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ABSTRACT

Objective(s): Activating apoptosis and oxidative stress contributes to the pathogenesis of diabetes.
Evening primrose oil (EPO) has been shown to regulate lipid profiles and hyperglycemia under
metabolic conditions. This study aimed to examine the effect of EPO on miR-21 expression, oxidative
stress, apoptosis, and histological changes in the pancreas of male rats with experimental diabetes
induced by streptozotocin (STZ).

Materials and Methods: Thirty-two Wistar rats were divided into four distinct groups: control,
diabetic, diabetic + EPO, and EPO. EPO was administered orally at a dose of 500 mg/kg, and STZ was
administered intraperitoneally at a dose of 35 mg/kg for 28 days. In the end, the effects of treatments
were assessed by measuring expressions of miR-21 in the pancreas with real-time PCR, pancreatic
histological and immunohistochemical changes examinations, and oxidative stress assessment.
Results: In the diabetic group, miR-21 expression and the levels of caspase-3 and malondialdehyde
(MDA) were increased compared to the control group, while insulin expression and superoxide
dismutase activity (SOD) levels were decreased significantly. Treatment with EPO resulted in a
reduction of miR-21 and caspase-3 expression, as well as MDA levels, and an increase in insulin
expression and SOD levels compared to the diabetic group. Additionally, supplementation with EPO
demonstrated the ability to restore pancreatic tissue features, serum insulin levels, and blood glucose
fluctuations.

Conclusion: Collectively, the protective impacts of EPO in diabetic rats may be linked to the inhibition
of miR-21/caspase-3/oxidative stress pathway, leading to the restoration of pancreatic p-cell function

and structure.
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Introduction

Type 2 diabetes mellitus (T2DM) is a prevalent global
health issue characterized by hyperglycemia (1). Chronic
hyperglycemia can cause metabolic disturbances and
sustained inflammation, thereby contributing to the
development of various complications associated with
T2DM (2). While genetic predisposition plays a role in the
susceptibility to T2DM, environmental factors can also lead
to an increased prevalence of the disease (3-5).

Studies have indicated that the diminished [-cell
count in T2DM is believed to stem from the apoptosis of
pancreatic B-cells. Elevated blood glucose levels associated
with diabetes may disrupt the equilibrium between pro-
apoptotic and anti-apoptotic factors, tipping it towards
apoptosis and consequently promoting the demise of p-cells
within pancreatic islets (6). Consequently, the apoptosis of
pancreatic B-cells is considered a crucial factor in the onset
and advancement of diabetes (7).

MicroRNAs (miRNAs) are short and non-coding
RNA molecules that are implicated in various cellular
functions and metabolic diseases, including T2DM (8-
10). Notably, microRNA-21 (miR-21) stands out as a
particularly significant molecule potentially influencing the

pathophysiology of T2DM and its complications (10, 11). For
instance, the overexpression of miR-21 has been observed to
play a crucial role in the development of diabetic retinopathy
by contributing to diabetes-induced endothelial dysfunction
and low-grade inflammation (12). In the renal tubules, miR-
21 can regulate mesangial expansion, interstitial fibrosis,
macrophage infiltration, podocyte loss, albuminuria,
and the expression of fibrotic and inflammatory genes in
streptozotocin-induced diabetic mice (13). MiR-21 exerts
its influence on diabetic cardiomyopathy by impacting
the proliferation and apoptosis of vascular smooth muscle
cells, as well as the growth and death of cardiac cells and the
functions of cardiac fibroblasts (14).

Oenothera biennis, commonly referred to as evening
primrose, is a natural plant recognized for its medicinal
properties. The oil derived from its seeds is notably abundant
in omega-6 polyunsaturated fatty acids (PUFAs), including
linoleic acid and gamma-linolenic acid (GLA). These PUFAs
possess anti-inflammatory and anti-proliferative properties
that contribute to the proper functioning of human tissues
(15, 16). According to a prior report, evening primrose oil
(EPO) in combination with vitamin D could reduce insulin
resistance and improve hyperglycemia and lipid profiles
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in women with gestational diabetes (17). Furthermore,
EPO and fish oil supplementations have shown potential
in reducing hemoglobin Alc, fasting plasma glucose, total
cholesterol, and body weight in individuals with non-
insulin-dependent diabetes (18). Recently, the effect of EPO
on adiponectin level and various biochemical parameters in
a model of fructose-induced metabolic syndrome has been
investigated. The findings suggest that EPO may serve as an
antioxidant agent by mitigating oxidative stress, elevating
adiponectin levels, and enhancing insulin sensitivity (19).
A recent study indicated that EPO rich in GLA and fish oil
is effective in ameliorating metabolic disorders related to
obesity and diabetes mellitus (20).

Despite the aforementioned research on the beneficial
impacts of EPO on diabetes and its complications, the
specific molecular and cellular mechanisms responsible
for the restoration of pancreatic function and structure
following EPO treatment remain elusive. Hence, the
objective of this study is to evaluate the involvement of
mir-21 in the ameliorative effects of EPO on the pancreas
of diabetic rats, potentially by modulating the caspase-3/
oxidative stress pathway.

Materials and Methods
Materials

Streptozotocin (STZ) powder was acquired from Sigma-
Aldrich Chemicals Co. (St. Louis, MO, USA). EPO was
procured from Solgar, Inc. (Leonia, NJ, USA). Furthermore,
the rat Insulin ELISA Kit (Cat No. # ER1113) was purchased
from FineTest Company (Wuhan Fine Biotech Co, Ltd.,
China). An enzymatic-colorimetric glucose kit was
purchased from Pars Azmoun Company (Glucose kit, Pars
Azmoun Company, Tehran, Iran). Immunohistochemical
staining was performed using primary monoclonal
antibodies developed against Insulin (2D11-H5: sc-8033),
cleaved caspase-3 pl1 (h176-R: sc-22171-R) (Santa Cruz
Biotechnology, SC-9038, Texas USA), Goat Anti-Mouse
IgG(H+L)( Catalog No.# E-AB-1011; CY3 conjugated;
Elabscience Biotechnology Inc. USA) and Goat Anti-Rabbit
IgG(H+L) (Catalog No.# E-AB-1014 FITC conjugated;
Elabscience Biotechnology Inc. USA)._Determination of
MicroRNA-21(miR-21) was done by using miRcute miRNA
Isolation Kit (Catalog No. # DP501, Tiangen, Beijing,
China) and miRcute miRNA First-strand cDNA Synthesis
Kit (Catalog No. # KR201, TianGen, China). All other
chemicals were obtained from Merck (Germany).

Animal husbandry and experimental design

Thirty-two healthy adult male Wistar albino rats, aged
ten weeks with an average weight of 190 + 220 g, were
utilized for the experimental trial. The rats were allowed
to acclimatize to the new environment for one week before
the commencement of treatments. The experimental design
and animal handling protocols were approved by the
Animal Ethics Committee at Ilam University in Ilam, Iran
(Reference No.: IRILAM.REC.1401.014). The rats were
divided into four groups, each comprising eight animals.
The first group served as the control. The second group was
induced T2DM by high-fat diet (HFD) feeding and low-
dose STZ injection. The third group, labeled as T2DM +
EPO, consisted of diabetic rats treated with EPO at a dose of
500 mg/kg (21). The fourth group comprised non-diabetic
rats that also received EPO at the same dosage as the third
group. All substances were administered to the rats daily
via oral gavage. The administrations were repeated daily for
four weeks.
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Induction of T2DM

T2DM was induced in rats by utilizing a combination of
an HFD and low-dose STZ according to the methodology
described by Daneshyar et al. (2014) (22). Rats in the non-
diabetic control group were administered an equal volume
of sterile 0.9% saline solution, and the diabetic groups
were subjected to an HFD for four weeks, followed by the
intraperitoneal administration of a low dose of STZ (35
mg/kg) in a 0.1 M citrate buffer with a pH of 4.5. Diabetic
rats were identified three days post-injection based on
non-fasting serum glucose levels of >300 mg/dl obtained
from the tail vein and subsequently included in further
investigations.

Blood and tissue sampling

Rats in each experimental group were weighed at the
beginning and end of the study period to determine body
weight gain by calculating the difference between initial
and final weights. For biochemical examinations, blood
samples were collected from all rat groups after four weeks
of treatment. The serum was then isolated by centrifugation
(10 min, 3000 rpm, at 4 °C) and stored at -20 °C for
subsequent biochemical analysis. Pancreatic tissues were
promptly collected and divided into two parts. The first part
was stored at -80 °C for further evaluation of antioxidant
status and miRNA levels in tissue homogenate. The second
part was fixed in neutral buffered formaldehyde at 4 °C for
two days to facilitate future tissue analyses.

Assessment of the fasting blood glucose (FBG) and insulin
levels

FBG levels were assessed through colorimetric
measurement using an enzyme technique with glucose
oxidase (23). Serum insulin levels were quantified using a
rat-specific enzyme-linked immunosorbent assay (ELISA)
kit following the manufacturer’s instructions (23).

Quantification of oxidative/anti-oxidative biomarkers
The estimation of malondialdehyde (MDA) in the tissue
was estimated using the method of Mihara and Uchiyama
in 1978 (24). Briefly, 50 microliters of the homogenized
tissue sample were mixed with 250 microliters of a solution
containing 20% trichloroacetic acid and 100 microliters of
0.6% thiobarbituric acid and heated for at least 20 min in
a boiling water bath. Then, the samples were cooled and
centrifuged at 5000 rpm for 5 min to remove impurities and
make the supernatant clear. Then, from each sample, 200
microliters of the supernatant were transferred to a 96-well
plate, and the absorption of the samples against the blank
was read at a wavelength of 535 nm by a spectrophotometer
(Bio-Tek, Winooski, VT, USA). Superoxide dismutase
activity (SOD) in the tissues was assayed by the method of
Nishikimi et al. in 1972 (25). In brief, 0.5 ml of homogenized
tissue sample was diluted with 1 ml of water. Then, 2.5 ml
of ethanol and 1.5 ml of chloroform were added and shaken
for one minute at 4 °C then centrifuged. The enzyme
activity in the supernatant was determined. The reaction
mixture contained 0.53g of sodium carbonate buffer (50
mM, pH=10.2) in 100 ml dH2o, 0.003 gr of EDTA (0.1
mM), 30ul of 0.03% triton-X-100, 0.002 gr of nitro blue
tetrazolium (NBT, 24 uM) and 0.007 gr of Hydroxylamine
hydrochloride (1 mM), appropriately diluted enzyme
preparation and water. The absorption of the samples against
the blank was read at a wavelength of 560 nm. The activity
of catalase (CAT) in the tissues was measured using the
1952 method of Beers and Sizer (26). The reaction mixture
contained phosphate buffer (50 mM, pH 7.4), pancreas
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tissue homogenate (10 pl), and H,0, (20 mM). Absorbance
changing in the tissues was determined after the reduction
of H,0, at 240 nm for 10 min.

Determination of microRNA-21(miR-21)

Total RNA was extracted from 50 mg of pancreas tissue by
using the miRcute miRNA Isolation Kit (Tiangen, Beijing,
China), according to the supplier’s protocol. The purity of
RNA was determined by measuring the optical density at a
260/280 OD ratio using an Eppendorf uCuvette G1.0 micro-
volume measuring cell (Eppendorf, Germany). Purified
RNA from each sample containing 300 ng of total RNA, was
promptly reverse-transcribed into first-strand cDNA using
miRcute miRNA First-strand cDNA Synthesis Kit (TianGen,
China). Subsequently, qRT-PCR was performed using the ABI
Stepone Plus detection system (ABI, USA) by the miRcute
miRNA qPCR Detection Kit, SYBR Green (TianGen, China)
and a specific primer for miR-21. The reaction was conducted
under the following conditions (94 °C for 2 min, 94 °C for
20 sec, and 60 °C for 34 sec. The relative quantity of miR-
21 for each sample was normalized to the U, level as the
endogenous control (27). The delta-delta-cycle threshold
values were computed, and then the 2-(4 2 ) method and
Stepone software 2.3 were employed to determine the relative
quantitative levels of miR-21. The primer sequences for miR-
21 forward were: AGCTTATCAGACTGATGTTG; cDNA
adapter reverse was: GAACATGTCTGCGTATCTC; U,
Forward was: CTCGCTTCGGCAGCACA; U6-Reverse was:
AACGCTTCACGAATTTGCGT. Sequences were retrieved
from GenBank. Primer specificity was confirmed using Gene
Runner software (Syngene) and validated by Oligo 7 software.

Histological examination

The pancreatic tissue samples were preserved in neutral
buffered formaldehyde at 4 °C for two days for microscopic
analysis. Following this, the tissues underwent standard
processing steps, including dehydration in ethanol, clearing
in xylene, and embedding in paraffin. Sections of 5 um
thickness were then cut using a microtome and stained
with H & E. The evaluation of pancreatic changes involved
quantifying the perimeter of pancreatic islets according
to the method described by Faried and El-Mehi (28).
Furthermore, the number of B-cells within each islet was
counted under a 40x magnification, and cell densities were
normalized per pancreatic islet using the approach outlined
by Wang-Fischer and Garyantes (29). For each sample
(from 5 different rats per group), five random fields (40x)
were chosen using a Leica microscope equipped with a
digital camera and True Chrome Metrics software (China)
to analyze each parameter.

Immunohistochemistry (IHC)
Pancreas tissue sections were rinsed in phosphate
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buffer, and endogenous peroxidases were neutralized with
a solution of 3% hydrogen peroxide in 50% ethanol for 15
min. Subsequently, a microwave-based antigen retrieval
technique was employed. The sections were then blocked
using 5% normal goat serum and subjected to overnight
incubation with primary antibodies at a temperature of
4°C. The primary antibodies utilized in this study were anti-
insulin (dilution ratio of 1:100) and anti-caspase-3 (dilution
ratio of 1:100) (30). Following this, the slides were washed
with phosphate buffer saline and exposed to a fluorescent
dye-conjugated goat secondary antibody (dilution ratio of
1:150) for one hour. Diaminobenzidine was employed for
color development on the tissue sections, and counter-
staining was performed using H & E solution. Post-counter-
staining with DAPI at 4 °C for 10 min, positive signals were
visualized under a fluorescent microscope (Olympus BX50),
and images were captured using a digital camera (Olympus
DP72). In the evaluation of protein expression via IHC, five
random fields were selected from each sample for analysis.
A semi-quantitative protein IHC intensity score was then
assigned based on the percentage of the protein-positive
area using Image]J software. The results are presented relative
to the control group. Additionally, the percentage of the area
showing immunoreactivity for insulin and caspase-3 was
quantified (28).

Statistical analysis

Statistical analysis was conducted utilizing SPSS software
(IBM, Armonk, NY, USA). The data were expressed as
mean + standard error (M+ SE). The Shapiro-Wilk test was
used to verify normality, and the Kruskal-Wallis test was
used to measure negative data in the normality test. The
data were subjected to statistical analysis through one-way
analysis of variance, followed by Tukey’s post-hoc test to
assess intergroup differences in the parameters. Statistical
significance was defined as P<0.05.

Results
Effect of EPO treatment on insulin, FBG, and body weight
gain

Table 1 shows that the insulin levels in diabetic rats
decreased significantly compared to the control group.
However, administration of EPO to diabetic rats increased
their insulin levels compared to the untreated diabetic group,
although it remained lower than that of the control group.
Diabetic rats also displayed a notable increase in FBG levels
compared to the control group. Following a four-week EPO
treatment in diabetic rats, FBS levels decreased to levels akin
to those of the control group. Initially, the average body
weights among the various groups were similar. By the end
of the treatment period, the final body weights of diabetic
rats had significantly decreased compared to the control rats.
However, treatment of diabetic rats with EPO led to a non-

Table 1. Effect of EPO on the values of fasting insulin, fasting blood glucose, and body weight gain of diabetic rats

Parameters C D + EPO EPO
Insulin (pmol/l) 83+14 32.8+ 1.9*"" 63.6+ 5750 87+0.71%™
FBG (mg/dl) 94.00 £0.84  420.8+507" 105.2 £1.59%" 81.8+£1.3907
Initial body weight (g) 196.5 + 4.39 195+ 2.46 19443.12 195.2+4.31
Final body weight (g) 234.8+1.2 199.6+0.52*"" 206.4£1.03*™ 229+2.37

Each row represents M+ SE (n=_8). The letters *and ® indicate significant differences when compared with the control and diabetes groups, respectively.
*P<0.05, **P<0.01, and ****P<0.0001. C: Control rats; D: Diabetic rats; D + EPO: Diabetic rats that were given EPO; EPO: Non-diabetic rats subjected to

EPO; FBG: Fasting blood glucose
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Table 2. Effect of EPO on the values of oxidative stress biomarkers of diabetic rats

Parameters C D D + EPO EPO
MDA (nmol/ml) 2.64+0.18 7.24+ 0.45%" 440,130 233402207
SOD (U/ml) 69.5+2.8 354+3.15" 52.03 £4.9%% 68.6£2.2°7"¢
CAT (U/ml) 15.49 + 0.92 6.59+ 0.68"" 9.33+0.24% 16.05+1.47%7<"

Each row represents M+ SE (n==8). The letters a, b, and ¢ indicate significant differences when compared with the control, diabetes, and diabetic plus EPO
groups, respectively. *P<0.05, **P<0.01, **P<0.001, and ***P<0.0001. C: Control rats; D: Diabetic rats; D + EPO: Diabetic rats that were given EPO; EPO:
Non-diabetic rats subjected to; MDA: Malondialdehyde; SOD: Superoxide dismutase; CAT: Catalase

significant increase in final body weights when compared to
the untreated diabetic group, as indicated in Table 1.

Effect of EPO treatment on oxidative stress biomarkers
The levels of MDA, SOD, and CAT in pancreatic tissue
among the four experimental groups are presented in Table 2.
Diabetic animals exhibited significantly higher MDA levels
compared to both the control and EPO groups. Conversely,
diabetic rats treated with EPO for four weeks showed
a notable reduction in MDA levels in pancreatic tissue
compared to untreated diabetic rats. Additionally, diabetic
rats demonstrated a significant decrease in pancreatic
SOD activity compared to the control and EPO groups.
In contrast, treatment of diabetic rats with EPO resulted
in a significant increase in SOD concentration compared
to the diabetic group (Table 2). Evaluation of CAT levels
in pancreatic homogenates from diabetic rats indicated a
significant decrease compared to the control group. There
was no significant difference in CAT levels between diabetic
rats treated with EPO and untreated diabetic control rats
during EPO treatment. Notably, EPO treatment did not
significantly alter CAT levels in diabetic animals (Table 2).

Effect of EPO treatment on miR-21expression

The data presented in Figure 1 demonstrates that miR-
21 expression was notably elevated in diabetic rats when
compared to the control group. Moreover, diabetic rats
treated with EPO exhibited a decreased fold change in miR-21
expression in comparison to untreated diabetic rats, although
it remained higher than that of the control rats. Furthermore,
a significant decrease in the fold change of miR-21 expression
was noted in the EPO-treated group when compared to the
diabetic group, as depicted in Figure 1.

Effect of EPO treatment on pancreas histology and
histomorphometry
The histological changes in rat pancreas for all groups are
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Figure 1. Effect of EPO on the pancreatic expression of miR-21 in diabetic rats
Data were expressed as the M+ SE (n=8). The letters *°, and ° on the bars indicate
significant differences when compared with the control, diabetes, and diabetic + EPO
rat groups, respectively. *P<0.05, ***P<0.001, and ****P<0.0001. C: Control rats; D.
Diabetic rats; D + EPO: Diabetic rats given EPO; EPO: Non-diabetic rats subjected
to EPO.
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shown in Figure 2. Pancreatic tissue samples from the control
group exhibited normal appearance of islets characterized
by a high concentration of B-cells. Conversely, the islets in
the diabetic group appeared diminished in size and were
infiltrated with mononuclear leukocytes, rendering them
challenging to discern. Conversely, the diabetic group
treated with EPO displayed a notable enhancement in islet
morphology, with evident mitigation of most degenerative
and infiltrative changes (Figure 2-C). Morphometric results
(Figure 2-E-F) indicated a significant decrease in islet
perimeter and B-cell density/islets of diabetic rats compared
to those in the control group. In contrast, treatment with
EPO in diabetic rats led to a substantial increase in islet
perimeter and p-cell count compared to the diabetic group.

Effect of EPO treatment on the expressions of insulin and
caspase-3

As shown in Figures 3-A and 3-B, pancreatic sections
of the control group revealed consistently positive
immunoreactivity against insulin antibodies. The pancreatic
tissue sections of diabetic rats displayed a notable decrease
in insulin immunoreactivity in comparison to the control

e
|

hﬁmﬂg e

——
-
g F 3
= z
=
Z ]
- -
= &
'E =
2 -
- -]
s =
E: :
= -
=
= =
- =
-

Figure 2. Effect of EPO on the pancreas architecture-related parameters
(H&E)

(A) the control group; (B) the diabetic group; (C) diabetic rats treated with EPO;
and (D) non-diabetic rats treated with 500 mg/kg EPO, with 400x magnification;
the green, yellow, and blue arrows represent islets, exocrine acini, and leukocytes
infiltration, respectively. (E-F): Effect of EPO on the islet perimeter (E) and {-cell’s
number (F) in pancreatic tissue sections of diabetic rats. The letters of a, b, and ¢ on
the bars indicate significant differences when compared with the control, diabetes,
and diabetic + EPO rat groups, respectively. *P<0.05, **P<0.01, ***P<0.001, and
*$P<0.0001. C: Control rats; D: Diabetic rats; D + EPO: Diabetic rats given EPO;
EPO: Non-diabetic rats subjected to EPO.
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Figure 3. Effect of EPO on the immunohistochemical expression of anti-insulin antibody in diabetic rats (Immunoperoxidase X400)

(A): Representative fluorescent images of pancreatic tissue sections from the different studied groups showing immunohistochemical detection of Dapi (blue), anti-insulin
antibody (red), and merged images of insulin and Dapi (blue and red) in islet cells. Scale bar, 20 um. (B): Quantitative analysis of insulin expression in the islet area. Scale bar, 20
pm. The letters of %, , and on the bars indicate significant differences when compared with the control, diabetes, and diabetic + EPO rat groups, respectively. *P<0.05, ***P<0.001,
and ****P<0.0001. C: Control rats; D: Diabetic rats; D + EPO: Diabetic rats given EPO; EPO: Non-diabetic rats subjected to EPO.

group. Conversely, the diabetic rats treated with EPO
exhibited a significant rise in insulin antigen positivity
within the majority of B-cells, as illustrated in Figure 3-A.

As Figure 4-A-B shows a significant increase in islets
immunoreactivity against caspase-3 antibody was noted
in the diabetic group compared to the control group.
Conversely, the diabetic rats treated with EPO showed a
considerable reduction in caspase-3 immunoreactivity
compared to the diabetic group (Figure 4).

Discussion

Diabetes impacts health globally, with millions affected
by its various forms. It can lead to complications such as
heart disease, kidney failure, nerve damage, and vision loss
if not managed properly (31). Diabetes impairs the function
of the pancreas, especially in type 1 diabetes, where the
pancreas is unable to produce insulin, or in type 2 diabetes,
the pancreas may not produce enough insulin, or the body
may become resistant to its effects (32). Both scenarios
can lead to disruptions in blood sugar regulation and
overall pancreatic health. Since EPO is receiving increasing
attention for its potential in human medicine, the purpose
of this study was to investigate its efficiency toward diabetes-
induced pancreas damage in male Wistar rats. Our results
reveal that T2DM causes severe lesions to the pancreatic
architecture that were accompanied by a higher expression
of miR-21, MDA, and disturbance of the glucose/insulin
profile in male rats. Inversely, EPO supplementation could

A C D

Caspased

D+ EPO EPO

significantly promote histological and functional recoveries
of the pancreas. To the best of our knowledge, this study
is the first experimental work examining the association
between EPO treatment with pancreatic tissue expression of
miR-21, oxidative stress, and apoptosis in the T2DM model
induced by HFD feeding and STZ injection.

Based on the current results, there was a notable decrease
in body weight observed in the untreated diabetic group.
This observation aligns with the findings of Metawea et al.
(33), who also documented weight loss in diabetic rats. The
diminished body weight in diabetic rats is likely attributed
to factors such as tissue protein breakdown (34), reduced
glucose metabolism, and heightened fat metabolism (35).
Surprisingly, the administration of EPO could not restore
the weight loss caused by diabetes. The precise mechanism
for EPO’s insufficiency in compensating for T2DM-induced
weight loss is most likely due to its active fatty acids
ingredient, GLA. In this regard, it has been demonstrated
that higher levels of GLA in the serum are significantly
and inversely associated with weight gain in preschool
children (36). On the other hand, the involvement of GLA
in the suppression of fat accretion in obese adults has been
investigated (37).

In the current investigation, rats with diabetes induced
by an HFD and STZ exhibited a notable rise in blood
glucose levels and a substantial reduction in serum insulin
concentrations. Conversely, the administration of EPO
to diabetic rats resulted in a significant improvement in
glycemic control. Consistent with our results, a prior study

ar+*
b*
401 b****

60
Yl

L
Fedkk
Cc

Mean area of
expression of caspase3 (%)

Figure 4. Effect of EPO on the immunohistochemical expression of anti- caspase-3 antibody in diabetic rats (Immunoperoxidase X400)

(A): Representative fluorescent images of pancreatic tissue sections from the different studied groups showing immunohistochemical detection of Dapi (blue), anti-caspase-3
antibody (green), and merged images of caspase-3 and Dapi (green and red) in islet cells. (B): Quantitative analysis of caspase-3 expression in the islet area. Scale bar, 20 um.
The letters %, °, and © on the bars indicate significant differences when compared with the control, diabetes, and diabetic + EPO rat groups, respectively. *P<0.05,***P<0.001, and
**##£P<0.0001. C: Control rats; D: Diabetic rats; D + EPO: Diabetic rats given EPO; EPO: Non-diabetic rats subjected to EPO.
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has demonstrated that EPO oil rich in GLA can enhance
insulin sensitivity in mouse tissues, thereby reducing serum
glucose levels. Furthermore, both GLA oil and fish oil have
been shown to enhance serum insulin levels, consequently
eliciting hypoglycemic effects (20).

The progression of T2DM has been strongly linked to
oxidative stress (38). It is also theorized that hyperglycemia
triggers oxidative stress, resulting in tissue damage from the
oxidation of biomolecules (39,40). Our study on diabetic
rats revealed an elevation in MDA levels and a significant
reduction in SOD levels. Notably, the administration of
EPO significantly suppressed the activation of MDA in the
pancreas of T2DM-induced rats while also enhancing SOD
levels. This suggests that EPO, being a rich source of GLA,
may act by mitigating oxidative stress to repair pancreatic
damage caused by T2DM. These results are consistent
with a previous study that highlighted the antioxidant
properties of EPO supplementation in countering metanil
yellow-induced hepatotoxicity in rats(41). Moreover,
our microscopic observations revealed enhancements in
infiltrative alterations, expansion of islet perimeter, and an
increase in the number of p-cells. These results suggest that
EPO exhibits anti-inflammatory properties against p-cell
dysfunction induced by oxidative stress.

The findings of our study revealed up-regulation of
miR-21 expression in the pancreas of rats with T2DM. This
molecular alteration was accompanied by a diminished
average area occupied by insulin immunoreactivity in
immunohistochemical experiments. These results align
with previous research that has reported elevated levels of
miR-21-3p in both T2DM and pre-T2DM individuals (11,
42). Conversely, administration of EPO to diabetic rats led
to a reduction in miR-21 expression in pancreatic tissue and
a decrease in caspase-3 levels, a marker of apoptosis. These
results indicate that the reduction in pancreatic caspase-3
expression may be mediated by the decrease in miR-21 levels
following the administration of EPO. The beneficial effects
of EPO are likely attributed to its bioactive components,
including GLA, phenolic acids, flavonoids, and herbal sterols
(43). Furthermore, PUFAs have been shown to modulate the
expression of miRNAs, such as miR-21, in a time- and dose-
dependent manner (44). Therefore, the observed protective
role of EPO against T2DM in our study may involve the
suppression of miR-21 activity, thereby preventing caspase-

STZ
(35 mg/kg, Single i.p.)

HFD feeding B
(For four weeks)
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T2DM rat
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3-mediated apoptosis of pancreatic p-cells.

The discovery of novel molecular targets associated
with the progression of T2DM holds significant scientific
importance. Previous research has demonstrated the role of
miRNAs in regulating the apoptosis process(9). MiR-21 has
beenidentifiedasapathogenicfactor that promotes apoptosis
by targeting forkhead box O1 (FOXO1) in podocyte injury
induced by high glucose (45, 46). Overexpression of miR-
21 has been shown to reduce cell viability and increase
levels of cleaved caspase-3, indicating enhanced cell death
(47). The current study revealed a significant increase
in caspase-3-mediated P-cell apoptosis in the diabetic
group compared to the control group, accompanied by a
reduction in islet perimeter and {-cell count, consistent
with previous research (28). These findings suggest that up-
regulation of miR-21 in pancreatic tissue may contribute
to B-cell apoptosis in the hyperglycemic state. Conversely,
treatment with EPO in diabetic rats led to a notable decrease
in caspase-3 immunoreactivity compared to untreated
diabetic rats, indicating the anti-apoptotic effects of EPO
and supporting pancreatic recovery. There is currently a
lack of data regarding the impact of EPO on the expression
levels of miR-21 in the pancreatic tissue of diabetic rats.

Our findings indicate a significant association between
diabetes, caspase-3 immunoreactivity, mir-21 overexpression,
and dysfunction of B-cells in the pancreatic tissue of diabetic
rats. However, several limitations should be acknowledged.
The study did not assess the impact of EPO on inflammatory
markers. Additionally, the absence of a luciferase reporter
assay, a valuable tool for identifying and analyzing potential
target genes associated with miR-21, was another constraint of
this research. Due to constraints related to time and funding,
only light microscopy examinations were conducted instead
of electron microscopic ultrastructural studies. Consequently,
the precise relationship between EPO and miR-21 necessitates
further investigation in subsequent studies.

Conclusion

These findings indicate the role of EPO in ameliorating
the pancreas B-cells integrity in rats suffering from T2DM.
The protective effects of EPO against oxidative stress and
apoptosis in rats with T2DM may be linked to the inhibition
of miR-21. This inhibition leads to the restoration of the
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(500 mg/kg, for 28
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Improved almost all diabetes-induced alterations

B mir-21

iRy aupassion

¥ Insulin .. Caspase3

Figure 5. A proposed schematic diagram for the ameliorative effect of EPO on the pancreas of high-fat diet and low-dose streptozotocin-induced type 2

diabetes rat model
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function and morphology of pancreatic p-cells (Figure 5).
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