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Abstract

Background:Type 2 diabetes mellitus (T2DM), which affects millions of individuals, has
become a serious health problem.The mammalian target of rapamycin (mTOR) hyperactivation is
a negatively involved autophagy that may in fact aid in theloss of B-cell function.Resveratrol
(RSV) is a naturally occurring phytoalexin, mostly found incereals, fruits, and vegetables that
have antioxidant effects. Aim:In the current work, Wistar rats exposed to high-fat diet (HFD) and
streptozotocin (STZ)-induced T2DM were evaluated for resveratrol's protective effects on
autophagy, pancreatic functions, and mTOR-mediated autophagy. Materials and M ethods:Four equal
groups of forty male Wistar rats were created at random.Group 1 (G1) was maintained in typical
control circumstances and given a balanced diet;G2, G3, and G4 were fed HFD for 10 weeks
continuously; at the end of the 6" week injected I/P STZ as a single dose to induce T2DM. Three
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resveratrol days after diabetic induction, G3 was received RSV daily for continuously 4 weeks. G4 was
type 2 diabetes received RSV in addition to Chloroquine (CQ) as autophagy inhibitor. Results:The findings
mellitus shown that RSV reduces the pancreatic dysfunctions brought on by HFD-STZ by inhibiting the

mTOR pathway through decreasing the level of mTOR, Cas-3, and p62 and increasing the level
of LC3.RSV activate autophagy and inhibit apoptotic-mediated cell death confirmed by
transmission electron micrograph findings. Conclusion: RSV is thought to protect pancreatic cells
by inhibiting the mTOR pathway, which regulates the transition between autophagy and apoptotic
machinery in diabetic circumstances.
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I ntroduction

Hyperglycemia is a hallmark of diabetes mellitus
(DM), which has been defined as a metabolic
condition brought on by problems with insulin
secretion. Type 2 diabetes mellitus (T2DM), which
affects millions of individuals, has emerged as a
severe health issue that lowers life expectancy and
quality. The failure of the insulin producing B
cells, which is at least partialy brought on by an
increase in cell apoptosis, is central to the
pathophysiology of diabetes.The mechanisms that
trigger apoptosis in the onset of diabetes are still
poorly understood[1].

The process of autophagy is essentia for
preserving cellular homeostasis and aids in the
survival of cells under stress.In the catabolic
process known as autophagy (self-eating), proteins
and whole cell organelles are engulfed by double-
vesicles caled

autophagosomes.Following delivery to lysosomes,

membrane

the autophagosomes contents are broken down
and recycled as simple basic biomolecules back
into the cytosol [2]. When nutrients are few, cdls
use autophagy to recycle fundamental
biomolecules, scavenge damaged organelles and
toxic proteins, and get rid of intracelular
pathogens[3].

Kinases and multiprotein complexes control
autophagy. The mTOR (mammalian target of
rapamycin) route is a negatively implicated
autophagy process, whereas the adenosine 5'-
monophosphate (AMP)-activated protein kinase
(AMPK) pathway is positively mediated. Previous
research has connected the development of
endoplasmic reticulum (ER) stress with mTOR1
hyperactivationresulting inthe loss of [B-cell

function [4].A number of diseases, particularly

neurodegenerative  disorders,  cardiovascular
diseases, and diabetes [5] have impaired autophagy
as part of their pathophysiology.

Resveratrol (RSV), a naturaly occurring
phytoalexin, is mostly found in dry legumes,
cereals, fruits, and vegetables.RSV has a range of
biologicahk and pharmacologica  properties,
including those that are anti-inflammatory, anti-
oxidant, and anti-obesity. Recently, it was
discovered that RSV could prevent myocardial
ischemia/reperfusion injury by raising the degree
of autophagy[6].Zhang et a[7] showed that RSV
can lessen hepatic fibrosis by targeting autophagy
and apoptosis as potential treatment targets.
Through its ability to induce autophagy,
concurrent therapy with resveratrol resulted in a
clear improvement of retinopathy[8].The current
studies aimed to evaluate the potential protective
benefits of RSV on the pancreatic functions of
Wistar rats exposed to HFD and streptozotocin
(STZ)-caused T2DM as well as the role of
autophagy as a potential underlying mechanism.
Material and methods

Ethical approval

The current study was conducted in accordance
with the Ingtitutional Animal Ethics Committee's
regulations, as well as Approval Protocol Number:
BUFVTM 11-11-22 from Benha University in
Egypt.

Chemicals

Streptozotocinpowder (STZ) (Cat#18883-66-4)
was purchased from AldrichCompany, St. Louis,
MO, USA. Resveratrol (RSV) (Cat# NC9382296)
was purchased from Cayman Chemicals, MI,
USA.Chloroquine  (CQ)
purchased from Mina pharm on the tenth of

(hydroquine)  was
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Ramadan,for the pharmaceutical and chemical
industriesin Egypt.

Composition of diets

The National Research Council (NRC)[9]was used
as the basis for the balanced diet composition
(Table 1). According to Table (2), it comprised
Table 1. Ingredients of the balanced diet.

crude fat (5.08%), metabolizable energy (ME)
(2769.97kcal/kg diet), and crude protein (18.07%).
The NRC[9]served as the basis for the formulation
of the HFD (Table 3). According to Table 2, it
(30.03%), ME
(4103.18kcal/kg diet), and crude protein (18.02%).

comprised crude fat

Feed ingredients

Diet (%)

Yellow corn
Wheat grains
Soybean meal 46
Wheat shorts
Wheat Bran

Skim milk powder
Fish meal 65 % CP
Molasses Cane
Vegetable ail

Di calcium phosphate
Lime stone
Sodium chloride

Vitamin& mineral premix1

Totd

24.50
23.00
12.80
12.00
9.15
5.00
5.00
3.50
2.50
1.25
0.50
0.50
0.30
100.00

Table 2. Chemical constituents of the balanced and high fat diet (HFD).

Item Balanced diet HFD
Metabolizable energy (kcal/kg diet) 2769.97 4103.18
Crude protein 18.07 % 18.02 %
Crude fat 5.08 % 30.03 %
Table 3. Ingredients of the high fat diet (HFD).

Feed ingredients Diet (%)

Vegetable ail 27.80

Wheat Bran 23.05

Yellow corn 12.70

Wheat Feed Flour 10.00

Soybean meal 46 9.80

Fish meal 65 % CP 9.20

Skim milk powder 5.00

Amin MAG 1.30

Sodium chloride 0.50

Vitamin and mineral premix 1 0.30

Di calcium phosphate 0.20

DL-Methionine 0.10

Lime stone 0.05

Total 100.00

Experimental animals

Four to five week old male adult Wistar rats
(weighing 130 to 150 g) were purchased from the
National Research Centres Animal House in
Dokky, Giza, Egypt. The rats were kept in tidy

cages and were provided with clean food and

water on demand. All rats were kept in standard
conditions, including a room temperature of 23°C,
a 12-hour light/dark cycle, and free access to food
and water. Rats were destroyed using an
incinerator when the study's sample collection was
finished.
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Induction of diabetes mellitus

For induction of T2DM, streptozotocin (STZ) and
a high fat diet (HFD) were used. The rats fed on
HFD for continuously 10" weeks. At the end of
the 6™ week of the experiment, rats wereinjected
I/P STZ prepared in 0.01 M citrate buffer (pH
4.4)at a dose of 35 mg/kg b.wt.as a single dose to
individual rat [10]. To prevent hypoglycemia, the
rats sipped a 5% glucose solution throughout the
night. By checking the blood glucose levels (after
an overnight fast), T2DM was confirmed 72 hours
later.Diabetes mellitus was defined as having a
glucose level of 180 mg/dl or higher[11].
Experimental design

A total of 40 male Wistar rats were divided into
four equal groups, each with ten animals. The
initial group (G1) was kept as a hedthy control
and given a balanced diet. The second, third, and
fourth groups were fed HFD for 10 weeks
continuously, then at the end of the 6™ week they
were injected I/P STZ at a dose of 35 mgkg
b.wt.as a single dose to induce T2DM. Three days
after diabetic induction,the third group (G3) was
receivedRSV dissolved in ethanol by stomach tube
at a dose of 5 mg/kg b.wt.daily for continuously 4
weekg[12]. The fourth group (G4) wasreceived
RSV a the same dose and duration of G3 in
addition to Chloroquine (CQ) as autophagy
inhibitor. G4 was injected I/P CQ at a dose of 60
mg/kg bwt. daily for continuousdy 4
weekg13].The experimenta rats were euthanized
with isoflurane at the end of the study (10 weeks
and 3 days) before being killed by decapitation.For
measurements of the levels of glucose, insulin,
oxidative markers, pancreatic protein markers,
histopathol ogi cal aterations,

immunohistochemistry, and transmission electron

micrograph (TEM) inspection, blood samples from
the abdominal aorta and pancreatic tissues were
obtained.

Preparation of pancreatic tissue homogenate
According toEl-Shaer et a[14], pancreatic tissue
homogenates were prepared. The oxidative
indicators [lipid peroxidation by-products (MDA),
superoxide dismutase activity (SOD), and quantity
of reduced glutathione (GSH)] and total protein
were measured in the collected supernatant.

Assay methods

According to Trinder[15],the fasting serum
glucose level was measured. The method of Groen
et a[16] was used to estimate the fasting serum
insulin level.

Lipid profile

According to Cox et a[17], the serum triglycerides
(TG), total cholesterol (TC), and high density
lipoprotein cholesterol (HDL-C) were measured.
The method ofMartin et a[18was used to
determine the serum low density lipoprotein
cholesterol (LDL-C).

Oxidative markers in pancreatic tissue
homogenate

According toGarcia et a[19], the MDA (as lipid
peroxidation by-products) in pancreatic tissue
homogenate was measured. SOD activity was
measured in  accordance with  Flohe[20].
According toEllman[21], the reduced glutathione
(GSH) content was determined. The method
ofLowry[22] was used to determine the
homogenate's total protein content.

Protein markers in pancreatic tissue
homogenate

We used the Bio-Rad Inc. ReadyPrepTM protein
extraction kit (Cataogue #163-2086) for

pancreatic tissue proteins extraction. Using the
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Bradford Protein Assay Kit (SK3041) from Bio
Basic INC (Markham, Ontario, L3R 8T4 Canada),
protein concentrations were assessed. The loading
quantity of protein samples were 20ug. The
extracts were separated by Sodium Dodecyl
Sulfate PolyAcrylamide Gel Electrophoresis
(SDSPAGE)(12%), and then transferred to
polyvinyllidene fluoride (PVDF) membrane (7min
at 25V). The membrane was treated with a number
of primary antibodies after blocking for an hour at
room temperature with tris-buffered saline with
Tween 20 (TBST) buffer and 3% bovine serum
abumin (BSA).Then the primary antibodieswere
treated a 4°Covernight as anti-LC3 (catalog no.
667819, Merck,Germany), anti-p62 (catalog no.
sc-48389, SANTA CRUZ BIOTECHNOLOGY,
INC. Europe), anti-phospho-mTOR (catalog no.
2971, Cel Signaling Technology, USA), anti-
caspase-3 (catalog no. 100-56113, Novus
Biological Inc, Littleton, CO, USA)and anti-$
actin (housekeeping protein).The blot was rinsing
with TBST 3-5 times for 5 minutes. The target
protein was incubated in the HRP-conjugated
secondary antibody solution (Goat anti-rabbit 1gG-
HRP-1mg Goat mab- Novus Biologicals) for 1
hour a room temperature. The blot was then
washed 3-5 times for 5 min with TBST. The blot
was covered with the chemiluminescent substrate
(Catalogue no. 170-5060, ClarityTM Western ECL
substrate Bio-Rad). A CCD camera-based imager
was used to record the chemiluminescent signals.
By protein normalization on the ChemiDoc MP
imager, band intensity of the target proteins was
read against the control sample [-actin
(housekeeping protein).

Histopathological examination

All groups had pancreatic samples collected right
away, which were then fixed for 24 hours in 10%
buffered neutral formalin. Following convenient
fixing, the samples were cleaned in xylol,
embedded in paraffin, dehydrated in various
grades of ethyl acohol, blocked, and sectioned
into 5um thick sections. Followed by hematoxylin
and eosin staining and microscopic
examination[23].

Immunohistochemical study

The manufacturer's instructions were followed for
doing the immunohistochemical staining. Avidin-
biotin peroxidase was employed. On coated dlides,
paraffin slices were mounted. In order to inhibit
endogenous peroxidase activity, they were
deparaffinized in xylene, rehydrated in descending
grades of alcohol, and then submerged in 0.3%
hydrogen peroxide for 30min. The dlices were
trested with 1:100 diluted monoclonal mouse
antibodies to the human insulin protein for 1
hour.The secondary antibody (biotinylated goat
anti-mouse 1gG, DAKO LSAB 2 Kit; Dako,
Glostrup, Denmark) was incubated on the dides
for 1 hour a room temperature before they were
once again rinsed in PBS.  0.05%
diaminobenzidine was wused to see the
immunoreactivity. Hematoxylin was used as a
counterstain on pancreatic sections for 4min. PBS
was used in place of the main antibody as a
negative control. Using Image J analysis, the area
stained in brown-yellow was determined to be a
positive area after four high-power fields were
randomly chosen from each section [24].
Computer Assisted digital image analysis
(Digital morphometric study)

Four random fields from each of the two prepared

dides for each rat were examined. With a 0.5 X
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photo adaptor attached to an Olympus microscope
and a 40 X objective, slides were photographed
and saved as TIFF files. The results were saved to
an Excd sheet and expressed as integrated density.
The result photos were analyzed on an Intel® Core
I7® based computer using the Video Test
Morphology® programme (Russia) with a specia
built-in routine for stain quantification.
Ultrastructure of the pancreas

Transmission eectron micrograph (TEM)
processing

Using a 1 mm?® dissection technique, pancreatic
specimens were preserved for 60min in 2%
glutaraldehyde buffered with sodium cacodylate at
pH 7.2. The samples were then soaked for two
hoursin 0.1M phosphate buffer solution (PBS), pH
7.4, a 4°C, followed by three PBS washes lasting
ten minutes each. The samples were then post-
fixed for 30min in 1% osmic acid, followed by
three PBS washes lasting 10min each. Samples
were dehydrated for 30min using an ascending
series of ethyl acohol concentrations (30, 50, 70,
90%, and absolute alcohol).Following an hour of
acetone infiltration, samples were embedded in
Araldite 502 resin. Utilizing an LEICA Ultracut
(UCT ultra-microtome) to cut the plastic moulds,
they were then dyed with 1% toluidine blue. After
studying semi-thin sections, ultra-thin sections
(50-60 nm thick) were cut, stained with uranyl
acetate, followed by lead citrate, analyzed, and
captured on camera using a JEOL-JEM-100 SX
electron microscope, Japan [25].

Statistical analysis

For satistical anaysis, SPSS for Windows
(Version 20.0; SPSS Inc., Chicago, Illinois) was
employed. In order to assess the significance of

differences between more than two groups, one-

way analysis of variance (ANOVA) was utilized.
If it showed a significant difference, Duncan's post
hoc test was used to analyze the differences within
each group. Results are given as the
meantstandard deviation of the mean. A p value of
0.05 or less was regarded as significant.

Results

No mortalities between the various treatment
groups were noted during the experimental period.
Serum glucose and insulin

Table 4 displays the mean and standard deviation
upwards of the various groups serum glucose and
insulin levels. In both diabetic rats (G2)and
diabetic rats treated with RSV and CQ (G4), the
fasting serum glucose level increased noticeably
compared to normal control group after 10 weeks
of the experiment. However, following 10 weeks
of experiment, diabetic rats co-treated with RSV
(G3) had significantly lower fasting serum glucose
levels than the diabetic group. Insulin level aso
noticeably decreased in the diabetic group (G2)and
diabetic group treated with RSV and CQ (G4) than
the control group. However, after 10 weeks of
experiment, diabetic rats treated with RSV (G3)
displayed considerable increasesininsulin level.
Changesin thelipid profile

Table 5 shows the lipid profile mean and standard
deviation values for the various groups. The level
of TG, TC, LDL were markedly increased in both
the diabetic rats (G2) and diabetic rats treated with
bothRSV and CQ (G4) than normal control group
(G1). While after 10 weeks of the investigation,
co-treatment of the diabetic group with RSV
revealed significant reductions in TG, TC, and
LDL levels as compared to the diabetic group.On
the other hand, there were no significant

differencesin the values of HDL-C between the
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diabetic group (G2), diabetic grouptreated with
RSV (G3), and diabetic grouptreated with both
RSV and CQ(G4) after 10 weeks of the
experiment.

Changesin the pancreatic oxidative markers
Table 6 shows the mean and standard deviation of
the individual groups oxidative markers. Both
diabetic rats (G2) and diabetic rats treated with
RSV and CQ (G4) had significantly higher levels
of MDA in the pancrestic tissue than the healthy
control group. While treatment of the diabetic

group with RSV (G3) showed significant decreases
in MDA level when compared with the diabetic
group after 10 weeks of the experiment. Likewise,
the values of GSH and SOD in the pancreatic
tissue of both the diabetic rats and diabetic rats
treated with RSV and CQ markedly decreased than
the normalcontrol group. However, treatment of
the diabetic rats with RSVresulted
considerable rise in the GSH content leveland
SOD activity when compared with the diabetic

in a

group after 10 weeks of the experiment.

Table 4.Effect of resveratrol against high fat diet (HFD) and streptozotocin (STZ) on serum glucose level and
insulin in various gatherings of the experiment after 10 weeks of treatment (meantstandard deviation), (n=10).

Groups Gl G2 G3 G4
Glucose (mg/dl) 85.878+3.320° 201.211+6.286° 104.593+3.256° 194.841+7.382%
Insulin (LIU/ml) 24.885+1.627% 2.744+1.214° 19.471+2.870° 4.582+1.053°

Means with different superscripts in the same row are significantly different at p<0.05.
G1: rats were fed a balanced diet and serve as anormal control group.

G2: rats were fed HFD and injected STZ.

G3: rats were fed HFD and injected STZ then treated with RSV.

G4: rats were fed HFD and injected STZ then treated with RSV and Chloroquine.

Table 5. Effect of resveratrol against high fat diet (HFD) and streptozotocin (STZ) on lipid profile in various
gatherings of the experiment after 10 weeks of treatment (meantstandard deviation), (n=10).

Groups Gl G2 G3 G4

Serum TG (mg/dl) 89.959+5,749" 231.537+2.109° 123.427+9.073° 191.047+5.060°
Serum TC (mg/dl) 129.456+4.650° 278.660+6.651° 163.322+4.291° 191.157+2.354°
Serum HDL-C (mg/dl) 76.107+2.768° 38.976+2.854° 41.154+1.163° 38.766+3.617"
Serum LDL-C (mg/dl) 53.773+1.550° 107.081+6.803° 67.684+2.646° 86.321+1.521"

Means with different superscripts in the same row are significantly different at p<0.05.
G1: rats were fed a balanced diet and serve asanormal control group.

G2: rats were fed HFD and injected STZ.

G3: rats were fed HFD and injected STZ then treated with RSV.

G4: rats were fed HFD and injected STZ then treated with RSV and Chloroquine.

Table 6.Effect of resveratrol against high fat diet (HFD) and streptozotocin (STZ) on oxidative markersin the
pancreatic tissue homogenates of various gatherings of the experiment after 10 weeks of treatment
(meanzstandard deviation), (n=10).

Groups Gl G2 G3 G4

MDA (nmol/mg protein) 11.164+1.191° 41.934+2.085% 19.469+2.643" 39.598+0.695"
SOD (U/mg protein) 9.239+0.752° 1.445+0.482° 7.232+0.985° 1.733+0.388°
GSH (umol/mg protein) 28.335+3.023% 10.835+0.869° 21.908+1.586" 12.178+1.589°

Means with different superscripts in the same row are significantly different at p<0.05.
G1: rats were fed a balanced diet and serve as a normal control group.

G2: rats were fed HFD and injected STZ.

G3: rats were fed HFD and injected STZ then treated with RSV.

G4: rats were fed HFD and injected STZ then treated with RSV and Chloroquine.
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Changesin pancreatic protein markers

As displayed in Figure 1, the average rdative
density of pancreaticmTOR, Cas-3, LC3, and P62
normalized to B-actin in the diabetic, diabetic-
resveratrol trested and diabetic-resveratrol-
chloroquine treated groups than normal control
group after 10 weeks of treatment. Comparing the
diabetes group (G2) to the healthy control group,
there were noticeably higher levels of mTOR, Cas-
3, and P62 as well as a substantial drop in LC3

protein markers in pancreatic tissue. After 10

Groups 1 2 3 4

mTOR

Caspase-3 = [P s

@ 6 - mTOR
¥ a
Z = I
g 4 b b
= 2 2 € :
i i
% a
= 3 Caspase-3
>
== 3
s2 | :
Al S i
LN N
o i B
Ocontrol
W Diabetic

weeks of the experiment, the diabetic group that
treatment (G3) had

significantly lower levels of mTOR, Cas-3, and

had received resveratrol

P62 as well as significantly higher levels of LC3
compared to the control group (G2). Also, diabetic
group treated with both RSV and CQ (G4) showed
significant increase in Cas-3 and P62 as well as no
in mTOR and LC3
compared to diabetic group treated with RSV
(G3).

significant differences
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Fig. 1 Western blotting with densitometric analysis of the autophagy and apoptotic-related proteins mTOR,

Cas-3, LC3, and P62 in pancreatic tissue (n=10).
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Fig. 2Integrated density of insulin immunohistochemical staining sections of pancreatic islets of various

gatherings of the experiment after 10 weeks of treatment (n=10).

Histopathological assessment of pancreatic
tissue

Pancrestic sections examined observed that diabetic
rats exposed to HFD with STZ (G2) showed ill-
defined aress of endocrine pancreas with marked
histological distortion. The exocrine pancress (Ex)
showed multiple congested blood vessdls (bent
arrow)(Figure 3-b). Higher magnification of the
black-boxedareashowed  idet  of
thatappeared shrunken with irregular outlines. The

Langerhans

idet cells apparently decreased in number with
pyknotic nuclei (arrows) and congested capillariesin
between (c). There were multiple congested blood
vessels (bent arrows) between the exocrine acini
(Figure 4-b). Also diabetic rats exposed to both RSV
and CQ (G4) showed marked histological alterations
in the structure of endocrine pancreas (En) (Figure 3-
d). Higher magnification of the black-boxed area
showed distorted idet of Langerhans with irregular
outlines. Some apoptotic cells (arrows) appeared
with dense cytoplasm and pkknotic nuclei. Some
other cells showed vacuolations (v). The CT septa
infiltrated with  inflammatory cells (angled

arrow)(Figure 4-d). While diabetic rats treated with
RSV (G3) showed the nearly normal appearance of
the pancreas(Figure 3-c).Higher magnification of the
black-boxed area showed nearly normal well defined
idet of Langerhans (IL). The islet showed B-cdls
located in the center with vesicular nucleus (arrow),
some cells ill showing vacuolated cytoplasm (v).
(Figure 4-c). The pancrestic tissues of control group
(G1) appeared to be norma (Figure 3-a) and (Figure
4-3).

Immunohistochemicalassessment of pancreatic
tissue

Insulin immunohistochemical staining sections of
pancreatic idets observed that diabetic rats
exposed to HFD with STZ(G2) and diabetic rats
exposed to both RSV and CQ(G4) showed
apparent marked reduction in the
immunoreactivity of insulin in B-cells, only few
cells showing brown immunostaining (arrow)
(Figure 5-b) and (Figure 5-d). While diabetic rats
treated with RSV showed an apparent increase in
the immunoreactivity of insulin B-cells (arrow)

mostly similar to the control group (Figure 5-c).



Role of resveratrol and autophagy in diabetes

159

Insulin immunohistochemical staining sections of
pancreatic islets of control rats showed typical islet
strong positive immunoreactivity of insulin
appeared as deep brown color (arrow) in B-cells
which occupy most of the islet and surrounded by
pale mantle zone with negatively stained cells
(angled arrow) (Figure 5-a) (Figure 2).
Transmission electron micrograph of the
pancr eatic tissue

Ultrastructure changes on pancreatic tissue
Transmisson electron micrograph of the
pancreatic tissue on the control rats showed typical
B-cell architecture with euchromatic nuclei (N), a
well-developed Golgi complex (G), mitochondria
(m), an electron-dense insulin granules surrounded
by lucent halos (arrow) and an autophagosome

(square). The cdl junctions (angled arrow)

between B-cells and blood capillary in the idet (C)

HFD and STZ (G2) showed degenerated [B-cell
with nuclear shrinkage (N), electron dense
heterochromatin (h), cytoplasmic rarefaction with
marked vacuolation (v), degenerated mitochondria
(m), empty insulin granules (arrows) and cystic
dilatation of the rough endoplasmic reticulum
(rER) (curved-arrow). There were large areas of
lost granules (a strike) (Figure 6-b). Also diabetic
rats treated with both RSV and CQ(G4) showed
degenerated B-cell with empty insulin granules
(arrows) and cystic dilatation rER (curved-arrow).
The adjacent B-cell showed nearly normal insulin
granules (rectangle) (Figure 6-d). While diabetic
rats treated with RSV (G3) showed nearly normal
B-cell except for dight chromatin condensation in
the nucleus (N). The cytoplasm showed nearly
norma insulin granules (arrows) and some

autophagosomes (squares) (Figure 6-c).

Fig. 3 Photomicrograph from pancreas of experimental rats. (a) Normal control rat (G1), the pancreas showing a normal
histological structure of both exocrine (Ex) and endocrine (En) pancreas with no abnormalities. (b) Diabetic rats (G2)
induced by HFD with STZ. The pancreas showing ill-defined areas of endocrine pancreas (En) with marked histological
distortion. The exocrine pancreas (Ex) showed multiple congested blood vessels (bent arrow). (c) Diabetic rats
(G3)treated with resveratrol (RSV)showing the nearly normal appearance of the pancreas. (d) Diabetic rat exposed to
both RSV and chloroquine (CQ) (G4), showing marked histological alterations in the structure of endocrine pancreas

(En).(H& E, x100)(Scale bar represents 40um).
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Fig. 4Photomicrograph from pancreas of experimenta rats. (@) Normal control rat (G1), the pancreatic tissues of
appeared to be normal. (b) Diabetic rats (G2) induced by HFD with STZ. The Higher magnification of the black-
boxedareashowing islet of Langerhans thatappeared shrunken with irregular outlines. The islet cells apparently decreased
in number with pyknotic nuclei (arrows) and congested capillaries in between (c). There were multiple congested blood
vessels (bent arrows) between the exocrine acini. (c) Diabetic rats treated with resveratrol (RSV) (G3). Higher
magnification of the black-boxed area showing nearly normal well defined islet of Langerhans (IL). The islet showed (-
cellslocated in the center with vesicular nucleus (arrow), some cells still showing vacuolated cytoplasm (v). (d) Diabetic
rat exposed to both RSV and chloroquine (CQ) (G4). Higher magnification of the black-boxed area showed distorted islet
of Langerhans with irregular outlines. Some apoptotic cells (arrows) appeared with dense cytoplasm and pkknotic nuclei.
Some other cells showed vacuolations (v). The CT septainfiltrated with inflammatory cells (angled arrow). (H& E, x400)
(Scale bar represents 25 um).

Fig. 5Insulin immunohistochemical staining sections of pancreatic isletsof experimental rats. (a) Normal control rat (G1),
showing typical islet strong positive immunoreactivity of insulin appeared as deep brown color (arrow) in p-cells which
occupy most of the islet and surrounded by pale mantle zone with negatively stained cells (angled arrow). (b) Diabetic
rats (G2) induced by HFD with STZ and (d) Diabetic rat exposed to both RSV and chloroquine (CQ) (G4). They showing
apparent marked reduction in the immunoreactivityof insulin in B-cells, only few cells showing brown immunostaining
(arrow). (c) Diabetic rats treated with resveratrol (RSV) (G3) showing an apparent increase in the immunoreactivity of
insulin B-cells (arrow) mostly similar to the controlgroup. (Anti-insulin, x400) (Scale barrepresents 25um).
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Fig. 6 Transmission electron micrograph of the pancreatic tissue of experimental rats.(@) Normal control rat (G1),
showing normal architecture of the [-cell with euchromatic nucleus (N), well-developed Golgi complex (G),
mitochondria (m), an electron-dense insulin granules surrounded by lucent halos (arrow) and an autophagosome (square).
The cell junctions (angled arrow) between B-cells and blood capillary in the idet (C) can be seen. (b) Diabetic rats (G2)
induced by HFD with STZ, showingdegenerated 3-cell with nuclear shrinkage (N), electron dense heterochromatin (h),
cytoplasmic rarefaction with marked vacuolation (v), degenerated mitochondria (m), empty insulin granules (arrows) and
cystic dilatation of the rough endoplasmic reticulum (curved-arrow). There were large areas of lost granules (a strike). (d)
Diabetic rat exposed to both RSV and chloroquine (CQ) (G4), showing degenerated p-cell with empty insulin granules
(arrows) and cystic dilatation rER (curved-arrow). The adjacent -cell showed nearly normal insulin granules (rectangle).
(c) Diabetic ratstreated with resveratrol (RSV) (G3), showingnearly normal B-cell except for dlight chromatin
condensation in the nucleus (N). The cytoplasm showed nearly norma insulin granules (arrows) and some

autophagosomes (squares). (TEM),(Scale bar represents 2 um).

Discussion

This study was designed to investigate the
effectiveness of RSV in maintaining pancreatic
functioning in Wistar rats given HFD and STZ to
induce T2DM. Deficiencies in insulin synthesis by
pancreatic -cells or its effect in periphera tissues
characterize diabetes mellitus, a chronic endocrine
condition. Patients with T2DM have decreased cell
mass and function in their B-cells in pancreatic
idets, which is due to increased cdl
death;Consequently, preventing B-cell death is a
possible key therapeutic approach [26].In the

current study, rats receiving HFD plus STZ did not
exhibit any overt clinical indicators of harmfulness
and no evidence of stress were observed in the
rats.

This study showed that in the diabetic group (G2),
which suggests diabetes mellitus, fasting serum
glucose levels dramatically increased while serum
insulin levels noticeably fell. The elevated level of
serum glucose and decrease level of insulin may
have been due to young rats (4-5 weeks old) that
received HFD with STZ presenting depletion of -

cell massithe use of HFD is efficient for the
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induction of T2DM, as the amount of lipids used
in the diet in the present study was 30.03 %
compared to the balanced diet (5.08 %). Also, STZ
is a chemical that promotes damage to pancreatic
B-cells and decrease insulin production[27]. The
glucose transport protein moves STZ into B-cells
of the pancredtic idets, but the other glucose
carriers do not detect it. Since the pancregtic islets
have relatively high quantities of the glucose
transporter 2GLUT2, this negates its overall risk to
the B-cellg[28]. In a prior studyVatandoust et
a[27], acomparable rise in blood sugar and fall in
insulin levels brought on by HFD-STZ were
noted.A glucosamine-nitrosourea molecule as STZ
is bad for cells because it damages DNA. Poly
ADP-ribosylation isinitiated by DNA damage, and
it is likely more important for the development of
diabetes than DNA damage itself. Because B-cells
of the pancreas are more susceptible than other
cells to the STZ challenge, STZ reduces
ni cotinamide-adenine dinuclectide (NAD) in these
cells, which leads to -cell degeneration in the idet
of Langerhans and intermediates the induction of
diabetes within three days [28].

When diabetic rats were treated with RSV, a
significant rise in insulin levels and a decline in
blood glucose levels were seen. This result may
have been brought about by RSV's protective
qualities. It improves preservation of pancreatic [3-
cells, due to its anti-diabetic, anti-inflammatory,
and antioxidative properties [29]. According to a
previous studyDarwish et a[29] RSV was
prepared to lessen the damage STZ caused to
pancreaticB-cells.On the other hand, diabetic rats
treated with both RSV and CQ show a
considerable rise in serum glucose and a

significant fall in insulin levels. This outcome

might have been due to the inhibitory effects of
CQ. It is believed that CQ increases the pH of
lysosomes, which inhibits lysosomal action in
pancreatic B-cells[30].

In the current study, lipid profile analysis showed a
marked increase in the TG, TC, and LDL-C with
significant decrease in HDL-C in the diabetic
group after 10 weeks of receiving HFD-STZ that
indicates dydipidemia. Alteration of the lipid
profile is commonly associated with HFD-STZ
induced T2DM. Long-term HFD feeding (10
weeks) is linked to the release of fatty acids into
the bloodstream, causing secondary
triglyceridemia, where the levels of TG, TC, and
LDL are elevated while HDL-C is decreased. This
will consequently lead to aberrant blood lipid
profiles, which cause life-threatening [31]. These
changes enhanced cholesterol
resulting from HFD. The increased levels of LDL-
C may have resulted from the LDL-receptor sites
decreased activity in response to the HFD[31]. The
most significant modifiable risk factor for T2DM

biosynthesis

atherosclerosis development is dyslipidemia; there
is strong data point to a connection between
coronary heart disease risk and high levels of
circulating total cholesterol and low levels of
HDL-C [32]. These results coincided with Ji et
al[33] who fed rats HFD with the same dose of
STZ (35 mg/kg b.wt.). The level of TG, TC, and
LDL-Cwere markedly decreased, while there were
no significant differences in the level of HDL-C
when diabetic rats treated with RSV.RSV was
discovered to have considerable anti-obesity
effects by drasticaly suppressing increases in
plasma lipid content. The proportion of LDL was
where the magjority of the decrease in plasma

cholesterol occurred;this adjustment could be



Role of resveratrol and autophagy in diabetes

163

atributable to a decrease in LDL-C, which
improved the hypercholesterolemia brought on by
HFD[34]. These results aigned with those from
Zhu et a[34].

After 10 weeks of receiving HFD-STZ, the current
study found that the diabetic group's MDA value
significantly increased while the GSH and SOD
values significantly fell, indicating oxidative
stress.It is widely known that hyperglycemia
increases the generation of reactive oxygen species
(ROS) in the mitochondria, which may be a crucial
step in the onset and progression of diabetic
problems[35]. Superoxide anion production as
ROS causes apoptotic cell death in a timely
manner, nonenzymatic glycation of proteins, and
glucose autoxidation;in  addition, enhanced
mitochondrial uncoupling and B-oxidation brought
on by high levels of free fatty acids may
potentially contribute to the increased production
of ROS [36].0n the other hand, when diabetic rats
were treated with RSV, there was a significant rise
in the level of GSH and SOD and a considerable
drop in the amount of MDA. These results are
consistent with those ofHamadi et al[36],who
noted the antioxidant benefits of RSV in diabetic
liver injury. RSV possesses antioxidant potential .
Confirming these findings,the histological images
of the pancreas of RSV-treated rats showed an
improvement when compared with the pancreas of
diabetic rats (G2) that showedill-defined areas of
endocrine pancreas with marked histological
distortion. The idet of Langerhansappeared
shrunken with irregular outlines, decreased in
number with pyknotic nuclei and congested
capillariesin between. These results matched those
of an earlier study Abdel-Bakky et a[37]. Also
diabetic rats treated with both RSV and CQ

showed marked histological alterations in the
structure of endocrine pancreas, distorted idet of
Langerhans with irregular outlines, and some
apoptotic cells appeared with dense cytoplasm and
pyknotic nuclei. Some other cells showed
vacuolations. The CT septa infiltrated with
inflammatory cells. These findings confirmed that
CQ have inhibitory effect on diabetic rats treated
with RSV. While diabetic rats treated with RSV
(G3) resulted in the nearly normal appearance of
the pancreas. It showed well defined islet of
Langerhans. The islet showed B-cellslocated in the
center with vesicular nucleus, some cedlls still
showing vacuolated cytoplasm. These results
corroborated those of Darwish et a[29] who
published related research.

On the other Side, insulin
immunohistochemicalstudy of pancreaticislets
showed that diabetic rats exposed to both HFD
with STZ and diabetic rats exposed to both RSV
and CQ showed apparent marked reduction in the
immunoreactivity of insulin in p-cells. While
diabetic rats treated with RSV showed an apparent
increase in the immunoreactivity of insulin B-cells
as the control group. These findings coincided
with Abdel-Bakky et a[37] who observed the
increase in the immunoreactivity of insulin B-cells
in diabetic rats treated with RSV.

We researched the functions of autophagy and
apoptosis to better understand the involvement of
RSV in diabetes. The maintenance of cell
homeostasis is aided by the autophagy produced
by numerous damaging stimuli.ln order to protect
organisms during times of increased cdlular
distress, autophagy primarily functions as an
adaptive or "programmed cell  surviva"

mechanism[25].The results of the current
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investigation showed that after 10 weeks of the
trial, the diabetic group had a significantly higher
level of MTOR, Cas-3, and P62 and a significantly
lower level of LC3 in pancreatic tissue, which
indicates apoptotic-mediated cell
death.Hyperglycemia associated hyperlipidemia
induced ROS generation resulted in oxidative
stress. These oxidative stress disturbed the levels
of autophagy markers, indicated by significant
decrease in the LC3, with significant increase in
the p62 resulted in blocking the autophagic flux in
pancreatic B-cells [30]. The significant increase in
MTOR and Cas-3 indicating apoptotic activity
with deficient autophagy process that referred to
glucolipotoxicity under increased inflammatory
and oxidative stress conditions due to nutrient
overload[38]. The current research supports the
findings of Fujitani et al[39]about autophagy and
apoptosisin diabetes and its complications.

In contrast, following 10 weeks of the trial,
treatment with RSV in the diabetic group reveaed
significantly lower levels of mTOR, Cas-3, and
p62 protein markers in pancreatic tissue and
significantly higher levels of LC3 compared to the
diabetic group. These findings attributed to anti-
apoptotic effects of RSV on pancrestic -cells via
inhibiting the mMTOR pathway [40]. Treatment
with RSV activated autophagy and inhibited the
rate of apoptosis in B-cells, as evidenced by the
significant increase level of LC3 and significant
decrease p62 level Additionally, RSV therapy
significantly reduced the level of mTOR,
indicating that it protected pancreatic B-cells by
reversing the activation of mTOR caused by
glucolipotoxicity. These
withBostancieri et al[40]Who explained the role of

findings  agree

RSV in restored the levels of autophagy machinery

andautophagic flux in diabetic cardiac cells
through activation AMPK, and suppressing
mTOR.

On the other side, the use of CQ (as autophagy
inhibitor) in the diabetic group treated with both
RSV and CQ, verify the relationship between
autophagy-activation and the anti-apoptotic effect
of RSV and to confirm autophagy's participation in
mediating RSV's  protective  effects on
diabetes.Lysosome accumulation and autophagy
blocking are the results of CQ's ability to prevent
lysosomal acidification, which reverses autophagy
[30]. Additionaly, CQ blocks the last stage of both
the conventional and unconventional autophagy
processes by inhibitingautophagosome-lysosome
fusion [30].

Transmission electron micrograph (TEM) is the
sole method capable of demonstrating the actual
presence of subcellular autophagic structures such
autophagosomes, lysosomes, and
autophagolysosomes, making it the gold standard
for autophagy monitoring[41]. The present study
revealed that, Diabetic rats exposed to HFD and
STZ showed degenerated B-cells with nuclear
shrinkage, €electron dense heterochromatin,
cytoplasmic rarefaction with marked vacuolation,
degenerated mitochondria, empty insulin granules,
and cystic dilatation of the rough endoplasmic
reticulum. There were large areas of lost granules.
These findings indicates apoptotic cell death and
autophagy inhibition [29]. On the other side,
diabetic rats treated with RSV showed nearly
normal B-cell except for dight chromatin
condensation in the nucleus. The cytoplasm
showed norma insulin granules and some
autophagosomes.These indicates
autophagy activation [37]. The diabetic rats treated

findings
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with both RSV and CQ showed degenerated [3-cell
with empty insulin granules and cystic dilatation
rER; indicates autophagy inhibitory effects of CQ
[30]. TEM of the pancreatic tissue on the control
rats showed normal architecture of the B-cell with
euchromatic nucleus. These results support the
assertion made by Darwish et a[29] that RSV is
effective in defending pancreatic tissues.
Conclusions

The current work showed that, in response to
diabetes stimulation, RSV protects pancreatic [3-
cells by controlling the transition between
autophagy and apoptotic machinery.The results
suggest that RSV reduces ROS production that
suppressed glucolipotoxicity induced apoptosis via
autophagy activation through inhibition of
mTORpathway. Therefore, autophagy is required
to preserve the pancreatic B-cells bulk, structure,
and functionality.
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