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ARTICLE INFO ABSTRACT

Keywords: Introduction: Hesperidin (HSP) has multiple beneficial effects in verities of clinical situations
High-fa't fﬁet including type 2 diabetes mellitus (T2DM). Aim: Determination of curative effects of HSP on the
Hesperidin liver in T2DM rats through biochemical and histopathological studies. Methods: Animals. Fifty
SR:etatosis rats were enrolled. 10 rats were fed a normal diet (control group), and the remaining 40 rats
Streptozotocin received a high-fat diet (HFD) for 8 weeks. The HFD-fed rats were grouped into Group II: 10 rats,

T2DM and Group III: 10 rats received HSP 100 mg/kg. Group IV: 10 rats received a single dose of
streptozotocin (STZ), 30 mg/kg, and Group V: 10 rats received STZ and HSP. Body weight, Blood
glucose, insulin level, liver enzymes, lipid profile, oxidative stress, TNF-a, NF-kB, and liver biopsy
were estimated. Results: there is improvement in the histological profile of the steatosis in HFD-
fed rats treated with HSP either in group III or in group V (received STZ) along with amelioration
in blood glucose, insulin, liver enzymes, lipid profile, oxidative profile, TNF-a, and NF-kB.
Conclusion: HSP in this STZ model revealed an improvement in steatosis, biochemical markers,
and histologic findings. By studying these factors, we expected to identify the prospective targets
for intervention that could help improve outcomes for individuals with obesity and diabetes-
related liver diseases.

1. Introduction

Type 2 Diabetes is one of the most prevalent metabolic diseases caused by decreased production of insulin by pancreatic beta cells,
as well as a loss in the tissues’ ability to respond to insulin, resulting in hyperglycemia [1]. According to the International Diabetes
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Federation Diabetes Consultation, more than 463 million people worldwide had diabetes in 2019, and 700 million were expected to
have it by 2045 [2]. Diabetes not only affects the quality of life for patients and communities but also places a significant economic
burden on society. The International Diabetes Federation estimates that the direct and indirect costs related to diabetes in 2019 are
USD 760 billion and will reach approximately USD 825 billion in 2030 [3].

Diabetes can have significant effects on various organs throughout the body, including the liver. The high blood sugar levels,
abnormal levels of fats in the blood, oxidative stress, and inflammation that accompany diabetes can result in liver-related compli-
cations. One such complication is a non-alcoholic fatty liver disease (NAFLD), which occurs when fat accumulates in the liver, leading
to inflammation and fibrosis that can progress to cirrhosis and liver failure. Additionally, diabetes may increase the risk of developing
hepatosclerosis and liver cancer [4,5].

Several studies have found a clear correlation between liver disease, diabetes, and obesity. For instance, Machado and colleagues
revealed that non-alcoholic fatty liver disease (NAFLD), a form of liver disease mainly linked to obesity and diabetes, was seen in up to
70% of type 2 diabetes patients [6]. Furthermore, Younossi et al. revealed that up to 75% of individuals with NAFLD were either obese
or diabetic [7]. Hesperidin has been shown to be highly safe, as obtained by Rizza et al. which revealed no side effects have been
obtained from healthy adult volunteers who took hesperidin supplements at dosages of up to 500 mg per day for 12 weeks [8]. Morand
et al. revealed that hesperidin had no considerable negative effects in any of the eight human volunteers they investigated [9].

There is a substantial overlap between the triad of obesity, diabetes, and liver disease, which emphasizes the necessity for patients
to be experienced about the increased risk of liver disease. Fortunately, the administration of these natural products including hes-
peridin can be extremely effective and safe in manging these conditions. Consequently, considering hesperidin may be the key to
managing this situation.

Hesperidin (HSP) is a type of plant pigment naturally occurring as flavanone glycoside found in citrus [10]. Hesperidin has varied
effects as an analgesic, diuretic, anti-inflammatory, antihypertensive, antibacterial, antiviral, analgesic, diuretic, hypolipidemic,
anti-cancer, antioxidant effects and anti-edematous [10,11]. However, hesperidin has not been commonly used clinically, because it
has low water solubility. Well-developed strategies have been implemented to overcome this barrier, including the design of efficient
delivery systems for hesperidin-containing drugs [11-13]. The safety margin of HSP in herbal formulations is high, with minimum or
no adverse or toxic effects because its lethal dose (LD50) in acute oral toxicity testing is > 2000 mg/kg [14,15].

In addition, hesperidin can improve metabolic and vascular health in overweight and obese rats [16-19]. Furthermore, hesperidin
can activate Nrf2/ARE pathway and up-regulates mRNA and protein levels of the downstream target genes in some diseases [19-21].

Recent studies revealed the role of hesperidin as a part of flavonoid phytochemicals in modulating Immune checkpoint inhibitors
(ICIs) therapy for certain cancers including hepatocellular carcinoma, breast cancer and bladder cancer [22-24]. In addition, flavo-
noids have a vital role as prognostic and predictive factors including tumors especially hepatocellular carcinoma. Rizzo et al. suggest
more research on phytochemicals as flavonoids on ICIs including PD-L1 expression, tumor-infiltrating lymphocytes (TILs), tumor
mutational burden (TMB), and several other biomarkers [23,24].

2. The aim

The aim is to determine the possible curative effects of HSP on the liver of experimentally induced type 2 diabetes mellitus model
(T2DM) by low dose STZ in high-fat diet-fed rats through biochemical and histopathological study. In addition, the current study aimed
to examine the role of ameliorating inflammation, oxidative stress, and insulin resistance in mitigating the negative effects of these

conditions on the liver. By studying these factors, we hoped to identify potential targets for intervention that could help improve
outcomes for individuals with obesity and diabetes-related liver diseases.

3. Material and methods
3.1. Chemicals and reagent kits
Hesperidin (HSP) and streptozotocin (STZ) were purchased from Sigma chemicals Co., St. Louis, MO, and stored at 4 °C.

Biochemical kits for estimation of biochemical markers as total cholesterol, triglycerides, HDL-cholesterol, LDL-cholesterol, aspartate
aminotransferase (AST), alanine aminotransferase (ALT) and antioxidants were purchased from Bio-Diagnostic Co. Cairo, Egypt.

3.2. HEFD preparation

Daily fresh preparation of HFD by thoroughly mixing 1.0% of cholesterol and 9% of saturated fat (palm oil) and 90% of the standard
commercial diet (Alwatanya Company, Cairo, Egypt) [25].

3.3. Experimental animals

Fifty adult male Sprague-Dawley rats were purchased from Serum and Antigen Laboratories at Helwan with weights ranging
between 170 and 190 g. The animals were housed in a 22 + 2 °C temperature and humidity (40-60%)-controlled area with 12/12 h
light-dark cycle.
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3.4. Experimental design and procedures

The experiment was done after fulfilling the criteria of “The Guide for the Care and Use of Laboratory Animals produced by the
National Institute of Health, USA [26]. The steps of research were done according to guidelines of the Committee on the Ethics of
Animal Experiments of Al-Azhar University. After a one-week adaptation period, prior to the start of the current experiment, the 50 SD
male rats were enrolled in the study. 10 rats were fed a normal diet, received distilled water by oral gavage for 4 weeks, and were taken
as a control group (group I), the remaining 40 rats were randomly allocated into the high-fat diet (HFD) regimen for 8 weeks regimen,
HFD (HFD, n = 40) for induction of obesity.

After 8 weeks, the rats’ weights were 280-320 g. The rats were grouped into the following: 10 obese rats received distilled water by
oral gavage for 4 weeks, and 10 obese rats were designed as group III and received HSP only 100 mg/kg by oral gavage for 4 weeks. The
remaining 20 rats were intraperitoneally injected with a single low dose of STZ (30 mg/kg) to induce partial destruction of beta cells to
be T2DM. Rats with a fasting blood glucose of >200 mg/dL were further subdivided into 2 groups; 10 diabetic rats (group IV; not
treated with HSP) and 10 diabetic rats treated by HSP for 4 weeks (group V).

3.5. Measurement of body weight and blood glucose level

Measurement of the body weight of rats was done weekly. The fasting blood glucose (FBG) of overnight fasting rats was measured
after injection with STZ with a glucose strip (Accu-Check, Roche, New Cairo, Egypt) using a tail-vein blood sample. Before the esti-
mation of fasting blood sugar, all rats fasted for 12 h. Following 1 week from streptozotocin injection, the blood glucose was estimated
using glucose test strips. Fasting blood glucose of >200 mg/dL was deemed to diagnose T2DM. In addition, insulin was also estimated,
and Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) was also calculated.

3.6. Estimation of biochemical parameters in the blood

Plasma samples were collected from all overnight fasting rats. The blood samples were obtained from the retro-orbital venous
plexus using a capillary tube method. The blood was collected into three tubes; the first tube contained EDTA, the second tube
contained sodium fluoride, and the third tube was plain.

The serum glucose level was determined calorimetrically following the protocol described by Tietz [27]. Insulin concentration in
serum samples was quantified using an enzyme-linked immunosorbent assay (ELISA) with rat insulin ELISA kits following the protocol
described by Carlsson et al. [28]. The Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) index was calculated as [Insulin
concentration in pIU/L] multiplied by [glucose concentration in mmol/L] divided by 22 [29]. Total Cholesterol and Triglycerides,
High-density lipoprotein-C, Low-density lipoprotein C, alanine aminotransferase (ALT), aspartate aminotransferase (AST), using a
biochemical analyzer (Molecular Devices MD2800, San Francisco, CA, USA) and calculated using Friendewald’s equation [30,31].

The clear supernatant of liver tissue homogenates was used for assaying the activities of antioxidant enzymes SOD using the method
of Nishikimi et al. [32], catalase using the spectrophotometric method of Aebi [33] and GSH using the method of Prins and Loose, [34].
Inflammatory cytokine TNF-a [R&D Systems Inc., USA; Catalog Nos. RTA00], NF-kB [MyBioSource, Inc., USA; Catalog Nos.
MBS722386], was assessed using an ELISA kit according to the manufacturer’s instructions.

3.7. Histopathological examination of liver biopsies

A histopathological microscopic examination was performed. The rats were euthanized with a ketamine-xylazine mix at a ratio of 1:
1 and a dosage of 0.1 ml/100 g at the end of the study. The tissue of the liver was excised, preserved in 10% formalin for 72 h at room
temperature, cut into 4 mm thick, stained with Hematoxylin/eosin (H&E) [35,36], and examined using light microscopy.

3.8. Statistical analysis

The data analysis uses SPSS version 23 (IBM, Chicago, IL, USA). The mean and standard error of the Mean was used to represent the
data. Comparisons were made using a one-way analysis of variance (one-way ANOVA) followed by Tukey’s post hoc test for multiple
comparisons. p-value was deemed statistically significant when p < 0.05.

Table 1
Effect of HFD, STZ, and Hesperidin on body weight, FBG, insulin, and insulin resistance.
Parameters Control (Group I) HFD (Group II) HFD + HSP (Group III) HFD + STZ (30 mg/kg) (Group IV) HFD + STZ + HSP (Group V)
Body weight (g) 225 +10.3 368 + 16.4° 255 + 14.8° 284 + 11.1%° 247 + 12.5°
FBG (mg/dL) 87 £ 5.6 157 + 7.7% 109 + 6.1° 338 + 17.3% 203 + 12.6%
Insulin (uU/mL)  6.32 + 0.41 12.37 + 0.92° 8.48 + 0.74° 6.73 + 0.58" 7.34 + 0.65"
HOMA-IR 1.4 + 0.09 4.8 +0.23% 2.3 +0.13® 5.6 + 0.29% 3.7 + 0.21°

a = significance with control group.
b = significance with HFD group.
d = significance with HFD + STZ group.
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4. Results
4.1. Effect of HFD, STZ, and hesperidin on body weight

As shown in Table 1, by the end of the experiment all HFD-fed groups showed an increase in body weights, but it was significant in
groups 2 and 4 and insignificant in groups III and V as compared to the control group receiving a normal diet. In HFD-fed rats,
administration of Hesperidin as in group III, induction of diabetes by STZ in group IV, or administration of Hesperidin after induction
of diabetes in group V, all showed a significant decrease in body weights in comparison to group II fed on HFD only. Diabetic obese rats
in group 5 presented insignificant lower body weight as compared to group IV (Table 1).

4.2. Effect of HFD, STZ, and hesperidin on blood glucose

Table 1 shows significantly higher blood glucose levels in groups II, IV, and V and amelioration in group III to a normal level as
compared to the control group. In HFD-fed animals, HSP-treated group III showed a significant reduction in blood glucose while
animals received STZ in groups 4, STZ, and HSP in group V showed a significant increase as compared to group 2 received HFD only.
Also, group V showed a significant decrease when compared to group 4 (Table 1).

4.3. Effect of HFD, STZ, and hesperidin on serum insulin

The results showed a significant increase in serum insulin levels of group II with no significant changes in groups III, IV, and V in
comparison to the control group. Also, groups III, IV, and V showed a significant decrement in serum insulin compared to HFD group II.
There are no significant changes between groups V, and IV (Table 1).

4.4. Effect of HFD, STZ, and hesperidin on HOMA-IR (insulin resistance)

The results show a significant increase in HOMA-IR of groups II, III, IV, and V as compared to the control group. Also, HOMA-IR
showed a significant decrease in groups III, and V and insignificant changes in groups IV in comparison to group II received HFD only.
There is a significant decrease in HOMA-IR in group V compared to group IV (Table 1).

4.5. Effect of HFD, STZ, and hesperidin on liver enzymes

Table 2 shows significantly higher levels of liver enzymes ALT, and AST in HFD-fed groups II, and IV with Interestingly normal-
ization of HSP-treated group III as compared to the control group. Group V presented an elevation of liver enzymes which was sig-
nificant in ALT and AST levels as compared to the control group. Liver enzymes ALT and AST significantly lowered in group III and
elevated in groups IV and V in comparison to group II. There is also a significant decrease in diabetic HSP-treated group V when
compared to diabetic group IV (Table 2).

4.6. Effect of HFD, STZ, and hesperidin on lipids profile

This study has shown a significant increase in TC, TG, and LDL in HFD-fed groupsII, IV, and V with intriguing normalization of HSP-
treated group III as compared to the control group. HDL showed a significant increase in groups Il and IV and amelioration to the extent
that the changes are not significant in groups III and V as compared to the control group. TC, TG, and LDL significantly decreased in
HSP-treated group III and significantly elevated in group IV which received STZ, and insignificant changes in diabetic HSP-treated
group V in comparison to the HFD group while HDL showed a significant increase in HSP-treated group III and a significant
decrease in group IV which received STZ and insignificant changes in diabetic HSP treated group V in comparison to HFD group. Group
V presented a significant decrease in TC, TG, and LDL and a significant increase in HDL when compared to group IV (Table 2).

Table 2
Effect of HFD, STZ, and Hesperidin on liver enzymes and lipids profile.
Parameters Control (Group I) HFD (Group II) HFD + HSP (Group III) HFD + STZ (30 mg/kg) (Group IV) HFD + STZ + HSP (Group V)
ALT (U/L) 36.1 + 1.86 59.7 + 2.59% 42.3 +2.06° 82.9 + 6.77 63.7 + 5.41 %4
AST (U/L) 25.7 +2.19 54.3 + 3.26% 33.1 +2.54° 76.8 + 4.83 2 60.2 + 4.15 %4
ALP (U/L) 49.2 + 4.15 86.3 + 5.27° 59.7 + 4.18" 127.6 + 7.33 69.8 + 6.01¢
TC (mg/dL) 133 + 9.6 248 +10.3% 167 +7.8° 364 + 18.6 2 179 +£13.1 ™
TG (mg/dL) 125 + 6.47 213 + 9.9° 163 + 7.3° 295 + 15.3%° 178 +11.8 %
LDL (mg/dL) 44.6 +2.78 93.3 + 6.357 67.9 + 3.66 " 152.8 +9.13 104.8 + 6.2 *¢
HDL (mg/dL) 52.2 + 3.19 35.3 + 2.05% 59.5 + 3.61° 19.6 + 2.49 @ 40.5 + 3.469

a = significance with control group.
b = significance with HFD group.
d = significance with HFD + STZ group.
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4.7. Effect of HFD, STZ, and hesperidin on the activity of antioxidant enzymes

As shown in Table 3 there is a significant decrement in the antioxidant activity of SOD, catalase, and GSH enzymes in groups II, IV,
and V while group III showed insignificant changes in comparison to the control group. There is a significant increase in the anti-
oxidant activity of SOD, catalase, and GSH in groups III, and V and a significant decrement in group IV as compared to HFD group II.
Group V displayed a significant increase in the antioxidant activity of SOD, catalase, and GSH correlated to group IV (Table 3)
(Figs. 1-3).

4.8. Effect of HFD, STZ, and hesperidin on inflammation mediators

This study has shown an increase in TNF-a and NF-kB which was significant in groups II, IV, and V and insignificant in group III as
compared to the control group. In correlation to group II, TNF-a and NF-kB decreased significantly in group III and increased
significantly in group IV with no significant changes in group V. Group 5 displayed a significant decrease of TNF-a and NF-«kB as
compared to group IV (Table 3) (Figs. 4 and 5).

4.9. The histopathological alterations in the liver tissue of the studied groups

4.9.1. Histological examination of group I

Histologic examination of liver biopsy in group I (control group) revealed well-preserved hepatic lobules, and uniformity of the size
of hepatocytes. The portal triad is normal. and the hepatic cords were normal and well-oriented from the central vein to the boundaries
of the hepatic lobules. The hepatocytes appear polygonal in shape and contain rounded vesicular nuclei and prominent nucleoli, some
hepatocytes were binucleated. The hepatocyte has acidophilic cytoplasm with scattered fine basophilic granules. Blood sinusoids were
seen as a network in between the plates of hepatocytes radiating toward the central vein (Fig. 6).

4.9.2. Histological examination of group II (HFD)

The histology revealed several histological changes in the form of disturbed hepatic architecture, marked dilatation of central
veins, dilatation and congestion of portal veins, and blood sinusoids. In addition to mild to moderate cellular infiltrations mainly
around central veins bile ductules. Most of the hepatocytes reveal cytoplasmic vacuolations, and cell ballooning (Fig. 7a, b, c).

4.9.3. Histological examination of group III
The cytoplasmic vacuoles are less observed with the restoration of hepatic architecture. The hepatocytes retain their acidophilic
cytoplasm, and the sinusoids appear less dilated. Inflammatory infiltrates are scarce (Fig. 8 A, B).

4.9.4. Histological examination of group IV

Rats in the group IV (HFD-STZ) group had severely damaged liver structures, including numerous necrotic hepatocytes that had lost
their normal shape and architecture, marked cytoplasmic vacuolations, presence of pyknotic nuclei, and apoptosis. In addition, the
liver sinusoids were enlarged and congested. Heavy lymphocytic infiltration and other inflammatory cells were marked in most of the
lobules giving the appearance of a lobular pattern of inflammation. In other fields, the inflammation ranged from mild with minor
infiltrates and spotty necrosis of single hepatocytes, to widespread necrosis with architectural disturbance and lobular disarray (Fig. 9
A, B).

4.9.5. Histological examination of group V

In group V, the treated group (HFD-STZ-HSP) restoration of hepatic lobules to great extent with evidence of hepatocyte regen-
eration more marked at the periportal area than in the pericentral area with markedly reduced vacuolization and sinusoidal congestion
in the liver. The inflammatory infiltrates were less evident with increased ductular proliferation and mitosis (Fig. 10a and b).

Table 3
Effect of HFD, STZ and Hesperidin on the activity of antioxidant enzymes (oxidative stress) and inflammation.
Control HFD HFD -+ HSP HFD + STZ (30 mg/kg) HFD + STZ + HSP

SOD (U/L) 46.5 + 2.01 27.3 + 1.14% 42.9 + 1.36" 17.4 + 0.69 @ 38.6 + 1.43 24
Catalase (U/min) 21.3 + 0.81 13.7 + 0.49? 19.6 + 0.93" 8.5 + 0.52%° 16.9 + 0.78 24
GSH (ug/mg protein) 24.2 + 0.97 15.4 + 0.84% 23.5 + 1.04 ° 11.3 + 0.56 & 19.6 4+ 1.23 24
TNF-o [Pg/ml] 51.6 + 2.51 70.5 + 2.8° 57.2 + 2.48° 89.4 + 4.66 *° 74.8 +3.31 24
NF-«B [ng/mg protein] 0.74 + 0.029 1.55 + 0.0672 1.11 + 0.053° 2.54 +0.126 1.73 + 0.091 ¢

a = significance with control group.

b = significance with HFD group.

d = significance with HFD + STZ group.
F for HFD P for Hesperidin Z for STZ.
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a= significance with control group b= significance with HFD group
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Fig. 1. Shows the results of SOD and its correlation among the five groups in the current study. a = significance with control group b = significance
with HFD group. d = significance with HFD + STZ group.
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a= significance with control group b= significance with HFD group

d= significance with HFD + STZ group

Fig. 2. Shows the results of catalse and its correlation among the five groups in the current study. a = significance with control group b = sig-
nificance with HFD group. d = significance with HFD + STZ group.

5. Discussion

In the present study, we utilized a low dose of STZ with HFD in the experimental rats to induce obesity. This model is identified in
many studies [37-39] to describe the early stage in the pathogenesis of T2DM because the animals never acquire beta cell failure as
may be observed in humans in the late stage of T2DM [40-42]. For the initiation of beta cell dysfunction, a combination of HFD with a
single injection of STZ was introduced [43,44].

Regarding blood glucose and insulin, we found that the HSP ameliorates hyperglycemia in both HFD and HFD-STZ-treated diabetic
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Fig. 3. Shows the results of GSH and its correlation among the five groups in the current study. a = significance with control group b = significance
with HFD group. d = significance with HFD + STZ group.
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Fig. 4. Shows the results of TNF-a and its correlation among the five groups in the current study. a = significance with control group b = sig-
nificance with HFD group d = significance with HFD + STZ group.

rats by increasing the production of insulin from beta cells (Table 1). In group V insulin is slightly elevated compared to the control
group (group I) but is considered low relative to high FBG. This denotes partial destruction of beta cells. This is documented by the
results of HOMA -IR which indicates the presence of insulin resistance. So, a diagnosis of T2DM was made. In treated groups (III, V)
there is marked improvement in all parameters including FBG, insulin, and HOMA-IR.

Many studies demonstrated that blood glucose level is decreased with HSP treatment [45-47]. El-Shahawy et al. revealed
improvement in diabetes, increasing the liver glycogen content, as well as lipogenesis adding to increase both insulin sensitivity and
glucose uptake by lessening the oxidative stress in rats treated with the HSP formula [13]. The mechanism of lowering blood glucose
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Fig. 5. Shows the results of NF-kB [ng/mg protein] and its correlation among the five groups in the current study. a = significance with control
group b = significance with HFD group d = significance with HFD + STZ group.

Fig. 6. Group I (Control group; rat fed normal diet). The photomicrograph showing normal lobular architecture, hepatocytes are arranged in cords
separated by normal sinusoids. The hepatocytes have an acidophilic cytoplasm and central dark stained nucleus. (H&E stain, x100).

with HSP is best explained by increasing the level of mRNA glucokinase which is the key enzyme in the cycle of glucose catabolism, as
well as decreasing the level of gluconeogenic enzyme G6Pase, in T2DM mouse liver [48]. In addition, another study found that
increased level of insulin with HSP treatment in the HFD-STZ group [49].

Regarding liver enzymes and lipid profile, in non-treated groups (II, IV) (HFD-STZ), the level of lipid profiles as the serum TG, TC,
LDL, and HDL concentrations have been significantly increased (Table 2). This is compatible with many studies in which a low dose of
STZ was used and the dose ranged from 35 to 40 mg/kg single dose [50-53].

In another way, these results in HSP-treated groups (III, V) revealed marked improvement in non-treating groups (II, IV). This
coincides with the study of Horcajada et al. [54]. This agrees with the study of Akiyama et al. [55] and in contrast with the study of
Miyake et al. which revealed no significant role of HSP in serum lipid levels [47].

The mechanism of HSP in lowering cholesterol and TG has been demonstrated by Bok et al. who explained it by inhibiting both
p-Hydroxy p-methylglutaryl-CoA (HMG-CoA) reductase and acyl CoA: cholesterol acyltransferase (ACAT) [56].

Furthermore, hesperidin enhances the expression of the gene encoding the LDL receptor [57]. Horcajada et al. [54] revealed that
STZ injection leads to a decrease in the serum level of adiponectin (anti-diabetic, anti-inflammatory properties) which returned to its
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Fig. 7a. Group II (HFD). The photomicrograph reveals disarray of lobular architecture, cell steatosis and cell ballooning. The sinusoids appear
dilated with ductular proliferation and dispersed scarce inflammatory cell all over hepatocytes and around the ductules. Multiple small vacuoles are
seen between the hepatocytes (H& E, x200).

Fig. 7b. Group II (HFD). The section showing signs of liver steatosis, the hepatocytes show variable cytoplasmic vacuolation which is either small
and multiple vacuoles or may be coalescent to form large one, some hepatocytes are ballooning. Ballooned hepatocytes containing one large
vacuole, some hepatocytes with darkly stained nuclei, others are binucleated, and fragmented nuclei. Some hepatocytes show clearing up of the
nuclei with an empty appearance (H&E x 400).

normal level with HSP administration. Therefore, this observation was considered indirect evidence for the effects of hesperidin.

Regarding oxidative stress, our results revealed that oxidative stress was decreased in the non-treated groups and improved in the
treated groups (Table 3). This coincides with many studies [58-60].

TNF-a and NF-kB were found high in the HFD and STZ-HFD (non-HSP-treated groups) and improved in the HSP-treated groups
(Table 3). The elevation of IL-6 occurred because of the up-regulation of the NF-kB pathway by IL-17, thus promoting insulin resis-
tance, which leads to T2DM development [61]. With hesperidin treatments, the level of TNF-o and IL-17 is lowered that suppresses the
NF-kB and consequently reduces the secretion of IL-6 and enhances insulin resistance and T2DM is improved [62,63].

Regarding histopathological changes in non-treated groups, we found an alteration in the hepatocytes and hepatic lobules, and
portal triad together with vacuolization and lymphocytic infiltration. These changes were mild to moderate in the HFD group and more
marked in the STZ-HFD group (groups II, and IV). These changes coincided with other studies [64-66].

The improvement in the histological profile of the treated groups with HSP (group III and group V is supported by previous studies
utilizing hesperidin in different situations. Various studies have investigated the effects of HSP on damaged hepatocytes. They found
that the key point in the process of regeneration is the activation of the PI3K/Akt pathway through the summative effects of HSP
[67-70]. Another observation comes from the study of Li et al. [71] which revealed that HSP plays a role in the protection against liver
tissue injury by improving oxidative stress, inhibiting the inflammatory responses, and reducing apoptosis via activation of the Akt
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Fig. 7c. Group II (HFD). Another photomicrograph revealed that most hepatocytes have vacuolated cytoplasm with marked ductular proliferation.
Some central veins are dilated, and others are congested (H&E, x200).

Fig. 8. Group III. (HFD + HSP) the photomicrograph showing the histological effect of HSP treatment in HFD rat. The hepatocytes restore its
acidophilic cytoplasm, the central vein and sinusoids are still congested (figure A) and dilated (figure B). The lobular architecture is preserved (H&E
stain, x100).

pathway. However, the mechanism of hepatocytes and hepatic lobule recovery after injury in SD rats is still unknown in the study of
Park et al. [72]. In the present study, the regenerative process (disappearance of vacuoles and presence of mitoses) was evidently more
in the periportal area than in the pericentral area, this coincides with many studies [73-75].

Despite significant advances in research and medicine, the prevalence of obesity and diabetes-related liver diseases remains high,
and the underlying pathogenesis of these conditions is still not fully understood. Considering this, our study was designed to inves-
tigate potential protective and therapeutic strategies for these diseases.

Based on the findings of our study, hesperidin appears to possess a range of beneficial properties that make it a promising candidate
for the prevention and treatment of liver disease related to obesity and diabetes. Specifically, our results demonstrate that hesperidin
has anti-inflammatory and antioxidant effects, as well as hypoglycemic properties, which contribute to its ability to improve insulin
resistance and preserve liver tissue.

Given these findings, we believe that hesperidin could be used as a protective and curative agent for individuals with liver disease
related to obesity or type 2 diabetes. This may involve using hesperidin alone or in combination with regular antidiabetic drugs,
depending on the state of the patient and the severity of their condition.

Overall, our study has important implications for the field of liver disease research and suggests that hesperidin may offer a safe and
effective alternative or adjunct to existing treatment options. Future research should focus on exploring the mechanisms underlying
the beneficial effects of hesperidin and further investigating its potential as a therapeutic agent for liver diseases.

Our study provides compelling evidence that administration of hesperidin at a dosage of 100 mg/kg can significantly improve
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Fig. 9. Group IV. (Single low dose STZ). The photomicrograph showing disruption of hepatic architecture. The hepatocytes showing severe degree
of inflammatory infiltrates, pyknosis, apoptosis and steatosis as seen in figure A (Figure A) that are more obvious in figure B (Figure B). Presence of
darkly stained fragmented nucleus together with apoptotic changes, marked inflammatory cells with dilated congested portal trac and ductular
proliferation diagnose the hepatotoxic effects of STZ. (H&E stain x400).

Fig. 10a. (Group V: receiving HSP + STZ low single dose). The photomicrograph showing the histological effect of HSP treatment on the injected
single low dose STZ rat. Presence of regenerative process as the number of cytoplasmic vacuoles is less marked in the hepatocytes compared with
that seen in Fig. 9 together with restoration of some of lobular architecture. Sinusoidal dilatation is present with congestion and dilation of the
central vein the regenerative process is more marked at the periphery of the lobules. (H&E stain, x200).

inflammation, oxidative stress, and insulin resistance with consequent amelioration of liver enzymes and reducing steatosis and
restoring histologic hepatocyte abnormalities in rats with obesity and diabetes-related liver diseases. These results have important
implications for the development of new therapeutic strategies for individuals with these conditions.

Further research is needed to confirm and expand upon our findings, but our study represents an important step forward in un-
derstanding the potential benefits of hesperidin for individuals with liver diseases related to obesity and diabetes. Given the high
prevalence of these conditions and the lack of effective treatment options, identifying new therapies that can improve outcomes for
affected individuals is of critical importance. We believe that our study provides a strong foundation for future research in this area and
hope that it will ultimately lead to better health outcomes for individuals with these conditions.

Based on the good results that emerged from this study, it is necessary to expand the study of flavonoids in all liver diseases and the
effect of these substances on the drugs used in all liver diseases.

5.1. Limitation of the study
Despite the positive results observed in this study, there are several limitations that should be considered when interpreting the
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Fig. 10b. (Group V: receiving HSP + STZ low single dose). The photomicrograph showing the histological effect of HSP treatment on the injected
single low dose STZ rat. the photomicrograph show that the regenerative process is more evident in the periphery of hepatic lobule than in the
pericentral area, the number of cytoplasmic vacuoles is markedly decreased compared with that seen in Fig. 9 with restoration of lobular archi-
tecture. Sinusoidal dilatation is still present. (H&E stain, x200).

findings. Firstly, the sample size used in this study was relatively small, with only 10 rats in each group. This small sample size may
limit the generalizability of the findings to larger populations of rats or other animal species. Secondly, the duration of the treatment
was only four weeks, which may not be sufficient to fully capture the effects of the treatment, particularly if the treatment has a long-
term impact or takes time to accumulate in the body. Additionally, the outcomes measured in this study were limited to a specific set of
histological and biochemical measures, which may not fully capture the impact of the treatment on other relevant outcomes. It is
important to consider these limitations when interpreting the findings of this study and to replicate the study in larger and more
diverse samples with longer treatment duration and more comprehensive outcome measures.

6. Conclusion

The obtained results reveal that a high-fat diet combined with a low dose of STZ 35 mg/kg at a single dose demonstrated to be a
better way for creating a steady animal model of type 2 diabetes mellitus, and this model may be appropriate for varieties of phar-
maceutical settings. This low-dose STZ model is sufficient to aggravate steatosis in steatosis in HFD-induced rats. In these circum-
stances, administration of HSP alone or in the low dose STZ model will be effective in the improvement of steatosis and restore the

histologic hepatocyte abnormalities to normal. Herbal compounds containing HSP is highly recommended in improving lipid profile
and must be addressed in more research related to human.
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