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ARTICLE INFO ABSTRACT

Keywords: Background: Hyperglycemia-induced oxidative stress is a significant contributor to diabetic complications,
Diabetes mellitus including hepatopathy. The current survey aimed to evaluate the ameliorative effect of quercetin (Q) on liver
Glucose

functional disorders and tissue damage developed by diabetes mellitus in rats.

E‘S]lellin Methods: Grouping of 35 male Wistar rats was performed as follows: sham; sham + quercetin (sham + Q:
Oxidative stress quercetin, 50 mg/kg/day in 1 ml 1% DMSO for 6 weeks, by gavage); diabetic control (Diabetes: streptozotocin
Pancreas (STZ), 65 mg/kg, i.p.); diabetic + quercetin 1 (D + Q1: quercetin, 25 mg/kg/day in 1 ml 1% DMSO for 6 weeks,

by gavage after STZ injection); and diabetic + quercetin 2 (D + Q2: quercetin, 50 mg/kg/day in 1 ml 1% DMSO
for 6 weeks, by gavage after STZ injection). Body weight, food intake, and water intake were measured. Ulti-
mately, the samples of plasma and urine, as well as tissue samples of the liver and pancreas were gathered for
later assays.

Results: STZ injection ended in elevated plasma blood glucose levels, decreased plasma insulin levels, liver
dysfunction (increased activity levels of AST, ALT, and ALP, increased plasma levels of total bilirubin, choles-
terol, LDL, triglyceride, decreased plasma levels of total protein, albumin and HDL), enhanced levels of
malondialdehyde, diminished activities of antioxidant enzymes (superoxide dismutase, and catalase), reduced
level of glutathione (GSH) increased gene expression levels of apelin and TGF-p, plus liver histological
destruction. All these changes were diminished by quercetin. However, the measure of improvement in the D +
Q2 group was higher than that of the D + Q1 group.

Conclusions: Quercetin improved liver function after diabetes mellitus type 1, possibly due to reduced lipid
peroxidation, increased antioxidant systems, and inhibiting the apelin/TGF-p signaling pathway.

glycogenolysis, and lipogenesis result from the failure of hepatocytes to
respond to insulin brought on by diabetes, which promotes hypergly-
cemia, dyslipidemia, and systemic insulin resistance (Harrison, 2006;
Adiels et al., 2008), leading to steatohepatitis (Takamatsu et al., 2008).

Apelin plays an important role in both physiological and patho-
physiological processes, inclusive of inflammation and metabolic bal-
ance (Yang et al., 2017). Also, apelin participates in the apoptosis of

R . . . hepatocytes, synthesis of glycogen, and fibrosis of the liver (Lv et al.,
The central role of the liver in glucose homeostasis comprises storing 2017). Although apelin expression is low in normal liver (D'Aniello

glycogen in the fed state and producing glucose via glycogenolysis and et al., 2009), serum apelin level is enhanced in nonalcoholic fatty liver

gluconeogenesis in the postabsorptive period. Hepatocytes are the main diseases (NAFLD) and cirrhosis (Lim et al., 2016). Moreover, under
site of glucose metabolism. Approximately 30-60% of all glucose

absorbed in the gastrointestinal tract is stored as glycogen or metabo-
lized into amino acids and fatty acids in the liver (Harrison, 2006). In-
sulin and glucagon as two counter-regulatory hormones regulate energy
metabolism  (Harrison, 2006). Uncontrolled gluconeogenesis,

1. Introduction

Liver disease, as one of diabetic mellitus (DM) complications, can be
very considerable (Manna et al., 2010), as the standardized mortality
rate of DM patients from end-stage liver disease (i.e., cirrhosis) is more
than those for cardiovascular diseases (Harrison, 2006).

hypoxic or proinflammatory conditions, apelin expression is enhanced
in hepatic stellate cells (HSCs) which contributes to cirrhosis progression
or liver fibrosis (Yokomori et al., 2011; Melgar-Lesmes et al., 2010). Two
characteristic features of NAFLD are lipid deposition and fibrosis in the
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Abbreviations

CAT Catalase

DM Diabetes mellitus
GSH Reduced glutathione
MDA Malondialdehyde

Q Quercetin

SOD Superoxide dismutase

TBA Thiobarbituric acid
TGF-1  Transforming growth factor-f1

liver (Falck-Ytter et al.,, 2001). Aggravated oxidative stress due to
disturbance of lipid metabolism in the liver accompanied by inflam-
mation, insulin resistance, and hyperinsulinemia gives rise to the
progress of DM (type 2) and NAFLD which cause fibrosis and possibly
cirrhosis (Machado and Cortez-Pinto, 2014). In liver injury, activation of
HSCs into fibrogenic cells by the TGF-p/Smad signaling pathway con-
tributes to the process of liver fibrosis (Elpek, 2014).

Apelin has therapeutic potency for diabetes through improving in-
sulin sensitivity and insulin production as well as positive regulation of
diabetic kidney hypertrophy (Castan-Laurell et al., 2019; Hu et al,,
2016). However, there is some conflict about the direct effects of apelin
on the endocrine pancreas such as those initial observations that showed
a decrease in insulin output caused by apelin (Guo et al., 2009).

Type 1 Diabetes Mellitus (T1DM) can directly impact liver health,
leading to a condition called hepatopathies. This is primarily due to the
high blood glucose levels, oxidative stress, and chronic inflammation
associated with T1DM, which can cause liver cell damage and fibrosis
(Karimi et al., 2024; Heydarpour et al., 2020)[1, 7].

Transforming Growth Factor-beta (TGF-f) is a key player in the
development of hepatopathies. Activation of the TGF-p signaling
pathway is linked to liver fibrosis, inflammation, and cell proliferation
(Heydarpour et al., 2020; Callan et al., 2024) [6, 7]. In T1DM, increased
TGF-p expression might contribute to the development of diabetic
hepatopathies (Karimi et al., 2024) [3].

Apelin, a potent regulator of energy metabolism and insulin sensi-
tivity, has shown potential in mitigating the effects of TIDM. Research
suggests that apelin might be able to counterbalance TGF-f-induced
fibrosis in the liver (Wang et al., 2024) [4]. Moreover, apelin has been
found to cooperate with TGF-p signaling during the development of
diabetic nephropathy (Day et al., 2013) [5], and modulating apelin
signaling could be an effective approach for T1DM-induced hep-
atopathies (Karimi et al., 2024)[3].

However, more research is needed to fully understand the complex
interactions between apelin, TGF-p signaling, and T1DM, as well as to
develop efficient treatment strategies for T1DM-associated
hepatopathies.

T1DM can cause hepatopathies through various mechanisms. One
such mechanism is chronic hyperglycemia, which can lead to the
accumulation of advanced glycation end products (AGEs). AGEs can
damage the liver, resulting in hepatopathies such as cirrhosis, fibrosis,
and non-alcoholic fatty liver disease (NAFLD) (Mertens et al., 2021).

Regarding the link between apelin and the TGF signaling pathway,
it’s been shown that apelin can inhibit the TGF-p1 signaling pathway in
various organs, including the liver and kidneys. This inhibition can help
protect against acute renal injury and reduce inflammation and fibrosis
associated with diabetic nephropathy and hepatopathy (Day et al., 2013;
Chen et al., 2015). Moreover, a study suggests that conditioned media
derived from human Wharton’s jelly mesenchymal stem cells
(hWJ-MSCs) can modulate both TGF-f and apelin signaling pathways,
potentially improving diabetic nephropathy and hepatopathy in male
rats (Karimi et al., 2024). However, the exact mechanisms through
which apelin affects TGF signaling in the context of T1DM-induced
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hepatopathies require further research.

Quercetin, a famous flavonoid derived from fruits and plants (Kim
and Park, 2016), possesses anti-inflammatory, antioxidant, and anti-
fibrotic activities (Hou et al., 2018). Some animal models have
confirmed the helpful effects of quercetin on liver injury and fibrosis
(Hernandez-Ortega et al., 2012). It has been shown that quercetin in-
hibits the CYP2E1 enzyme in the course of diabetes development,
thereby preventing oxidative damage in the liver (Maksymchuk et al.,
2017). Even so, the accurate mechanisms of quercetin against liver
injury should be determined. In the current survey, we investigated the
ameliorative effects of quercetin against liver functional disorders and
tissue damage induced by diabetes mellitus in rats. In addition, the
mRNA expression level of apelin and TGF-p was measured to verify
further the hypothesis that apelin and TGF-§ play a main role in the
disease process of DM-induced liver injury and the beneficial thera-
peutic effect of quercetin should be involved in regulating apelin and
TGF-p gene expression.

2. Materials and methods
2.1. Chemicals

Streptozotocin (STZ) and quercetin were obtained from Sigma
Chemical Co, USA. All other chemicals were of analytical grade.

2.2. Animals

Male adult Wistar rats (weighing 220-250 g) were obtained from the
animal house of Pasteur Institute (Shiraz, Iran). All experimental pro-
cedures involving animals were approved by the Health Guide of Na-
tional Institutes for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978) and the ethical standards of the
Animal Ethics Committee of Shiraz University. All animals received a
standard laboratory diet and water ad libitum at room temperature (22
+ 2 °C) under 12-h light and dark cycles.

2.3. Streptozotocin-induced diabetes mellitus type 1

Fasted Wistar rats were intraperitoneally injected with 65 mg/kg
streptozotocin, dissolved in 0.1 cold citrate buffer (pH = 4.5) (27), while
non-diabetic rats were intraperitoneally injected with only citrate
buffer. After 72 h of STZ injection, plasma glucose was determined by
ACCU-Check glucose meter. The animals with more than 300 mg/dl
glucose were considered diabetic animals (28).

2.4. Experimental design

Grouping of 35 male Wistar rats was randomly performed (n = 7)
into sham (1 ml 1% DMSO for 6 weeks, by gavage); sham + quercetin
(sham + Q: quercetin, 50 mg/kg/day in 1 ml 1% DMSO for 6 weeks, by
gavage); diabetic control (Diabetes: STZ, 65 mg/kg, i.p.); diabetic +
quercetin 1 (D + Q1: quercetin, 25 mg/kg/day in 1 ml 1% DMSO for 6
weeks, by gavage after STZ injection); and diabetic + quercetin 2 (D +
Q2:quercetin, 50 mg/kg/day in 1 ml 1% DMSO for 6 weeks, by gavage
after STZ injection. At the termination of the six weeks, the animals were
anesthetized using i.p. injection of ketamine (60 mg/kg) and xylazine (5
mg/kg), and blood sampling was performed by cardiac puncture. The liver
weight was recorded. The liver and pancreas were promptly divided,
with some sections fixed in 10% phosphate-buffered formalin and others
frozen at —70 C (in liquid nitrogen) for later oxidative stress and mo-
lecular assay investigation.

2.4.1. Estimation of blood and urinary glucose

Blood sampling from the lateral tail vein was performed on the first
day and at the end of 3rd and 6th weeks (during the same time in the
morning) for estimating fasting blood glucose by an ACCU-Check
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glucose meter.

On the 42nd day of the experiment, the animal was situated in a
metabolic cage individually to collect 24-h urine samples. Urinary
glucose value was estimated by an automatic analyzer (Prestige, Biolis
241, Japan) using commercially accessible kits (Pars Azmoon, Tehran,
Iran).

2.4.2. Estimation of body weight

Recording of animals body weight was performed at the beginning of
the experimental period and at the termination of the 3rd and 6th weeks
(at the same time during the morning).

2.4.3. Liver functional assays

Activity levels of lactate dehydrogenase, alkaline phosphatase,
alanine aminotransferase, and aspartate aminotransferase (LDH, ALP,
ALT, and AST, respectively), as the levels of total cholesterol, triglyc-
eride, total bilirubin, total protein and albumin in plasma samples were
assayed spectrophotometrically using available kits (autoanalyzer;
Prestige, Biolis 241, Japan).

2.4.4. Plasma insulin assay
Plasma insulin was assayed by “Mercodia Rat Insulin ELISA Kit
(Mercodia, Uppsala, Sweden)”.

2.4.5. Liver homogenate preparation and estimation of lipid peroxidation
and antioxidant enzymes

Liver tissue samples were washed thrice in cold normal saline solu-
tion (0.9%) and then homogenized using a homogenizer (6.7 mM
phosphate buffer, pH 7.4). Afterward, 10% homogenates were centri-
fuged (10,000 rpm for 10 min at 4°), and the supernatant was utilized
for more assays. For evaluation of lipid peroxidation, malondialdehyde
(MDA) level, and assessment of the antioxidant system, enzymatic ac-
tivities of superoxide dismutase (SOD) and catalase, along with the level
of reduced glutathione (GSH) were assessed by calorimetric methods
applying Kiazist Kits (Iran) under the manufacturer’s protocol.

2.4.6. Real-time polymerase chain reaction (Real-time PCR)

Following the manufacturer’s instructions, the CinnaPureTM kit
(SinaClon, Iran) was used to isolate total RNA from the stabilized liver
tissues. Thermo Scientific nanodrop was used to measure the amount of
extracted RNA, and unbroken bands of 18S and 28S rRNA which were
run on a 1% agarose gel were used to evaluate the quality of the sample.
As directed by the manufacturer, 1 ug of RNA was reverse transcribed to
cDNA using the Parstous cDNA synthesis kit (Parstous, Iran).

The sequences of PCR primer pairs (designed using Primer 3 soft-
ware, such that span an exon-exon junction to avoid amplifying genomic
DNA), are shown in Table 1. The mRNA levels of apelin and TGF-j were
assessed using the housekeeping gene GAPDH. Amplifying of 100 ng
cDNA by Biofact SYBER Green master mix was performed using an ABI
7500 PCR machine. The corresponding expression levels of apelin and
TGF-$ to GAPDH were computed by the Delta Delta Ct method (Livak
and Schmittgen, 2001). Running of all the samples was done thrice. A
pretreatment of 95 °C for 10 min was carried out for all PCR reactions.
Soon after, 40 cycles of 95 °C pending 15 s, 58 °C for 20 s, and 72 °C for
30 s for GAPDH, 40 cycles of 95 °C pending 15 s, 60 °C within 20 s and

Table 1
Primer pairs used in the current study.
Genes Primer Sequences
GAPDH Forward: 5- AGTGCCAGCCTC GTCTCATA -3’
Reverse: 5- GAGAAGGCAGCCCTGGTAAC -3’
TGF-p Forward: 5- TGACATGAACCGACCCTTCC -3’
Reverse: 5- TGCCGTACACAGCAGTTCTT -3'
Apelin Forward: 5'- CTCTGGCTCTCCTTGACTGC -3'

Reverse: 5- TCGAAGTTCTGGGCTTCACC -3'
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72 °C pending 30 s for TGF-f, and 95 °C within 15 s, 59 °C within 20 s
and 72 °C within 30 s for apelin were carried out.

2.4.7. Histopathological examination

Fixation in 10% buffered formalin and embedded in paraffin wax
was carried out for a portion of liver tissue. Thereafter, staining of 5 pm
thick sections was done with hematoxylin and eosin (H&E). The histo-
pathological sections were examined under a light microscope. Quan-
tification of pancreatic histopathological changes was done for necrotic
changes in the islets and severe atrophy of the acinar parts. The histo-
pathological changes of the liver were quantified for impairment in the
standard arrangement of hepatocyte cords and irregular cell community.
Sections were given the following scores based on the adjustments that
were made: 0 (no lesions); 1 (less than 20%), 2 (20%-40%), 3 (40%—
60%), 4 (60%-80%), 5 (greater than 80%). The overall histopatholog-
ical score was determined by adding together all of the numerical scores
for each group (Gholampour et al., 2022).

2.5. Statistical analysis

All the data were presented as mean + SEM and were evaluated
using one-way ANOVA with Turkey test for multiple comparison tests by
the SPSS statistical package (SPSS for Windows v. 26.0, Chicago, IL). A
p-value of less than 0.05 was used as the criterion to determine whether
an observed difference was statistically significant.

3. Results

3.1. Estimation of mean body weight, plasma glucose and insulin levels,
and urine glucose concentration

According to Fig. 1A, the mean body weight of the diabetic group
was diminished on the 21st day compared with its value on the 1st day of
the experiment period (P < 0.01), as well as on the 42nd day compared
with its value on the of the experiment period (P < 0.05). The mean body
weight values of diabetic rats on the 21st and 42nd days were lower than
the values in sham ones (P < 0.001). However, in quercetin-treated
diabetic rats (D + Q1 and D + Q2 groups), body weight values were
statistically increased compared with the diabetic control group both on
the 21st (P < 0.01) and 42nd days (P < 0.001).

Fig. 1B shows that diabetes mellitus caused a decrease in plasma
insulin level (P < 0.001) in the diabetic control group on the 42nd day
compared with the sham group. Quercetin administration to D + Q1 and
D + Q2 groups caused a significant increase in plasma insulin level (P <
0.05 for the D + Q1 group and P < 0.001 for the D + Q2 group)
compared to diabetic control group. Besides, there was a significant rise
(P < 0.001) in plasma insulin value of the D + Q1 group compared to the
D + Q2 group.

According to Fig. 1C, the mean plasma glucose concentration of the
diabetic group was increased on the 21st day compared with its value on
the 1st day of the experiment period (P < 0.001), as well as on the 42nd
day compared with its value on the 21st day of the experiment period (P
< 0.001). The mean glucose concentration values of diabetic rats on the
21st and 42nd days were higher than those in sham ones (P < 0.001).
However, in quercetin-treated diabetic rats (D + Q1 and D + Q2 groups),
plasma glucose concentration values were statistically decreased
compared with the diabetic control group both on the 21st and 42nd
days (all P < 0.001).

According to Fig. 1D, diabetes mellitus enhanced the value of urine
glucose concentration in diabetic control rats compared with sham (P <
0.01) and sham + Q (P < 0.001) groups. Quercetin administration to D
+ Q1 and D + Q2 groups decreased urine glucose concentration (both P
< 0.001) compared with the diabetic control group. Furthermore, the
urine glucose level of the D + Q2 group was lower than the D + Q1 group
(P < 0.05).
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Fig. 1. Effects of quercetin on the values of (A) body weight (QP < 0.05, 9oP <0.01 vs first day; yP < 0.05, yyP <0.01vs 21st day in each group), (B) insulin, (C)
plasma glucose concentration (9@P <0.01, ¢ooP <0.001 vs first day; yP < 0.05, yyP <0.01, yyyP <0.01 vs 21st day in each group) and (D) urine glucose con-
centration in each experimental group. *P < 0.05, **P < 0.01, ***P < 0.001 vs sham group; $$P < 0.01, $$$ P < 0.001 vs sham + Q group; #P < 0.05, ##P < 0.01,

###P < 0.001 vs diabetes group; P < 0.05, {{{P < 0.001 vs D + Q1 group.
3.2. Biochemical and liver functional parameters

As Table 2 represents, the mean amounts of food and water intake
plus urine volume at the end of the 6th week in diabetic rats were higher
than sham groups (all P < 0.001). However, administration of quercetin
to the diabetic groups made significant decreases in water and food
intake in D + Q1 (P < 0.01, P < 0.05 respectively) and D + Q2 (P <
0.001) groups along with a diminishment (P < 0.001) in urine volume of
D + Q1 and D + Q2 animals compared to control diabetic rats.

Table 2 shows that diabetes mellitus caused a significant rise in
plasma activity levels of ALT, AST, and ALP in the Diabetes group
compared with the sham groups (All P < 0.001). However, quercetin
caused significant reductions in plasma activity levels of ALT, AST, and
ALP in D + Q1 (P < 0.01 for both ALT and ALP) and D + Q2 (all P <
0.001) groups compared with the control diabetic group.

As shown in Table 2, a significant decrease in plasma levels of protein
and albumin along with an enhanced level of total bilirubin was seen in
the diabetic control group compared to sham rats (all P < 0.001). Giving
quercetin to diabetic rats caused enhanced plasma levels of protein in
the D + Q2 group (P < 0.01) and albumin in both D + Q1 (P < 0.01) and
D + Q2 (P < 0.001) groups, along with the decreased level of total
bilirubin in D + Q1 (P < 0.01) and D + Q2 (P < 0.001) compared with
the diabetic control group.

STZ-induced diabetes mellitus caused elevation in the values of LDL
(Fig. 2A), total cholesterol (Fig. 2C), and triglyceride (Fig. 2D), along
with diminished value of HDL (Fig. 2B) in the diabetic control group
compared to normal control group (All P < 0.001). Furthermore, quer-
cetin induced reductions in the values of LDL (P < 0.01, P < 0.001
respectively), total cholesterol, and triglyceride (all P < 0.001) and
enhancement in the value of HDL (both P < 0.001) in D + Q1 and D + Q2
groups.

Table 2
Effect of quercetin on biochemical and liver functional parameters.

Groups sham sham Diabetes D+ Q1 D+ Q2

+Q

Food intake 52.10 52.01 101.56 + 83.26 + 64.84 +
(g/24h) + 3.41 + 3.53 2.68***$$ 2.65***$$ 3.94###t

$ $*

Water 54.40 57.69 405.01 + 83.50 + 64.72 +
intake + 1.86 + 6.30 5.38***$$ 2.492%#%$ 4.30###71
(ml/24h) $ st

Urine 17.16 16.36 83.23 £ 44.73 + 30.34 +
volume + 0.49 + 1.04 2.30***$$ 3.62***$$ 1.88**$
(ml/24h) $ SH## SH##T

ALT 25.00 22.60 52.00 + 36.00 + 27.00 +
activity +1.73 +2.37 2.70%**$$ 3.52%## 2.47###
(U/L) $

AST activity 18.60 21.20 48.40 + 46.60 + 25.00 +
(U/L) +£206 +£2.08 2.87%%§$  2.73%+5%5 2.84### 1T

$

ALP 97.36 80.14 177.0 + 143.8 + 130.0 +
activity +1.63 + 4.78 9.25***§$ 3.99***$$ 5.51%*$$
(U/L) $ S## S###

Plasma 7.00 £ 7.44 £ 335+ 5.39 £ 0.67 7.36 £
total 0.51 0.74 0.49**$$ 0.38###
protein $
(mg/dl)

Plasma 4.22 + 4.80 + 1.89 + 3.22 £ 0.09 4.51 +
albumin 0.29 0.18 0.24***$$ $$# 0.40###t
(mg/dl) $

Plasma 0.86 + 0.80 £ 1.57 + 1.10 + 0.88 +
total 0.44 0.04 0.10***$$ 0.06##$ 0.03###
bilirubin $
(mg/dl)

Sham + Q: sham + quercetin; Diabetes: diabetic control; D + Q1: diabetes +
quercetin, 25 mg/kg/day post-treatment; D + Q2: diabetes + quercetin, 50 mg/
kg/day post-treatment. *P < 0.05, **P < 0.01, ***P < 0.001 vs sham group; $ P
< 0.05, $$ P < 0.01, $$$ P < 0.001 vs sham + Q group; #P < 0.05, ##P < 0.01,
###P < 0.001 vs diabetes group; {P < 0.05, 11{P < 0.001 vs D + Q1lgroup.
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3.3. Estimation of redox markers of liver tissue (Fig. 3A) and CAT (Fig. 3B), as well as the amount of GSH (Fig. 3C) were
decreased (P < 0.001), even though MDA content (Fig. 3D) was

Fig. 3 presents the mean values of SOD and CAT activities, as well as increased (P < 0.001) compared with their normal values. However,
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(P < 0.001 for D + Q2 group), an enhanced level of GSH (P < 0.05 for D
+ Q1 group and P < 0.001 for D + Q2 group) and a decreased MDA level
(P < 0.001 for D + Q2 group) as compared with control diabetic rats. In
addition, an increase in SOD (P < 0.05) and CAT (P < 0.001) activity
levels was observed in the D + Q2 group compared with the D + Q1
group.

3.4. Estimation of expression values of mRNA encoding apelin and TGF-3
in the liver tissue

Fig. 4 shows that apelin and TGF-p gene expression levels in liver
tissues were higher in diabetes mellitus than in normal control liver
tissues (both P < 0.001). When compared to diabetic rats, the apelin
gene expression level (Fig. 4A) was lowered in D + Q2 rats (P < 0.001)
with quercetin administration. Additionally, compared to diabetic rats,
the administration of quercetin resulted in a decrease in the TGF-f gene
expression levels (Fig. 4B) in D + Q1 (P < 0.05) and D + Q2 (P < 0.01)
rats.

3.5. Histopathology of pancreas and liver

The control animals’ pancreatic tissues showed no signs of injury
(Fig. 5A-B). However, there were severe necrotic alterations in the islets
and extensive acinar portion atrophy in diabetic rats (Fig. 5C). In dia-
betic rats, quercetin reduced pancreatic damage (Fig. 5D-E).

In the sham group, the liver had a normal structure (Fig. 6A-B). In
the diabetic group, the standard arrangement of hepatocyte cords was
impaired and there was an irregular cell community (Fig. 6C). In the D
+ Q1 and D + Q2 groups, less severe damages were seen compared with
the diabetes group (Fig. 6D-E).

4. Discussion

In the current study conducted in rats, DM induced by streptozotocin
(STZ, in a single dose) made great liver lesions as affirmed by histo-
pathological damages and biochemical variations such as diminished
activity of antioxidant enzymes, enhanced plasma activity of hepatic
enzymes (ALT, AST and ALP), declined liver function, as well as
enhanced liver oxidant stress and mRNA expression of apelin and TGF-p.

STZ makes nitrative and oxidative stress which have a role in its
harmful effects such as hepatotoxicity (Raza and John, 2012). Although
the mechanisms of STZ-induced hepatotoxicity are not exactly realized,
the connection between STZ toxicity and oxidative stress has been
proposed too (Raza and John, 2012). Moreover, apelin and TGF-f
participate in hepatic steatosis or fibrosis in NAFLD (Wang et al., 2019;
Yang et al., 2014). Thus, increased levels of apelin, TGF-p and free
radicals along with decreased levels of endogenous antioxidants may
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Fig. 4. Effects of quercetin on the gene expression levels of (A) apelin, and (B) TGF-f in each experimental group. *
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provoke injury to hepatic cells.

Owing to its anti-inflammatory and antioxidant characteristics,
quercetin can prevent diabetes and have hepatoprotective effects
(Dhanya, 2022). In the current study, STZ-induced DM resulted in
elevated MDA levels, decreased CAT and SOD activity levels, and
reduced glutathione levels at the termination of the experiment. Other
studies have demonstrated that a single dose of STZ (65 mg/kg
(Bhardwaj and Modi, 2017) and 60 mg/kg rise (Niazmand et al., 2021),
i.p.) increases MDA content while lowering glutathione levels, which is
consistent with these findings (Bhardwaj and Modi, 2017). Decreased
enzyme activity could result from non-enzymatic glycation of the en-
zymes or structural damage from excessive ROS generation in hyper-
glycemia (Giacco and Brownlee, 2010). According to our findings,
administering quercetin at doses of 25 and 50 mg/kg intraperitoneally
for 42 days caused a decrease in MDA levels (in this sense, quercetin at
the larger dose of 50 mg/kg worked better than the lower dose of 25
mg/kg), an increase in GSH content, and higher levels of CAT and SOD
activity (more so in the D + Q2 group than in the D + Q1 group) when
compared to the diabetic group. Quercetin is believed to decrease
malondialdehyde (MDA) levels and increase Glutathione (GSH) content
due to its antioxidant properties. It accomplishes this by acting as a free
radical scavenger, reducing oxidative stress, and increasing endogenous
antioxidant levels (Xu et al., 2019; Qi et al., 2022; Zhang et al., 2016). By
doing so, it can help protect cells from damage caused by reactive ox-
ygen species (ROS) (Ashari et al., 2022). Additionally, some evidence
suggests that quercetin may also increase the activity of antioxidant
enzymes like copper/zinc superoxide dismutase (CuZn-SOD) and
glutathione peroxidase (Dong et al., 2014). These findings are supported
by various research studies (Cruz-Gregorio and Aranda-Rivera, 2023;
Yang et al., 2020; Celik et al., 2017).

Additionally, quercetin improved the histological alterations in the
rats’ livers that were treated with STZ in the current study. The docu-
ments indicate that STZ-induced hepatic damage is directly caused by
ROS (Ghosh et al., 2015). Furthermore, ROS scavengers offer potent
defense against acute hepatic damage (Takemoto et al., 2014). Quer-
cetin likely improved histological alterations in the diabetic rats’ livers
through its primary antioxidant properties and its potential role in
reducing oxidative stress and damage, as well as protecting against lipid
and protein damage (Shamsi et al., 2019).

According to our findings, oxidative stress caused by a single dose of
60 mg/kg, i.p. of STZ raised ALT, AST, ALP, and MDA levels (Abolfathi
etal., 2012). In the current study, the plasma level of albumin decreased,
consistent with previous research (Abolfathi et al., 2012), whereas the
plasma total bilirubin level increased in the diabetes group. Current
research suggests that quercetin treatment improves raised levels of
ALT, AST, and ALP activity in the livers of STZ-induced diabetic rats
through several mechanisms involving antioxidative (Ahmed et al.,
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Fig. 5. Quercetin improved DM-induced histological changes of pancreatic sections demonstrated in the sham (A), sham + Q (B), diabetes (C), D + Q1 (D), and D +
Q2 (E) groups. Histological changes of pancreatic sections (stained with H&E) were examined at the end of the 43rd day inclusive of severe necrotic changes in the

islets (black circle) and severe atrophy of the acinar parts (red arrow). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 6. Quercetin improved DM-induced histological changes of liver sections demonstrated in the sham (A), sham + Q (B), diabetes (C), D + Q1 (D), and D + Q2 (E)
groups. Histological changes of liver sections (stained with H&E) were examined at the end of the 43rd day inclusive of derangement of hepatocyte cords and an
irregular cell community. CV: central vein; black arrow shows the standard arrangement of hepatocyte cords; S: sinusoid space.
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2022; Wang et al., 2013), anti-inflammatory (Ahmed et al., 2022; Ying
et al., 2020), and hepatoprotective effects (Ahmed et al., 2022). In this
regard, quercetin significantly decreased levels of oxidative stress
markers (Ying et al., 2020), TNF-a (Ying et al., 2020), and IL-1p (Ying
et al., 2020) in STZ-induced diabetic rats and reduced liver histology
damage (Liu et al., 2010). Additional studies suggest that quercetin aids
in the reduction of blood glucose levels (Wang et al., 2013), which
lessens the oxidative stress created by high glucose, ultimately pro-
tecting the liver. Furthermore, investigations have demonstrated that
quercetin may reduce serum total bilirubin, ALP, ALT, and AST while
ameliorating liver lesions in the doxorubicin-induced liver injury model
(Ahmed et al., 2022).

The current study’s findings, which are consistent with those of
another investigation, show that STZ injection significantly decreased
the body weight of the rats. (Hakim et al., 1997). The loss of muscle
(proteolysis) and fat (lipolysis), tissues that rely on insulin to use glucose
for fuel, may be the cause of the drop in body weight on day 42 after STZ
injection (Dimitriadis et al., 2011). Quercetin administration prevented
diabetic rats from body weight reduction induced by STZ-induced DM
by improving glucose tolerance (Ansari et al., 2022; Tiiredi et al., 2024;
Rahmani et al., 2023; Chellian et al., 2022), preserving pancreatic p-cell
function (Yi et al., 2021), reducing insulin resistance (Mahmoud et al.,
2013), exhibiting antioxidant activity (Dias et al., 2005), and
anti-inflammatory effects (Dias et al., 2005). Also, according to our re-
sults, all of the rats had significant hyperglycemia 72 h after receiving
the STZ injection (Fig. 1B). STZ, which is most frequently used to induce
diabetes in rats, promotes pancreatic f-cell death through DNA alkyl-
ation, which lowers insulin synthesis and release (Eleazu et al., 2013). In
this study, STZ-induced diabetes reduced the insulin secretion. How-
ever, quercetin prevented from reduction in plasma insulin levels, which
was more apparent in the D + Q2 group compared to the D 4+ Q1 group.
According to our findings, quercetin has been shown in other recent
research to have a hypoglycemic effect on diabetes, and in type 1 dia-
betic rats, it could considerably lower blood glucose levels (Ha-Neul
etal., 2010). A way by which quercetin lowers blood glucose levels is the
increase in glucose uptake by peripheral tissues (Alam et al., 2014). In a
different study, quercetin treatment helped lower fasting blood glucose
levels by increasing pancreatic beta cell counts and promoting insulin
production in rats with induced diabetes using alloxan (Jeong et al.,
2012). In the current research, measuring blood glucose and weight was
done at 3 and 6 weeks in diabetic rats to monitor the progression and
treatment effects of diabetes. The rationale behind this data was that
bi-weekly measurements help evaluate the impact of diabetes and in-
terventions on the rats’ blood glucose levels and overall body weight
(Pournaghi et al., 2012). By the 3rd week, most rats would have
developed severe diabetes with blood glucose concentrations typically
>250-600 mg/dl (Furman, 2021).

Several studies have indicated that TGF-p may be crucial for the
onset of insulin resistance in type 1 and type 2 diabetes mellitus, as well
as for the problems associated with the disease (Hou et al., 2018;
Beaudoin et al., 2014). Besides, the apelin/APJ system is changed in the
liver under the condition of obesity and diabetes (Butruille et al., 2013).
Patients with NAFLD had higher apelin plasma levels associated with
MDA and ROS generation. (Ercin et al., 2010). In our study, rats with
STZ-induced diabetes exhibited high gene expression levels of TGF-p1
and apelin, which were diminished by quercetin. This significant
reduction in TGF-p1 and apelin, accompanied by less liver injury, was
more prominent in the D + Q2 group than the D + Q1 group. These
findings are consistent with previous studies in hepatic fibrosis (Wu
et al., 2017) and cholestatic liver injury (Lin et al., 2014). Quercetin
inhibits the phosphorylation of Smad3, a key transcription factor in the
TGF-p signaling pathway, thereby reducing the expression of genes
involved in liver fibrosis (Shakerian et al., 2022; Liu et al., 2019). Thus,
the preventive effect of quercetin in diabetic hepatopathy may be
associated with the inhibition of the TGF-f and apelin signaling path-
ways, as quercetin decreased the DM-induced renal expression of TGF-
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and apelin (Hossein et al., 2024). Quercetin may inhibit the
TGF-B/apelin pathway by reducing the expression of genes associated
with fibrosis and inflammation, thereby protecting the liver from further
damage.

In conclusion, the results of this study demonstrated that quercetin
reduced histological alterations, oxidative stress, and apelin and TGF-p
mRNA expression to lessen liver dysfunction in type 1 diabetic rats. This
protective action against diabetic hepatic injury is associated with
antioxidant system enhancement and apelin and TGF-} mRNA expres-
sion suppression.
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