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Abstract

Diabetes mellitus is a significant global health issue, affecting 425 million people worldwide, with
projections estimating an increase to 629 million by 2045. The need for potent pharmacological
agents is urgent, as current oral hypoglycemic drugs have adverse side effects. Hesperidin, a
bioflavonoid with anti-hyperglycemic and anti-hyperlipidemic properties, offers promise as a natural
therapeutic option. This study aimed to evaluate hesperidin's molecular and epigenetic effects on
insulin signal transduction in the gastrocnemius muscle of STZ-induced type 2 diabetic rats. Methods
involved dividing fully-grown male Wistar rats into five groups: Healthy control, STZ-induced
diabetic, Diabetes+Hesperidin (100mg/kg), Diabetes+Metformin (50mg/kg), and
Control+Hesperidin. At the experiment's conclusion, blood samples and gastrocnemius muscle tissues
were collected to measure fasting blood glucose, serum insulin, antioxidant enzymes, oxidative stress
markers, and histopathological and mRNA expression of insulin signalling molecules. Data were
analyzed using one-way ANOVA, with significance set at p<0.05. Results indicated that STZ-induced
diabetic rats exhibited significant increases in hyperglycemia, hyperinsulinemia, dyslipidemia, and
oxidative stress markers, along with reduced superoxide dismutase (SOD) activity. Histopathological
analysis revealed reduced muscle fibres and disrupted skeletal fibres. Additionally, mRNA expression
of IRS-1, Akt, and GLUT 4 was significantly reduced. Remarkably, hesperidin treatment normalized
these altered parameters. In conclusion, hesperidin effectively regulates insulin signalling in skeletal
muscle, reducing diabetic risk. Thus, hesperidin shows potential as a therapeutic candidate for
treating type 2 diabetes and its associated complications.
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Introduction

The widespread illness, diabetes is a
primary cause of cardiovascular disease
(CVD), a major worldwide health concern in
the modern period, and it develops as a result
of oxidative stress brought on by obesity and
hyperglycemia in skeletal muscles. It has
spread to epidemic proportions throughout the
world and had a significant negative influence
on human life and health economics [1].
Therefore, cutting-edge innovative
medications that mitigate these pathogenic
occurrences should be prioritized as a key
component.

According to statistics from around the
world, approximately 74% of people are
unable to purchase allopathic medicine
products. As a result, they must rely on
traditional remedies, which are mostly made
from plants [2]. Hesperidin is a bioflavonoid
(flavanone glycoside) with hypolipidemic and
hypoglycemic hypoglycemic properties that
are abundant in oranges and lemons.
Hesperidin, one of several biophenols, is
important as a naturally occurring medicinal
substance [3]. The majority of citrus plants
contain hesperidin, a powerful vitamin that
animals consume through diet. As per the
European Food Safety Authority (EFSA),
consuming hesperidin in conjunction with
diosmin, troxerutin, and other substances is
properly  described. Maintaining normal
venous-capillary permeability is the purported
result, and it has positive physiological effects
[4].

Alongside genetic changes, epigenetic
modifications brought on by an inactive
lifestyle and ecological stressors in response to
imbalances in energy consumption and
expenditure cause metabolic diseases like
diabetes and obesity to develop and worsen.
Insulin resistance can be produced by reducing
the transcriptional function of important beta-
cell genes by methylation of DNA, histone
changes, and increased production of non-
coding RNAs. Together with inflammation

associated with obesity, increased Reactive
Oxygen Species (ROS), & impairment to
DNA in multiple body parts, epigenetics have
some significance in the expression of the
underlying gene networks responsible for
insulin resistance and insufficiency [5]. A few
other investigations have shown that
hesperidin modifies the action of enzymes
governing glucose and normalizes blood
glucose levels. Loss of body weight persisted
even after serum lipid levels decreased in
STZ-administered diabetic mice & the
modulatory action of biotransformation
enzymes was the main 3cause. Trained
immunity is based on epigenetic regulation of
histone changes that cause chromatin to open
permanently [6]. The objective of this
experimental investigation is to identify and
evaluate the therapeutic properties of
hesperidin, a bioflavonoid derived from
orange peel (a citrus fruit), on the molecules
that regulate insulin signal in the
gastrocnemius (skeletal) muscle of obese &
hyperglycemia-instigated type 2 diabetes
(T2DM) rats.

Materials and Methods
Animals

The 150-180-day-old adult male Wistar
albino rats were used in this study and they
were kept in conventional settings, which
included a standard temperature of 21 + 2 <C,
a continuous 12-hour light/dark cycle, and
specific humidity as per the standard
guidelines (Animal Ethical Approval no:
BRULAC / SDCH / SIMATS / IAEC / 04-
2022 /101).

Induction of T2DM

To induce Diabetes, Streptozotocin (STZ)
(40 mg/kg BW) mixed in cold citrate buffer
(0.1 M, pH 4.5) that was freshly prepared was
injected intraperitoneally once to develop
diabetes for fasted (overnight) experimental
rats. For a whole day, animals administered
with streptozotocin were given a 20% glucose



solution in order to avert the first
hypoglycemia mortality caused by the
treatment. Animals given streptozotocin
injections showed signs of hyperglycemia a
few days later. Rats with diabetes were
identified by detecting their high plasma
glucose levels (using the glucose oxidase
method) 72 hours after receiving a
streptozotocin injection.

Experimental Design

Five groups of mature male Wistar albino
rats were raised to vigorous adulthood. Group-
I: Healthy control; Group-1l: STZ-induced
type-2 diabetic rats; Group-III:
Diabetes+Hesperidin (100mg/kg.bwt); Group-
IV: Diabetes+Metformin  (50mg/kg.bwt);
Group-V: Control+Hesperidin. All the animals
were anaesthetized, blood and sera were
separated & stored at -80°C. Gastrocnemius
muscles were separated out and utilized for
epigenetic studies.

Fasting Blood Glucose (FBG)

After an overnight fast, FBG measurements
were taken using test strips (On Call Plus)
from ACON Lab. Inc., USA. The tail tip was
used to draw blood and the results were
measured as mg/dL.

Oral Glucose Tolerance Test (OGTT)

While fasting through the night, the rats
were administered glucose orally (10 mL kg;
50% wi/v), and the blood glucose levels were
measured five times (0, 30, 60, 120, and 180
minutes) by On-Call Plus test strips. The FBG
value were reading to measure the zero-minute
reading, & the outcomes shown as mg/dL.

Hemoglobin and
Hemoglobin Measurement

Glycosylated

The cyanmethemoglobin method was used
to measure haemoglobin (Hb) levels [7] and
Bannon’s approach [8] was used to measure
glycosylated haemoglobin (HbA1C) levels.
Grammes per deciliter (g/dL) were used to
express  haemoglobin  content,  while

milligrammes per gramme of haemoglobin
(mg/g) were used to express glycosylated
haemoglobin value.

Histopathological Examination

Hematoxylin and eosin dye are applied to
stain gastrocnemius muscle after they had
been histopathologically examined using
formalin (10% neutral buffered) preserved in
paraffin  [9,10]. The ‘Olympus’ light
microscope equipped with a ‘Nikon’ digi-cam
was used to identify the semi-thin sections,
which had a magnification of x200, that had
been generated using the LKB ultra-
microtome.

Glucose-6-Phosphatase Assay

A one-hour incubation period at 37 °C was
required for 0.5 mL of substrate, 0.1 mL of
homogenate tissue, and 0.3 mL of citrate
buffer. After that, 10% TCA was administered
to halt the reaction using Fiske and
Subbarow’s technique [11]. The value was
determined at 640 nm and glucose-6-
phosphatase was measured.

Fructose-1,6 Bisphosphatase Assay

The fructose-1,6 bisphosphatase assay was
conducted using the Gancedo JM and Gancedo
C technique [12]. The final mixture (2.3 mL)
was incubated with the rest of the substances
for 15 minutes at 37°C: Tris-HCI buffer,
substrate, MgCl,, KCI, EDTA, and tissue
homogenate. 10% TCA then stopped the
reaction.

Analysis of mMRNA Expression

Real-time PCR, cDNA conversion, and total
RNA separation

The total RNA was isolated using a TRIR
kit. The reverse transcriptase (RT) kit came
from Eurogentec (Seraing, Belgium). To make
cDNA, 2ug of total RNA were utilized. The
genes in a Real-Time PCR system were
amplified using the following conditions: a 5-
minute initial denaturation at 95 °C, 40 cycles



of 95 °C (30 sec), 59 to 60 °C (30 sec), and 72
°C (30 sec). Relative quantification was
established through an examination of the melt
and amplification curves.

Statistical analysis

The statistics is presented as mean £ S.E.M
(standard error of mean). ANOVA was used
with the Windows version of the SPSS
software package to evaluate group
differences. For inter-group comparisons, post
hoc analysis was carried out based on the least
significance difference (LSD); Significant
changes were defined as p values less than
0.05.

Results

Hesperidin’s Impact on Variations in
Weight (b.wt) of Rats

Figure 1 shows the variations in the body
weight of the experimental and control rats.
Experimental rats with streptozotocin-induced
diabetes showed a sharp decrease in body

weight. Rats given hesperidin alone and
normal controls showed no apparent
alterations. After taking hesperidin and

metformin orally, all of the alterations seen in
rats given  streptozotocin  considerably
improved.

Changes in body weight
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Figure 1. Hesperidin’s Effect on Experimental and Control Rats’ Body Weight.

Hesperidin’s Effect on Plasma Glucose
and Serum Insulin Concentrations

This study investigated the effects of

significantly (p < 0.05) reduced fasting blood
glucose levels, decreased serum insulin levels
and these findings suggest that hesperidin has

hesperdin on FBG,
levels (Tablel).

testosterone

serum

insulin, and
The results

a positive

impact

parameters

these

showed that hesperidin supplementation
Table 1. Effects of Hesperidin on Fasting Blood Glucose and Serum Insulin Level.
Parameter | Control Diabetes Diabetic + Diabetic + Control +
Induced Hesperidin metformin (50 Hesperidin (100

(100 mg/kg mg/kg b.wt) mg/kg b.wt)
b.wt)

Glucose 88.54+ 6.50 260.66+ 14.017 | 128.30+ 6.70% | 120.73+ 6.60% 88.45+ 5,770

(mg/dL)

Serum 17.85+1.40 | 7.45+0.66° 16.80+ 1.09° 18.20+ 1.55° 17.50 + 1.42°

insulin

(nIU/mL)

metabolic




Hesperidin’s Impact on OGTT

The results of the OGT showed that rats fed
STZ-induction had higher FBG levels than the
control group (Figure 2). They also had
significantly higher blood glucose levels at 60
and 120 minutes after the oral glucose load.
Rats treated with 100 mg/kg body weight of
hesperidin had significantly lower fasting
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blood glucose levels than the diabetes group.
The control group and the metformin-treated
group had normal blood glucose levels after
the oral glucose load. These findings suggest
that hesperidin may improve OGT in STZ-
induced diabetic rats by reducing fasting blood
glucose levels.
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Figure 2. Effects of Hesperidin on Fasting Blood Glucose and Serum Insulin Level.

Hesperidin’s Influence on Hb and
HbA1c Levels

Table 2 displays total Hb and HbA1c levels
in experimental and control animals.
Comparing the diab. mice to normal contrl.
rats, the diab. mice had considerably lower Hb
levels and higher HbAlc levels. Hesperidin

plus metformin treatment dramatically reduced
Hb and HbAlc values. Apparently Hb and
HbAlc levels in control animals adminstering
with 100 mg per kg BW of hesperidin didn’t
notbly alter. By which we are able to see that
treatment of Hesperidin clearly controls the
Hb and HA1c levels.

Table 2. Effects of Hesperidin on Haemoglobin and Glycosylated Haemoglobin.

Groups Hb (g per dl) HbA:c (% Hb)
Control 13.50+ 1.25 5.30+£0.35
Diabetes 8.01 + 0.65% 09.95 £ 1.052
Diab + Hesperidin (100 mg) 11.30+1.22a° 7.87+0.62%
Diab + Metformin (50mg) 11.80 + 1.09% 6.34+ 0.50%¢
Control + Hesperidin (100 mg) | 14.40 + 1.20%¢ | 4.95 + 0.382d

Hesperidin’s Influence on the
Histopathological ~ Modifications  in
Gastrocnemius Muscle

The onset of diabetes in the group with
diabetes caused a break in the muscle fibers of
the gastrocnemius and a reduction in the total

number of muscle fibers. In the diabetic group,
the connective tissue space was comparatively
greater than in the control group. Focal
atrophy is noted Chronic inflammation in the
intermuscular connective tissue was noted
(Figure 3a-e).



Effects on Gluconeogenic Enzyme
Determination

The activity of four carbohydrate metabolic
enzymes (HK, G6P, and FBP) was measured
in the gastrocnemius muscle of control and
diet-induced diabetic rats. The diabetic rats
had significantly lower activity of HK than the

Figure 3a-e. Hesperidin Action on Skeletal Muscle on STZ Induced Rats.

control rats. Conversely, the diabetic rats had
significantly higher activity of G6P and FBP
than the control rats. These results suggest that
diabetes may disrupt carbohydrate metabolism
in the gastrocnemius muscle. Hesperidin
treatment normalized the altered levels of
enzymes to that of the control levels (Table 3).

Table 3. Effects of Hesperidin on Haemoglobin and Glycosylated Haemoglobin.

Groups Hexokinase Glucose-6- Fructose 1, 6
(units/g protein) | phosphatase bisphosphatase

(Units/min/mg | units/h/mg
protein) protein)

Control 157.60+ 6.10 0.159+0.10 4.22+1.80

Diabetes 118.36 + 8.20° 0.49 +0.07° 11.13 £2.25P

Diab + Hesperidin (100 150.62+ 12.1® 0.269+0.12% 6.90 + 1.20°

mg)

Diab + Metformin 154.60 +£10.11° 0.260+0.12% 6.20+1.10%

(50mg)

Nor. + Hesperidin (100 158.38 + 7.20P 0.180+0.20d | 4.30+1.60°d

mg)




Hesperidin’s  Influence on  Lipid
Peroxidation  (LPO) and H202
Production

We observed the influence of Hesperidin on
LPO and H»O; production in skeletal muscle
LPO

to note that after the administration of
Hesperidin for the Diabetic rats, the values
were significantly reduced the details were
illustrated in Figure 4 & 5.
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Figure 4. Effects of Hesperidin on LPO Activity in the Gastrocnemius Muscle.
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Figure 5. Effects of Hesperidin on H,O, Activity in the Gastrocnemius Muscle.

Hesperidin’s Influence on Antioxidant
Enzymes (SOD and CAT) in the
Skeletal Muscle

In the present study, both SOD and CAT
activity were found to be significantly reduced

in STZ-induced rats compared to control
(Figure 6 & 7). However, hesperidin
treatment, increased the same and the levels of
the same were found to be equal to that of the
control level.
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Figure 6. Effects of Hesperidin on SOD Activity in the Gastrocnemius Muscle.
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Figure 7. Effects of Hesperidin on CAT Activity in the Gastrocnemius Muscle.
Hesperidin’s Influence on IRS-1, Akt, upregulated the gene expression of IRS-1, Akt
and GLUT4 mRNA Expression in the and GLUT 4 in the gastrocnemius muscle of

Skeletal Muscle of STZ-Induced Rats

We observed that hesperidin treatment to

the

STZ-induced

type-2

type-2 diabetic rats compared to control rats
(Figure 8-10).

diabetic rats
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Figure 8. Effects of Hesperidin on IRS-1 mRNA Expression in the Gastrocnemius Muscle
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Figure 9. Effects of Hesperidin on Akt mRNA Expression in the Gastrocnemius Muscle
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Figure 10. Effects of Hesperidin on GLUT 4 mRNA Expression in the Gastrocnemius Muscle.




Discussion

The prevalence of diabetes has increased
and is on the rise in recent decades, and it will
continue to change in the levels and
disturbances in the generation and uptake of
glucose, insulin secretion, insulin action, and
insulin resistance may lead to illness [13]. It
appears that hormonal interactions and various
stressors may negatively affect this condition.
One of the main causes of T2DM and the main
issue related to obesity and a metabolic
condition is peripheral insulin resistance.
Reduced insulin-induced glucose uptake in
skeletal muscle, a variety of post-receptor
intracellular flaws, including lessened glucose
transport, glucose phosphorylation, and
decreased glucose oxidation and glycogen
production, can all contribute to insulin
resistance. Diabetes is a significant medical
disorder that has many causes. Due to its
numerous causes, diabetes is a serious medical
condition [14].

Hyperinsulinemia and dysregulated insulin
production are intimately linked to persistently
high blood insulin levels in type 2 diabetes
[15]. Streptozotocin induction alters beta cell
activity and leads to an aberrant structure of
insulin that ultimately prevents it from binding
to insulin receptors in target organ cells. This
may open the door to lessening the insulin
receptor's ability to bind to insulin receptor
substrates, which in turn may lessen the
activity of downstream signaling pathways
like PI3K, Akt, and AS 160. Reduced GLUT4
transporter translocation ultimately results in
decreased glucose absorption and decreased
glucose metabolism [16].

To keep blood glucose levels normal,
insulin usually controls the processes of
glycolysis and gluconeogenesis that promoting
oxidation and absorption of glucose including
muscle and adipose cells [17]. Alterations to
oxidation of glucose in metabolic organs under
diabetes produce regular swings in the
enzymic activity linked to these pathways,
which in turn results in insulin resistance in

these organs [18]. The two main enzymes
involved in gluconeogenesis are fructose-1,6
bisphosphatase and glucose-6-phosphatase.
Since insulin normally acts as a inhibitor of
gluconeogenic enzymes, the state of insulin
shortage is the cause of the activation of these
enzymes. Higher blood glucose levels result
from increased gluconeogenic enzyme activity
in type 2 diabetes (T2DM) since it creates H.
& mixes with NADP+ to form NADPH and
enhance lipogenesis [19]. In our investigation,
we observed that the gastrocnemius muscles of
diabetic mice had considerably higher amounts
of fructose-1,6 bisphosphonates and glucose-
6-phosphatase. In this paper, we found that
giving hesperidin to experimental rats with
high-fat diets and streptozotocin-administered
T2DM increased their insulin sensitivity in the
gastrocnemius muscle. Hesperidin has been
reported to normalize glycolysis and
gluconeogenesis by raising the glucokinase
activity, phosphorylating IR and
phosphoinositide-dependent kinase 1 (PDK1),
and lowering the activity of glucose-6-
phosphatase and phosphoenolpyruvate
carboxykinase in liver. Hesperidin boosted
glucose absorption in primary rat adipocytes in
a cell-based experiment. By stimulating the
IR/PDK1 pathway, Peng et al. shown the
powerful preventative impact of hesperidin
against HFD-induced insulin resistance [20].
Glycolysis generally affects insulin secretion
as well as several cell metabolic activities.
Important glycolysis enzymes HK and PK
deficiencies may result in decreased glucose
absorption and glycolysis, which can lead to
insulin resistance [20].

As a result of defective insulin signaling,
HK and PK were reduced in diabetic rats
produced with streptozotocin and a HFD in the
present study. The skeletal muscle of diab.
mice treated with hesperidin had higher
concentrations of these glycolytic enzymes
than the group treated with metformin. As
stated by Pari et al. [21], the phytocompound
coumarin likewise exhibited a comparable



characteristic, raising the amounts of
glycolytic enzymes in diab. mice relative to
normal control. Similarly, increased levels of
glycolytic enzymes in the skeletal muscle of
diabetics due to flavonoids [22].

Insulin signaling, mostly through its effects
on metabolic organs, is essential for regulating
several physiologic processes, including
glucolipid homeostasis. B-subunit tyrosine
autophosphorylation, which is brought on by
insulin binding to IR, phosphorylates more
substrates and starts a signaling cascade that
oxidizes glucose to produce energy. Various
signaling pathways can become disrupted and
results in insulin resistance. A HFD disorders
glucose and lipid homeostasis, which impacts
insulin signaling and changes how insulin
signaling molecules normally  operate,
ultimately resulting in insulin resistance. In
particular, insulin signaling molecule change
may be more pronounced in skeletal muscle—
where majority of (80%) glucose oxidation
occurs—than the other organs including the
liver and adipose tissue.

Insulin signaling pathways heavily rely on
IRS-1, that is exclusive to bordering tissues
like skeletal fibres and adipose tissue.
Ineffective insulin binding to the insulin
receptor leads to diabetes, which causes IRS-1
to be phosphorylated on the serine rather than
the tyrosine kinase, which reduces IRS-1
activation and reduces the activity of lessening
insulin signaling molecules like PI3 kinase,
Akt, and AS160 [23]. The activity of
Hesperidin on IRS-1, in the skeletal muscle of
rats with HFD and STZ-administered rat
shows while comparing with controls, the
diabetic group had lessened levels of IRS-1
MRNA. Reduced activity of IRS-1 could result
from changes in gluconeogenic and glycolytic
processes.

Reduced binding of the insulin receptor to
IRS-1  may  result from  modified
gluconeogenic and glycolytic enzyme activity,
which may have led to diminished IRS-1
activity. As a result, there was less Akt

activation. In diabetic skeletal muscle, Zhang
et al.'s study [24] revealed that fucoxanthin
treatment increased IRS-1 mRNA levels. In
T2DM skeletal muscle, Folium Mori led to
increased levels of IRS-1 gene expression,
according to a different study by Cai et al.
[25]. When compared to metformin, the
Hesperidin therapy increased IRS-1 levels and
demonstrated the mechanism behind its
antidiabetic effects.

Immunohistochemical  studies  support
hesperidin’s antidiabetic properties and its
increase of the IRS-1 and Akt. According to
our research, hesperidin therapy improved
skeletal muscle's insulin sensitivity by
activating these protein targets that are part of
the insulin signaling cascade, much like
metformin does. While compared with control
rats, the effect of these molecules’ staining
was diminished in the skeletal muscle of
diabetic rats.

Amplified IRS-1 deprivation was shown in
the lipid tissue of a T2DM mouse model by
Wang et al. [26], who also proposed that
impaired glucose uptake was caused by
malfunctioning GLUT4. According to Li et al.
[27], dioscin therapy controlled IRS-1 and Akt
levels in a manner similar to that of the normal
group, which in turn activated insulin
signalling [28-30]. Our study's
immunohistochemistry staining may help to
explain how the ethanolic extract of C. papaya
regulates the gluconeogenic and glycolytic
enzymes and increases the mRNA
composition of IRS-1 and Akt.

Conclusion

Our current research suggests that
hesperidin, a naturally occurring bioflavonoid,
may lower the risk of developing diabetes via
controlling insulin  signaling in skeletal
muscle. Hesperidin could therefore be
evaluated as a likely plant based therapeutic
medication for the management of type 2
diabetes and its consequences.
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