac.ir, Phone: +989166004225, +986133743369, +986133764246.

Received: 9 March 2020 / Accepted: 25 May 2020

Abstract
Introduction: Bisphenol A (BPA) is a substance used in the packaging of food and beverages. It can bind to estrogen receptors 
with destructive consequences. Exendin-4 is a 39-amino acid peptide that bonds with GLP-1 receptors and stimulates insulin 
secretion. In this study, we aimed to explore the effect of exendin-4 on resolving BPA side effects. Materials and Method: We 
tested the effects of five concentrations of exendin-4 alone in combination with BPA on insulin secretion from isolated islets in 
in-vitro assay. Following in-vivo part of an examination, both BPA and exendin-4 were prescribed alone. Then, in combination for 
20 days, next blood glucose, plasma insulin level, and Pdx1 and GLUT2 gene expression were examined. Result: Studies showed 
that BPA increased the blood glucose level, whereas exendin-4 was useful in removing these symptoms. Quantitative real-time 
polymerase chain reaction results (PCR) showed that BPA decreased the expression level of Pdx1 and GLUT2 genes in pancre-
atic tissue, whereas exendin-4 had a preventive role. In an in-vitro experiment, BPA increased the percentage of apoptotic cells, 
whereas exendin-4 restrained it. Conclusion: We observed evidence, such as a decrease in apoptosis in pancreatic islet cells and 
increase in Pdx1 and GLUT2 gene expression in the pancreas tissue. This can be an indication of the protective and supportive 
effects of exendin-4 on the pancreatic tissue, as well as the prevention of hyperglycemia in this assay.
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Introduction

Diabetes is a prevalent disorder char-
acterized by high blood glucose and is now-a-
days increasingly recognized as a serious public 
health concern worldwide. Several studies have 

reported that the biological function of estrogen 
mediated through two separate nuclear recep-
tors, including estrogen receptor α (ERα) and 
estrogen receptor β (ERβ), which are a part of the 
super family of nuclear receptors [1, 2]. There are 
various literature evidences which recognizes the 
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though there are some differences, such as longer 
half-life and greater strength. Exendin-4 has been 
proven to enhance proliferating properties of 
pancreatic beta cells and prevents beta cell death 
in hyperglycemia and endoplasmic reticulum 
stress. Based on this evidence, exendin-4 is not an 
analogue of GLP-1 and, in fact, the joint activities 
of these two proteins in glucose regulation relate 
to their common organs in the pancreas [17, 18]. 
Various studies confirm the glucose homeosta-
sis properties, beta cell mass protection, and 
neogenesis of pancreatic duct cells by exendin-4 
[19–21]. Pdx1 is a transcription factor essential for 
pancreatic evolution and beta cells maturation. 
In addition to contributing to the survival of beta 
cells, Pdx1 also plays a role in enhancing insulin 
secretion, somatostatin, and beta-cell responses, 
so that any mutation leads to a variety of pancre-
atic-related diseases [22, 23]. Glut2 is an effective 
sensor and vector for glucose and is expressed on 
the plasma membrane of beta cells of the pan-
creas, liver, small intestine, and hypothalamus. 
Any disorder in the function of this protein has 
a negative effect on glucose homeostasis and 
disrupts the production of insulin from the beta 
cells [24].

A study in 2015 by J P. Tiano demonstrated 
significant synergistic effects of estrogen (E2) 
and GLP-1 on GSIS betterment. The study also 
reported that conjugated E2-GLP-1, by synergistic 
effects can play a role in preventing type 2 diabe-
tes. One of mechanisms attributed to this process 
was inhibition of glucose production by liver [25]. 
Other similar studies have reported that simulta-
neous treatment with estrogen receptor agonists 
and GLP-1 improves insulin sensitivity in the 
liver tissue [26–28]. Since bisphenol is a substance 
that can bind to estrogen receptors and exendin-4 
is a strong agonist of the GLP-1 receptors, there-
fore, in the present study, we have chosen to pre-
scribe these two substances together.

In this study, an effective insulin tropic 
concentration of exendin-4 on isolated islets was 
selected and the islet cell apoptosis rate was eval-
uated in vitro. Further, the preventive effects 
of exendin-4 on glucose homeostasis and Pdx1 
(pancreatic and duodenal homebox 1) and GLUT2 
(glucose transporter 2) gene expression disturbed 
by BPA were evaluated.

importance of estrogen receptors as an impressive 
molecule in glucose homeostasis, health, and met-
abolic disorders [3–5], so that ERα knockout mice 
gets afflicted with obesity and insulin resistance 
[6]. Nowadays, humans are inadvertently exposed 
to phenolic estrogen substances and endocrine 
disrupting chemicals (EDC), which lead to endo-
crine disorders [7] Bisphenol A (BPA), also known 
as a phenolic estrogen, is one of the most widely 
used substances in polycarbonate plastics, lin-
ing of canned foods and beverage bottles [8,  9]. 
BPA has been an object of research since 1970. As 
a common EDC, BPA intervenes with classical 
and non-classical estrogen receptors and through 
inappropriate activation of estrogen receptors, 
interferes in problems, such as type ΙΙ diabetes 
and metabolic disorders [9, 10]. A primary con-
cern is an easy displacement of BPA from canned 
food linings and plastic containers to their con-
tents, and finally to the human body [11]. Recently, 
researchers have shown a direct relation between 
high urinary levels of BPA (>4.2 ng/mL) and type 
2 diabetes]. What is known about BPA is based 
largely upon its ability to bind to estrogen recep-
tors. Because estrogen receptors (ERα and ERβ) 
exist in beta cells, exposure to BPA is considered 
as a cause of glucose homeostasis disturbance [13]. 
Details of BPA effects on glucose metabolism are 
not well clarified, but several pathways, such as 
irregularity in insulin secretion through the mito-
chondria, cause damage and induce insulin resis-
tance associated with oxidative stress attributed 
to BPA [14, 15]. In addition, BPA contributes to the 
development of hyperglycemia, down regulation 
of insulin receptors and insulin resistance [9, 15].

Glucagon-like peptide-1 (GLP-1) is a pep-
tide hormone primarily released from intes-
tinal L cells. GLP-1 plays a significant role in 
post-prandial insulin secretion, promoting insu-
lin sensitivity, inhibiting glucagon secretion, 
and enhancing beta cell mass and insulin expres-
sion. GLP-1 has a short half-life and is rapidly 
degraded by dipeptidyl peptidase-4 (DPP-4) (16). 
The agonists of GLP-1R are new classes of drugs 
for type 2 diabetes. Exendin-4 is a 39-amino acid 
peptide that is extracted from the saliva of the 
Gila, a large lizard of North America, and has 
a 53% homology to GLP-1. The effects of exen-
din-4 on the human body are like those of GLP-1, 
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the supernatant was discarded and all tubes were 
filled with Hank’s solution. The rinse procedure 
was repeated 3–4 times. The islets were sepa-
rated by hand picking under a stereo microscope 
and incubated at RPMI 1640+L-glutamine (Gibco 
Company, Germany) that was supplemented with 
5 mM D glucose, 10% fetal bovine serum (FBS) 
(Gibco Company, Germany), 100 u/mL penicillin, 
and 100 μg/mL streptomycin (Gibco Company, 
Germany). Based on a previous experiment, 100 
µg/L concentration of BPA (Sigma Aldrich Com-
pany, Germany) was selected for the in-vitro 
study [8, 31, 35].

Glucose stimulating insulin secretion

To select an effective concentration of 
exendin-4, first, five different concentrations of 
exendin-4 (2, 4, 8, 16 and 32 nM) were examined 
in the in-vitro condition (Sigma Aldrich Com-
pany, Germany. Cat No 141758-74-9, more than 
97% purity). During the in-vitro experiment, the 
islets of different mice were pooled, and then 
divided into 12 groups so that each group has 
seven replicates each with five islets (Table 1). 
All groups were incubated at 37°C with 95% O2 
and 5% CO2 for 24 h. Next, the islets in different 
groups were washed with Hank’s solution, and all 
groups were incubated in three concentrations of 
glucose (2.8, 5.6, and 16.7 mM) for 60 min. Finally, 
the supernatant was collected and insulin secre-
tion assessed using enzyme-linked immunosor-
bent assay (ELISA) method (Insulin ELISA Kit, 
Monobind, Inc, USA, code: 8525–300).

Apoptosis assay

After a dose response experiment of exen-
din-4 at the beginning of current study, the 4 nM 
concentration of exendin-4 determined as the 
selective insulinotropic dose in the in-vitro part 
and 4 nmol/kg/d of exendin-4 prescribe in the 
in-vivo experiment. Further glibenclamide is one 
of the most widely used drug as positive control 
group [36, 37] To evaluate islet cells wellness, iso-
lated islets were pooled in culture medium and 
divided into five groups so that each group has 

Materials and Method

NMRI male mice with 25–30 g body 
weight was purchased from the animal house 
at the Ahvaz Jundishapur University of Medi-
cal Sciences. Animals were accommodated in 
BPA-free cages at 22°C ± 2°C, under a standard 12 
h light/12 hour dark cycle with ad libitum access 
to food and tap water. All protocols executed 
were compatible with standards of animal care, 
demonstrated by the ethics commission (CMRC-
96) of the Ahvaz Jundishapur University of Med-
ical Sciences (Ahvaz, Iran). The anesthesia and 
euthanasia methods used in the current exper-
iment were based on the method described by 
Carter et al. in 2009 [29], and on AVMA Guide-
lines for the Euthanasia of Animals, 2013 edition. 
We used male mice in the present study to elude 
the disconcerting effect of circulating estrogens 
in females. It should be noted that many studies 
on BPA have been performed on male laboratory 
specimens [30, 31], and cases involving female 
animals, mostly have been studied in the field of 
fertility and embryos [32, 33].

Our previous published study of BPA and 
exendin-4 had been focused on body weight, 
triglyceride, total cholesterol, LDL-cholesterol 
(LDLc), VLDL-cholesterol (VLDL–c) in plasma 
and also catalase (CAT), glutathione peroxidase 
(GPX), and superoxide dismutase (SOD) activity 
in pancreas tissue [34].

In-vitro protocol

About eight hours fasted intact mice were 
euthanized with an IP injection of ketamine 
(60 mg/kg) and xylazine (10 mg/kg) mixture. To 
expose all peritoneal cavity organs, the abdo-
men was cut surgically in a V shape. The com-
mon bile duct (CBD) near the small intestine 
junction was clamped, and 5 mL collagenase-p 
(Roche, Germany) was dissolved in 1.4 mg/mL 
concentration of Hank’s balanced salt solution 
which was injected in the CBD junction of cys-
tic and left hepatic ducts. After the pancreas 
started swelling, it was removed and allowed to 
digest at 37°C for 8–11 min. Further, digested tis-
sue was centrifuged for 2 min at 1200 rpm, and 
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four replicates with 10 islet: 1) control group (cul-
ture media), 2) BPA group (culture media with 100 
µg/L concentration of BPA [9, 31, 35]), 3) the BPA 
+ glibenclamide (Gb) group (culture media with 
3 mg/L concentration of Gb and 100 µg/L con-
centration of BPA), 4) the BPA + exe-4 group (cul-
ture media with 4 nM concentration of exendin-4 
and 100 µg/L concentration of BPA), 5) the exe-4 
group (culture media with 4 nM concentration 
of exendin-4). Further, 11 mM of glucose concen-
tration was established for all groups because 
the minimum rate of apoptosis and maximum 
viability rate of rodent islet cell occurs at this 
concentration [38]. Islets were incubated at 37 °C 
with 95% O2 and 5% CO2 for 48 hour. The medium 
was replaced with a fresh one every 24 hour. 
After this period, the medium was removed and 
the cells washed with phosphate buffer saline. 
Then trypsin was used for intracellular junction 
destruction. Next, the percentages of apopto-
sis of islet cells were measured using Annexin V 
Apoptosis detection kit FITC (According to the 
instructions, eBioscience, Cat 88-8005) and flow 
cytometry. Finally, the data were analyzed using 
the Win Med 2.9 software.

In-vivo protocol

In total, 40 adults, 2.5–3 months aged NMRI 
male mice were acclimatized for one week in a stan-
dard room. The mice were divided into five experi-
mental groups (Table 2). The control group received 
solvent every day, BPA group received 100 µg/kg/d 
BPA for 20 days, the BPA + Gb group received 100 µg/
kg/d BPA for 10 days and co-administration of 3 mg/
kg/d Gb and BPA in the last 10 days, BPA + exen-
din-4 group received 100 µg/kg/d BPA for 10 days 
and co-administration of 4 nmol/kg/d exendin-4 
and BPA in the last 10 days, and exendin-4 group 
received 4 nmol/kg/d exendin-4 for 20 days. BPA 
solvent was ethyl alcohol with a final concentration 
of 0.1%, exendin-4 and the glibenclamide solvent 
was distilled water. To induce disturbance, BPA 
was injected subcutaneously in order to ensure bet-
ter absorption and, according to previous studies, 
there was no significant difference in plasma lev-
els of BPA with different prescribing methods [39]. 
Exendin-4 was administered by IP injection, and 
glibenclamide was administered orally once daily. 
Our treatment period was chosen based on our ear-
lier studies [40].

Table 1: In vitro groups for insulin secretion

Number Description

1. Control (culture media)

2. 2 nM exe-4 (media with 2 nM concentration of exendin4)

3. 4 nM exe-4 group (media with 4 nM concentration of exendin4)

4. 8 nM exe-4 group (media with 8 nM concentration of exendin4)

5. 16 nM exe-4 group (media with 16 nM concentration of exendin-4)

6. 32 nM exe-4 group (media with 32 nM concentration of exendin-4)

7. BPA group (media with 100 µg/l concentration of BPA)

8. BPA + 2nM exe-4 group (media with 2 nM concentration of 
exendin-4 and 100 µg/L concentration of BPA)

9. BPA + 4nM exe-4 group (media with 4 nM concentration of 
exendin-4 and 100 µg/L concentration of BPA) 

10. BPA + 8 nM exe-4 group (media with 8 nM concentration of 
exendin-4 and 100 µg/L concentration of BPA)

11. BPA + 16nM exe-4 group (media with 16 nM concentration of 
exendin-4 and 100 µg/L concentration of BPA)

12. BPA + 32nM exe-4 group (media with 32 nM concentration of 
exendin-4 and 100 µg/L concentration of BPA)
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synthesis. To perform quantitative real-time PCR, 
Thermo Scientific Maxima SYBR Green/ROX 
qPCR Master Mix2X (K0221 USA) was used. For 
Pdx1, GLUT2, and β-actin mRNA expression, the 
following primer sequence was used, according to 
the Suzuki study (Table  3) [41]: Quantitative real-
time PCR (95°C for 10 min, followed by 40 cycles of 
denaturation at 95°C for 15 s, annealing and exten-
sion at 60°C for 30  s) performed with ABI plus 
(7000 PCR instrument, Applied Biosystems US). 
The level of these gene expressions normalized to 
β-actin as a housekeeping gene. The results were 
based on the 2-ΔΔCT method and relative quantifi-
cation. The mean expression value of the control 
group was considered as one.

Statistical analysis

Before statistical analysis, normal distri-
bution and homogeneity of the variances were 
evaluated using Levene’s test, then by using one-
way analysis of variance followed by Tukey’s 
as post hoc test and was presented in figures as 
mean ± SEM. Differences were considered statis-
tically significant at P values <0.05.

Blood collection and biochemical assay

After treatment duration, mice were 
anesthetized with intraperitoneal injections of 
ketamine (60–80 mg/kg) and xylazine (10 mg/kg) 
mixture. The blood glucose level was measured 
through blood sampling from the tail by glucom-
eter after 8–9 hours of fasting. Next, a cardiac 
puncture was performed to get more blood, and 
then plasma was separated by centrifugation 
(4000 rpm, 10–12 min). Enzyme-linked immu-
nosorbent assay kit (Insulin ELISA Kit, Mono-
bind, Inc, USA, code: 8525–300) was used to assay 
the plasma insulin level. The within-assay and 
between-assay coefficients of variation were 4.3% 
and 9.5%, respectively. Blood samples from the 
heart and pancreas tissue were rapidly removed 
and frozen in liquid nitrogen.

Quantitative real-time polymerase chain reaction (PCR)

RNA was extracted from homogenized 
pancreas tissues of five different groups using Qia-
gen RNeasy Plus Mini Kit (Cat 74134 USA); Thermo 
Scientific kit (K1621 USA) was used for cDNA 

Table 2: In vivo experimental groups

Groups/Days Days 1–10 Days 11–20

1 Control Solvent Solvent

2 BPA BPA BPA

3 BPA + glibenclamide BPA BPA + glibenclamide

4 BPA + exendin-4 BPA BPA + exendin-4

5 Exendin-4 Exendin-4 Exendin-4

Table 3: Primers used for real-time PCR

Gene Primer Sequence (5ʹ-3ʹ) PCR length

Pdx1 Pdx1 Forward CCG AGA GAC ACA TCA AAA TCT GG 80 bp

Pdx1 Reverse CCC GCT ACT ACG TTT CTT ATC TTC C

GLUT2 GLUT2 Forward TTG ACT GGA GCC CTC TTG ATG 73 bp

GLUT2 Reverse CAC TTC GTC CAG CAA TGA TGA

β-ACTIN β-ACTIN Forward GGC CAA CCG TGA AAA GAT GA 79 bp

β-ACTIN Reverse CAC AGC CTG GAT GGC TAC GT
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Result and Discussion

Results

In-vitro results

The effect of different concentration of exendin-4 alone and in 
combination with BPA on glucose-stimulated insulin secretion 
(GSIS), in vitro

Exendin-4 in five different concentra-
tions and three various doses of glucose (Table 1) 
increased the insulin secretion from isolated 
islets, but the highest values were at 4 nM con-
centration (p<0.001 in comparison with the con-
trol group, Table 4). At higher values of exendin-4 
(>4  nM of exendin-4), insulin secretion from 
isolated islets was less. BPA reduced by approxi-
mately 31% the amount of insulin secretion from 
isolated islets in comparison with the control 
group and this reduction, only at 16.7 mM con-
centration of glucose was significant (p<0.01). 
The concomitant use of exendin-4 with BPA ele-
vated insulin secretion and could increase the 
level of insulin secretion to the same level of the 
control group (Table 4).

Islet cells apoptosis

Apoptosis will be detected initially by 
staining the cells with Annexin V and propid-
ium Iodide solution followed by flow cytometry 
analysis. In the chart provided by flow cytome-
try (dot plot chart), the upper left quadrant dis-
played necrosis, whereas the left lower quadrant 
displayed the healthy cells. The upper right quad-
rant revealed dead cells and the lower right quad-
rant displayed early stage of apoptosis of cells, 
which in the current experiment are reported 
as apoptotic cell (Fig. 2). [42]. The evaluation of 
apoptosis results showed that in the BPA group, 
the percentage of apoptosis in islet cells was sig-
nificantly increased (p<0.001) and the percent-
age of healthy cells were obviously decreased 
(p<0.001), compared to the control group. As 
expected, there are similarities between control 
group and exendin-4 group in the percentage of 
apoptosis, so that exendin-4 group showed the 

lowest percentage of apoptosis. The study of the 
percentage of normal cells by flow cytometry 
revealed that BPA significantly reduced the level 
of normal cells, and in co-administration of BPA 
and exendin-4, reduction in normal cell count 
did not occur (Fig. 1).

In-vivo results

Fasting blood glucose (FBG)

BPA increased fasting blood glucose 
compared with control (p < 0.001), and co-
administration of exendin-4 with BPA modified 
blood glucose levels. The results of BPA+ exen-
din-4 group were similar to those of the BPA + 
Gb group, and using exendin-4 alone in a 20-day 
period had no effect on fasting blood glucose 
(Fig. 3).

Plasma insulin level

Plasma insulin level in the BPA group sig-
nificantly reduced (p<0.01) in comparison with 
the control group, and co-administration of BPA 
with exendin-4 significantly increased the level 
of insulin in comparison with the control group 
(p<0.01) and BPA (p<0.001) group (Fig. 4).

Pdx1 and GLUT2 gene expression

Quantitative real-time PCR results of 
pancreatic tissue showed that BPA significantly 
decreased (p<0.05) the level of Pdx1/β-Actin 
expression in comparison with the control 
group. Conversely, in the group where BPA was 
administered in combination with exendin-4, the 
expression level of Pdx1/β-Actin showed a signif-
icant increase (p<0.05) in comparison with the 
BPA group. Moreover, in the exendin-4 group, the 
expression level of Pdx1/β-Actin increased signifi-
cantly (p<0.001) in comparison with the control 
group (Fig. 5). QRTPCR results of GLUT2/β-Actin 
gene expression in different groups showed that 
BPA significantly (p<0.01) reduces the level of 
gene expression. The co-administration of BPA 
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and exendin-4 compensates for this reduction 
similar to the control group. In the exendin-4 
group, there was a significant (p<0.001) increase 
in GLUT2/β-Actin gene expression than in the 
control and BPA groups (Fig. 6).

Discussion

This study aimed to evaluate the effects 
of exendin-4 on glucose homeostasis and gene 
expression complicated by BPA. This paper 
first reported about exendin-4 effects on GSIS 
improvement, and also highest values of insulin 
secretion at doses of 5.6 and 16.7 mM of glucose 
and the finding is in agreement with Niu B et al. 
findings [43]. Consistent with our study, Pad-
masekar et al. observed that exendin-4 increased 
insulin secretion from INS-1E cells and isolated 
islets of mouse in a dose-dependent manner 
[44]. Several studies have shown that phenolic 

estrogen induces morphological changes in iso-
lated islets and impairs the amount and content 
of insulin secretion [45–47]. In addition, BPA dis-
rupts the endocrine system through interaction 
with the ER and through other pathways, includ-
ing those of oxidative stress [40, 46, 48], insulin 
signaling disturbance [49], and beta cell apoptosis 
[13, 40]. A recent literature has emerged that the 
effect of BPA on insulin secretion has an inverse 
U shape in a dose-dependent manner. At doses 
as low as 100 pM–1 nM of BPA, insulin secretion 
increases, but higher doses of exendin-4 induced 
decrease in the content and secretion of insu-
lin from islets [50]. It is interesting to note that, 
an increase in the amount of insulin released 
in response to glucose stimulation in the pres-
ence of BPA, as seen in some literature, is due to 
the depletion of high content of insulin in beta 
cells [51]. As mentioned in the prior studies, just 
because there is no significant reduction in insu-
lin secretion in BPA group, we cannot ignore its 

Figure 1: Effect of BPA and exendin-4, alone and together, on pancreatic islet cell Apoptosis (A) and healthy (B) after 48 h 
incubation of intact islets in five in vitro groups. **p<0.01, *** p<0.001 vs. control. #p<0.05, ##p<0.01, ### p<0.001 vs. 
BPA group. Data is expressed as mean ± SEM, based on the percentage provided by flow cytometry (n = 4).
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Figure 2: Apoptosis dot plot. (A) Control; (B) BPA; (C) BPA + Gb; (D) BPA + EX4; (E) EX4. X axis indicates the cells bind 
to annexin V and Y axis indicates the cells bind to propidium iodide (PI). The upper left quadrant display necrosis, 
whereas the left lower quadrant displays the healthy cells. The upper right quadrant revealed dead cells and the 
lower right quadrant display early stage of apoptosis cells.

damaging effects on GSIS. Further, in current 
examination insulin secretion showed a decreas-
ing trend at doses of exendin-4 increased >4 
nM/L. This chosen concentration of exendin-4 in 
our study is in agreement with those of the oth-
ers studies on exendin-4 and its effects on insulin 
resistance, serum glucose and insulin, lipid pro-
file and antioxidant level [52, 53]. 

Another important finding was that 
BPA induced a high percentage of apoptosis in 

pancreatic islet cells and, it has been said that the 
amount of healthy cells in the islands has been 
significantly reduced in BPA group. Also, in this 
study, the exendin-4 recipient groups showed 
a very little percentage of apoptosis and the 
amount of healthy cell was significantly higher. 
In the study of the effects of bisphenol on pan-
creatic function, in 2013, Liu et al. demonstrated 
that functional abnormality occurred in beta 
cells, could be attributed to BPA impacts on beta 
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Figure 4: Effect of BPA and exendin-4, singly and together, on plasma insulin level in five in vivo groups. ** p<0.01 vs. 
control. # p<0.05, ### p<0.001 vs. BPA group. Data is expressed as mean ± SEM.

Figure 3: Effect of BPA and exendin-4, singly and together, on fasting blood glucose in five in vivo groups. *p<0.05, *** 
p<0.001 vs. control. ### p<0.001 vs. BPA group. Data is expressed as mean ± SEM.

cell apoptosis [54]. Several pathways have been 
demonstrated as intermediaries for cell apopto-
sis. Studies by Song et al. have shown that BPA by 
coupling with ER, induces the stimulatory effect 
on insulin secretion, and increasing demand for 
insulin can cause mitochondrial dysfunction in 
pancreatic beta cells, [46] and over-repetition of 

these stages resulted in apoptosis of beta cells [55]. 
Previous studies have reported that exendin-4 
by inhibiting mitogen-activated protein kinase 
kinase 7 and 4 (MKK7 & 4) and reducing G-pro-
tein-coupled receptor 40 (GPR40) expression can 
prevent from apoptosis of beta cells [56]. MKK 
isoforms are involved in signal transduction 
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Figure 5: Effect of BPA and exendin-4, singly and together on Pdx1/βActin relative expression ratio in five in vivo groups. 
* p<0.05, vs. control. # p<0.05, ### p<0.001 vs. BPA group. Data is expressed as mean ± SEM.

Figure 6: Effect of BPA and exendin-4, alone and together, on GLUT2/βActin relative expression ratio in five in vivo 
groups. ** p<0.01, *** p<0.01 vs. control. ### p<0.001 vs. BPA group. Data is expressed as mean ± SEM.

mediating the cellular responses to proinflam-
matory cytokines, and environmental stresses 
[57]. GPR40 plays an important role in obesity 
and type 2 diabetes, and also in over expression of 
GPR40 in beta cells leading to diabetes [58]. Car-
lessi R, et al. in 2015 noted the effects of exendin-4 
on improving the health of beta cell by reduc-
ing the pancreatic inflammation and oxidative 

stress, which leads to reduction in ER stress and 
likelihood of cell death [59].

In the in-vivo conditions, it was observed 
that BPA had significantly (p<0.001) increased 
fasting blood glucose levels in the groups receiv-
ing it. Several studies investigating that, BPA 
causes insulin resistance and hyperglycemia 
by down regulating insulin receptors, glucose 
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Pdx1is a β-cell master gene that has been shown 
to regulate GLUT2 transcription in β-cells [74, 
75]. After increasing of GLUT2 expression in the 
pancreas and subsequently increasing the glu-
cose transport from beta cells, a signal will be 
produced, and consequently, insulin secretion 
will be increased and blood glucose level will be 
decreased to an extent that glucose homeostasis 
will be established. Conversely, if it is assumed 
that GLUT2 also shows over expressed in the 
intestinal lumen and other tissues, such as kid-
ney tubules; the increase in the absorption and 
reabsorption of glucose in the blood will also 
cause more release of insulin from pancreatic 
beta cells. This can be taken into account in the 
dramatic increase in insulin levels in groups that 
received exendin-4.

Conclusions

The purpose of the current study was to 
determine the effective insulin tropic amount 
of exendin-4 in the In-vitro and its generaliza-
tion to the In-vivo, as well as healing effects of 
exendin-4 on the biochemical and genetic param-
eters in terms of our existing conditions. These 
finding suggest that BPA causes increase in the 
blood glucose level, and also decrease the Pdx1 
and GLUT2 gene expression in pancreatic tissue, 
whereas exendin-4 revealed a preventive role in 
these cases. This research provides a framework 
for future study in more potential mechanistic 
insights of the signaling pathways and more pro-
tein and gene evaluation.
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transporter and reducing their function (9, 50, 
60). As noted in the results, exendin-4 was able 
to prevent hyperglycemia induced by BPA, and in 
this case was equal to glibenclamide. Data from 
several sources have identified that exendin-4 
differentiates pancreatic duct cells into insu-
lin producing cells [61–63]. Conversely, a differ-
ent study concluded that the glucose lowering 
effect of exendin-4 in normal, non-diabetic mice 
appeared did not correlate with increased beta 
cell mass or insulin secretion [64].

Contrary to what we found, in a differ-
ent work by Angle et al., BPA caused an increase 
in plasma insulin level [65] but there were differ-
ences in dose and duration of that treatment in 
our protocol, whereas the findings of D’Cruz et al. 
were similar to our findings in the current and in 
our previous experiment [40, 66]. Current knowl-
edge about BPA is equivocal and the duration and 
dose of exposure are important factors in estab-
lishing the type and severity of complications. 
Further, in the current experiment, alone exen-
din-4 significantly increased plasma insulin lev-
els. Consistent with our findings, several studies 
indicated that exendin-4 improved glucose toler-
ance by elevating plasma insulin levels [67–69].

GLUT2 plays an essential role in GSIS 
in pancreas β-cells by facilitating the entrance 
of glucose into the cells [70]. Another study by 
Moshtagh et al. on adipose-derived tissue stem 
cells showed that exendin-4 induced expression 
of Pdx1 and GLUT2 in differentiated cells [71]. In 
a different work, Chen et al. observed that acti-
vation of some cascade pathways in pancreatic 
β-cells may be important for GLUT2 gene tran-
scription induction by exendin-4, indicating 
that exendin-4 by activating the CaMKK/CaM-
KIV cascade (calcium/calmodulin-dependent 
(CaM) kinase cascade) plays an important role in 
GK and GLUT2 expression and improvement of 
insulin secretion in pancreatic β-cells [72]. Recent 
evidence documented that exendin-4 progress 
the expression of some important transcrip-
tion factors, such as Pdx1 and Glut2, suggesting 
that exendin-4 facilitates differentiation of R1 
embryonic stem cells into insulin-producing cells 
during regeneration [73]. Based on Johnson’s 
studies, the over expression of GLUT2 may be 
secondary to the up regulation of Pdx1, because 
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