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Cadmium (Cd) is a common pollutant in the industry and the environment, which causes serious health effects,
especially deleterious liver injury. Hesperetin (Hp) is a bioflavonoid with various pharmacological properties, including
antioxidant, anti-inflammatory, antiallergic, vasoprotective, anticarcinogenic, and hypolipidemic activities. The present
study aimed to investigate the potential role of Hp on Cd-induced hepatic injury in male Wistar rats. The liver tissue was
subjected to the comet assay, immunohistochemistry, transmission electron microscopy (TEM), and western blotting.
Results of the study showed that rats treated with Cd alone displayed significantly altered markers of oxidative stress (comet
assay), inflammation, apoptosis, and hepatic tissue histology compared with controls. Oral co-treatment with Cd to Hp-
exposed rats for 3 weeks significantly ameliorated the changes. It was remarkably synthesized that Hp could bind to critical
apoptotic and inflammatory proteins. It was bridged to Bcl-2 by three hydrogen bonds, with binding energies of —7.2 and —
8.3 kcal/mol. It also established hydrogens bonds with Bax, IL-6, and TNF-o were —6.3, —6.6, and -6.2 kcal/mol,
respectively. It suggested that Hp might be hepatoprotective and modulate oxidative stress, inflammation, and apoptosis
in vivo and in silico.
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Cd, both in acute and chronic exposures®®
Experimental and Epidemiological studies have

Cadmium (Cd) is a toxic heavy metal widely

anthropogenic sources. It's an industrial byproduct of
many processes, including smelting, mining, and
battery manufacture. It is also present in certain
fertilizers, sewage sludge, and tobacco smoke'. The
persistence of Cd leads to its accumulation in soils,
the aquatic environment, and the food chain, posing
significant risks to human health. Long-term,
Low-level exposure leads to chronic poisoning,
whereas short-term, high-level exposure can lead to
severe toxicity and even fatal conditions®.

Several studies have highlighted Cd's tendency to
accumulate in the body, leading to pathological
changes in organ systems. For instance, it affects the
kidney, liver, testis, and spleen. Among these organs,
the liver is highly susceptible to the toxic effects of
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provided evidence that Cd exposure can result in
fibrosis, inflammation, and oxidative stress, leading to
impairments in liver function’”

Hesperetin (Hp) is a flavonoid commonly found in
vegetables and fruits, particularly citrus fruits such as
oranges, lemons, and grapefruits'®. Its chemical
structure consists of a flavanone backbone with an
OH (hydroxyl group) at orientation 5 and an
OCHj; (methoxy group) at orientation 7 on the ring''.
HP is known for its potential health benefits and
has attracted attention for its antioxidant,
anticarcinogenic, anti-atherogenic, anti-inflammatory,
and antihypertensive effects'>">. Our previous
biochemical and histological studies suggest that Hp
protects the Cd-induced testicular, renal, and hepatic
damage in Wister rats by improving its antioxidant
status and reducing lipid peroxidation'*'®. In this
study, we explored DNA damage and the molecular
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mechanisms underlying Cd-induced hepatic damage
in Wistar rats by examining apoptotic and
inflammatory markers.

Materials and Methods

Chemicals

Hesperetin and Cadmium chloride were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). All other chemicals used in the present study
were analytical grade.

Animal model

Male albino Wistar rats weighing 200-220 g were
used in this study. The rats were bred at the Central
Animal House of Rajah Muthiah Medical College,
Annamalai University. They were provided in
polypropylene cages with six rats per cage, in
adherence to the directives of the National Institute of
Nutrition, located in Hyderabad, India, as specified by
the Indian Council of Medical Research. The study
protocol received approval from the Institutional
Ethical Committee of Annamalai University.
(Approval No. 643, 2009). The rats were
provided with a standard pellet diet from Lipton India
Ltd., Mumbai, India, and had access to water
ad libitum.

Preparation of Cd and Hp

Rats were subcutaneously injected with 3 mg/kg body
weight of Cd dissolved in isotonic saline. Additionally,
they received Hp orally, suspended in 0.1%
carboxymethyl cellulose, for 21 days.
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I Rats subcutancously received Cd (3 mg/kg/ day) in isotonic saline for 21 days

- Rats received Hp (40 mg/kg/day) inCMC
intragastric tube.

orally for 21 days using

Fig. 1 — Experimental design

Experimental design

24 male albino Wistar rats, distributed randomly
into four groups, with six rats allocated to each group.
The experimental procedure followed in this study is
illustrated in (Fig. 1).

After the experimental period of 21 days, the rats
were fasted overnight and subsequently anesthetized
for euthanasia via cervical decapitation. Immediately,
liver tissues were removed and washed with ice-chilled
physiological ~ saline. For immunohistochemical
and molecular analysis, the liver tissues
were preserved in 10% buffered formalin and stored
at —80°C.

Histopathological studies

Control and experimental animals’ liver tissues
were examined histopathologically. Tissues were
regularly treated and embedded in paraffin after being
fixed in 10 percent buffered formalin; 2-3 mm slices
of the tissues were then cut using a rotary microtome,
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placed on glass slides, and stained with H&E
(hematoxylin and eosin).

Comet assay

Liver tissue from both the control and experimental
groups underwent hepatocyte extraction, which was
subsequently analyzed using the alkaline comet assay
(Singh, 2000)"". The slides were placed in lysis buffer
at 4°C for 1 h/20 min, then treated with an alkaline
solution for 20 min. Subsequently, electrophoresis
was performed at 25 V and 300 mA. Following
electrophoresis, the slides were neutralized and
stained with 50 pul of ethidium bromide
(diluted 1:10000). The fluorescence microscope was
utilized to capture the images. For each slide, twenty-
five images were analysed using Komet v.50
(Kinetics Imaging Ltd., Liverpool, UK) image
analyser to measure tail length and olive tail moment.

TEM (Transmission Electron Microscopy)

The fresh liver tissues were quickly immersed in a
3% glutaraldehyde solution at room temperature for
2 h. Then rinsed thrice for 5 min each with 0.1 M
PBS. Subsequently, the tissues underwent overnight
post-fixation with 1% Osmium Tetroxide (OsO,4) at
room temperature. Afterward, they were embedded in
epon resin and sliced into ultrathin sections (50 nm
thickness) using an ultramicrotome. These samples
were positioned on copper grids, stained with uranyl
acetate and lead citrate, and examined with a TEM
microscope (Philips 420).

Immunohistochemistry analysis

Tissue sections 5 pm thickness embedded in
paraffin, 5 um thick, were prepared, deparaffinized,
and exposed to 3% H,O, for 30 min—incubation
overnight at 4°C with primary antibodies of Bax and
Bcl2. After washing, sections were incubated with an
HRP-tagged secondary antibody for 30 min. PBS was
used for the subsequent washes, then the sections
were exposed to diaminobenzidine (DAB) for 10 min.
The sections were counterstained with hematoxylin.
The expression levels of Bax and Bcl2 were
determined by reading six fields at %400
magnification using a light microscope with a full-HD
imaging system. The Leica Application module was
used for data analysis.

Immunoblotting
Liver proteins were extracted and separated by
SDS-PAGE  wusing 5%  stacking gel and

15% separation Gel. The protein was loaded onto a

12% SDS-polyacrylamide gel at a concentration of 30
ug per well, and electrophoresis was conducted at 80
V for 2 h. After electrophoresis, the proteins were
transferred onto a PVDF membrane at a constant
current of 100 mA for 2 h, and nonspecific binding
was blocked with nonfat milk powder in TBST for
2 h. After which, the primary antibodies (anti-IL-6,
anti-TNF-a, and anti-B-actin as an internal control)
were left to react overnight at 4°C. Subsequently, the
membrane was washed with TBST and incubated
with HRP-conjugated goat anti-mouse/rabbit Abs at
normal temperature for 45 min. Further washing steps
were performed as described before. The protein
bands were visualized with DAB using a western blot
detection reagent system (Genei) and images recorded
with a Gel Documentation system (Bio-Rad). The
bands were quantified using the Quantity One
analysis software.

Molecular docking

Molecular docking studies were carried out using
the automated protein-ligand docking tool CB-Dock,
which can reliably detect potential binding sites. 3D
structures of Hp (CID: 72281) were submitted to CB-
Dock, together with the crystal structures of target
proteins Bcl-2 (6QGG), Bax (6EB6), IL-6 (1ALU),
and TNF-a (4TVS). The binding cavities of the
protein were automatically located by CB-Dock,
which analyzed structural and physicochemical
features of the protein surface. The method generated
a docking grid focused on the predicted binding site,
enabling blind docking of compounds. Flexible ligand
docking was performed, and the binding
conformations were ordered by calculated binding
affinity (kcal/mol).

The best binding poses, based on the lowest
binding energies (kcal/mol), were selected, and
interaction analysis was performed in Discovery
Studio Visualizer to observe hydrogen bonding,
hydrophobic interactions, and other significant
interactions, and to estimate ligand efficiency and
docking scores to evaluate the strength of binding and
the stability of the complex.

Statistical analysis

The mean values were presented with their
corresponding standard deviations (SD). Statistical
analyzes were performed using SPSS. To compare the
groups, a one-way ANOVA was conducted, followed by
Duncan's multiple-range test (DMRT). Statistical
significance was determined at a threshold of P<0.05.
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Results

Histological changes

Figure 2 shows the histopathological changes of
control and experimental rats. No histopathological
changes were observed in the liver of control (2a) and
Hp-treated rats (2b). The light microscopic
examination of the hepatic tissue of Cd-treated rats
(2c) showed severe hepatocyte necrosis, along with

Fig. 2 — Effects of Hp on the liver histology of control and
experimental groups (H&E, 20x). Control group with regular
hepatic parenchymal structure; Hp-only administered rats show a
normal hepatic architecture; Cd-only administered rats show
necrosis, inflammatory cell infiltration, and degenerated
hepatocytes; Cd+Hp-administered rats supplemented with
Hesperitin show almost normal appearance of hepatic sinusoids
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inflammatory cell infiltration, portal inflammation,
and derangement of hepatic cords. Rats treated with
Cd and concurrently provided Hp supplementation
(2d) showed a significant alleviation in the severity of
necrosis observed in liver tissues, inflammation, and
other histopathological changes. Administration of Hp
to rats after Cd exposure significantly reduced the
population of lymphocytes and degenerated cells in
liver tissue, indicating the ameliorative effects of Hp
on the lethal effects of Cd in the liver of rats.

Comet assay

The comet assays of hepatic tissue-derived cells
showed distinct characteristics across groups (Fig. 3).
In the control group (3a), cells exhibited a normal
morphology, with a rounded shape and an undamaged
nucleus, lacking any tail-like features. Conversely, the
HP-treated groups (3b) exhibited a higher percentage
of complete cells with undamaged DNA. In contrast,
the Cd group (3c) showed greater damage and injury,
with comet-shaped formations containing two
apoptotic cells, each with a diminutive head and an
elongated tail. In Cd-induced HP-treated rats, hepatic
tissues exhibited enhancements, demonstrated by
reduced tail lengths and a diminished percentage of
damaged DNA relative to prior data, as illustrated in
(Fig. 3d). The figure presents detailed data on the
percentages related to tail length and DNA damage.

TEM examination of the hepatic tissues

Figure 4 presents the TEM images of control and
experimental rats. The nuclei in the hepatic tissues
displayed a typical structure, accompanied by
mitochondria of regular size (4a). In the group receiving
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Fig. 3 — depicts representative images of comets stained with ethidium bromide at x200 magnification, illustrating the DNA migration
pattern in hepatocytes. Control rats display no DNA migration. Rats administered only Hp show no DNA migration. Cd-treated rats
exhibit significant DNA migration. Hp-administered rats subjected to Cd intoxication display minimal DNA migration
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Fig. 4 — TEM images depicting the hepatic tissue of both control
and experimental rats were utilized as representatives

HP treatment, there was a notable enhancement,
showcasing the normal hepatic structures (4b).
Conversely, the Cd-induced group exhibited acute
hepatic toxicity, leading to the degeneration of the
majority of nuclear components and hepatic structures,
as well as the development of fatty changes (4c).
However, in the group receiving both Cd and HP
treatment, some hepatic tissues showed almost complete
recovery of hepatic structure reclamation (4d).
The effect of HP on the levels of Bax and Bcl-2

Figures 5 and 6 illustrate the impact of HP on
Bax and Bcl-2 levels in liver tissues, respectively.
Hp alone-treated rats did not exhibit significant
differences in Bax and Bcl-2 expression compared
to the control group. However, in rats exposed to
Cd, there was a distinct decrease in Bax and Bcl-2
levels in the liver, in contrast to the control.
Notably, the administration of HP in the Cd-
induced group effectively reversed these
alterations, restoring levels closer to normal than in
the Cd-treated group.

The effect of HP on the levels of IL-6 and TNF-a

As illustrated in Figure 7, the liver tissues of Cd-
treated rats showed robust staining, indicating a
marked increase in IL-6 and TNF-o immunoreactivity
compared to the control group. Conversely, this effect
was counteracted in the Cd-induced condition with
Hp supplementation, as substantial reductions in Cd-
induced expression of IL-6 and TNF-a were observed
in liver tissue compared with rats treated with Cd

Fig. 5 — Immunohistochemical assessment of Bcl-2 expression in
liver tissues of both control and experimental rats is
depicted. (a) The photomicrographic image displays the
immunohistochemical analysis of Bcl-2 in control rats (group I);
(b) Rats treated solely with HP (group II); (c) Rats induced with
Cd (group III); and (d) Cd-induced rats treated with HP (group
IV). The magnification is 40x

Fig. 6 — Immunohistochemical assessment of Bax expression
in the liver tissues of both control and experimental rats.
(a)  Photomicrographic  representation  displaying  the
immunohistochemical analysis of Bax in control rats (group I); (b)
Rats treated solely with Hp (group II); (¢) Cd-induced rats (group
III); and (d) Cd-induced rats subjected to Hp treatment (group
IV). Magnification: 40x

alone. No significant differences were detected in IL-
6 and TNF-a expression levels when comparing the
Hp-treated group alone to the control group.

Molecular docking

Molecular docking studies demonstrated binding
interactions between Hp and critical apoptotic and
inflammatory proteins, suggesting its potential
therapeutic significance (Table 1, Figs. 8 and 9). Hp had
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Fig. 7 — Western blot analysis was conducted to assess TNF-o and IL-6 in liver tissues of control and experimental rats. (I) Band
intensities were quantified using densitometry and normalized to the respective B-actin loading control. Lane 1: Control rats (group I);
Lane 2: Rats treated with Hp alone (group II); Lane 3: Cd-induced rats (group III); Lane 4: Cd-induced rats treated with Hp (group IV).
(IT) The accompanying graph represents the fold changes in relative protein expression observed in the western blot analysis. Mean values
+ SD for groups of ten rats each are presented. Values without a common superscript differ significantly at the 0.05 level (DMRT)

Table 1 — Binding energy and hydrogen bond amino acid interactions of the Hp with apoptotic and inflammatory proteins

S1. No Ligand Protein Hydrogen bond Number of Binding energy
Involved Hydrogen bond (kcal/mol)

1 Hesperetin Bcl-2 AGR146, ASN143 and 3 -7.2
(CID: 72281) (PDB:6QGG) ALA100

2 Bax THR56, THR22, TRP158 and 4 -6.3
(PDB: 6EB6) ASP159

3 IL-6 ASNG63 and THR137 2 -6.6

(PDB:1ALU)

4 TNF-a. TRP114, LYS65, THR72 and 3 62

CYS101

(PDB:4TSV)




SHAGIRTHA et al.: HESPERETIN MITIGATES CADMIUM-INDUCED HEPATOTOXICITY IN RATS 395

) A%
£os
@ B o ®
Adh H‘:
HI _c(/
A:73 P W,
d
gy A
A

i T
B it Staches
0 mawy

B Convectonsi Wyerogen bans
[ Camton ropsregea toas

Fig. 9 — 3D and 2D interaction of Hp with inflammatory proteins (a) IL-6 (1ALU); and (b) TNF-a (4TSV)



396 INDIAN J. BIOCHEM. BIOPHYS., VOL. 63, APRIL 2026

a significant binding affinity for the anti-apoptotic
protein Bcl-2 (PDB: 6QGG), with a binding energy of
—7.2 kcal/mol, establishing three hydrogen bonds with
AGR146, ASN143, and ALA100. The pro-apoptotic
protein Bax (PDB: 6EB6) exhibited four hydrogen
bonds with Hp, specifically with THRS56, THR22,
TRP158, and ASP159, resulting in a binding energy of
—6.3 kcal/mol. HP demonstrated a binding energy of
—6.6 kcal/mol with the inflammatory cytokine IL-6
(PDB: 1ALU), engaging in two hydrogen bonds with
ASN63 and THR137. Furthermore, in combination
with TNF-a (PDB: 4TSV), Hp exhibited a binding
energy of —6.2 kcal/mol, establishing three hydrogen
bonds with TRP114, LYS65, THR72, and CYS101.
These connections indicate Hp may effectively regulate
both apoptotic and inflammatory processes by forming
stable associations with their corresponding regulatory
proteins.

Discussion

Cd, an industrial and environmental contaminant, is
widely disseminated in our environment and poses a
significant ecological issue '*. Humans and animals are
exposed to Cd through multiple sources, including
food, industrial waste, tobacco smoke, and shellfish .
Cd can induce significant toxicity in hepatocytes,
which play a crucial role in eliminating Cd from the
bloodstream®. The accumulation of Cd in the liver
triggers multiple toxic responses in hepatocytes,
leading to oxidative damage and the production of
reactive oxygen species (ROS)™. With a half-life of
15-30 years, Cd persists in the body for a prolonged
period”’. The increased half-life in rats enables
sustained release of Cd within the organism over a
prolonged period.

Cd risk-mediated induction of ROS production
causes oxidative stress within hepatic cells*>. ROS can
directly damage DNA through the introduction of
strand breaks, base oxidation, and promote the
formation of DNA adducts®. Additionally, Cd might
indirectly promote DNA damage by interfering with
DNA repair processes and cell cycle progression™.
Accumulation of DNA damage in hepatocytes may
lead to dysfunction and contribute to the progression
of liver disease, such as hepatocellular carcinoma®.
The comet assay has been useful for analyzing Cd-
induced DNA damage in liver toxicity studies. It has
clarified the genotoxic effects of Cd exposure and
highlighted the importance of DNA damage in Cd-

induced liver disease®. Miltonprabu e al. (2016)*
also reported that Cd causes DNA damage in the liver
cells. HP's free radical scavenging can protect against
liver cell DNA damage®®. SDS-PAGE has verified the
protective effect of HP against Cd-induced
genotoxicity in rat liver tissues. Cd induced higher
cellular DNA fragmentation; the reversion was
observed following pre-treatment with hydrogen
peroxide, highlighting its protective role.

The TEM image is crucial for us to understand
the changes in liver structure induced by Cd stress.
Yang et al. (2021) observed severe damage in the
liver, as evidenced by TEM images of liver tissue
exposed to Cd. Liver tissue appeared to have a
distortion in hepatocyte structure; the nuclei were
pyknotic with irregular folding and dense chromatin
border clustering. The nuclear membrane appeared
irregular and constricted, with the rough endoplasmic
reticulum lost, which also suggested damage to the
liver of Cd. The reported changes reveal the core
molecular and physiological function for liver
injury”’. The damaged mitochondria shown in the
TEM image are consistent with a previous study on
Cd-induced oxidative damage™. Disturbed
mitochondrial function disrupts cellular energy
metabolism and can initiate apoptotic pathways
leading to hepatocyte death’’. These nuclear
abnormalities observed in TEM micrographs suggest
that Cd-mediated DNA damage may lead to genomic
instability and abnormal gene expression profiles.
These alterations can interfere with key DNA repair
pathways, normal cellular function, and the regulation
of the cell cycle, leading ultimately to the potential for
disruption of cellular integrity and malignant
transformation®. The accumulation of lipid droplets
in hepatocytes is a hallmark of Cd-induced steatosis.
Excessive lipid accumulation can impair liver
function, promote inflammation, and contribute to the
progression of liver diseases such as non-alcoholic
fatty liver disease (NAFLD) and non-alcoholic
steatohepatitis (NASH), and promote inflammation®.
The pharmacological activities of Hp have reduced
the Cd-induced cellular changes in liver tissue. Our
results suggest that Hp protects against nuclear and
mitochondrial damage and lipid accumulation in Cd-
induced rat liver cells.

Cd-induced liver toxicity involves dysregulation of
apoptosis, a programmed cell death process™. This
process relies on a balance between pro-apoptotic and
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anti-apoptotic factors. B-cell lymphoma 2 (Bcl2) and
Bcl-2-associated X protein (Bax) are pivotal in this
mechanism: Bcl2, an anti-apoptotic protein, inhibits
cell death, whereas Bax, a pro-apoptotic protein,
promotes cell death®. Cd exposure in rats has been
shown to disrupt the balance between Bcl2 and Bax,
favouring the pro-apoptotic pathway. Previous studies
have demonstrated that Cd wupregulates Bax
expression and downregulates Bcl2 expression in
liver tissues®®. This study yielded comparable
findings. This dysregulation promotes apoptotic cell
death in hepatocytes, leading to liver damage.
Whereas Hp-supplemented rats show downregulation
of Bax and upregulation of Bcl2 expression,
indicating an anti-apoptotic effect of Hp.

Cd exposure over a long time alters the regulation
of hepatic pro-inflammatory cytokine synthesis, in
addition to altering the expression of apoptosis-related
proteins. TNF-a and IL-6 are two important
mediators in the inflammatory process’’. Rat liver
tissue exposed to Cd often shows higher levels of
TNF-a and IL-6***’. We also found similar results in
our study. IL-6 is involved in the regulation of
inflammation and immunological response. Cd
exposure induces IL-6 secretion from the liver,
triggering an inflammatory cascade. Alternatively,
TNF-a is a potent pro-inflammatory cytokine and
apoptotic factor’’. Furthermore, in rats fed with Hp,
the expression of TNF-a and IL-6 is downregulated.
Hp was a methoxyl at the 4'-position of the B ring*'.
This modification appears to prevent the flavanone
from inducing cytokine production. These structural
modifications may influence their ability to block
TNF-a. and IL-6 expression®.

The upregulation of Bcl2, Bax, IL-6, and TNF-a in
Cd-induced hepatic injury indicates a complex
relationship between apoptosis and inflammation.
Bax-induced upregulation and Bcl2-downregulation
led to cell death via apoptosis, accompanied by
elevated IL-6 and TNF-a, exacerbating liver
inflammation and degradation. All these molecular
changes cooperate to make rats unwell when Cd is
applied. In addition to treating with Hp as a drug can
alter Bcl2, Bax, TNF-a, and IL-6 production, which
reduces the formation of liver toxicity in Cd-exposed
animals.

Conclusion

The present study demonstrates that Hp provides
significant protection against Cd-induced hepatotoxicity

in rats. Histological observations revealed that Hp
greatly  attenuated Cd-induced liver necrosis,
inflammatory cell infiltration, and architectural
alterations. Comet assay demonstrated that Hp is capable
of reducing oxidative damage and DNA fragmentation.
Transmission electron microscopy also proved that Hp
played a protective role in hepatic ultrastructure during
AJA. Furthermore, immunohistochemical and western
blot studies revealed that Hp modulated the expression
of apoptosis-related factors (Bcl-2/Bax) and pro-
inflammatory cytokines (IL-6/TNF-a), bringing them
close to normal levels. Molecular docking experiments
also confirmed the strong, stable binding of Hp to key
apoptotic and inflammatory proteins, supporting its in
vivo actions. These results suggest a hepatoprotective
role of Hp against heavy metal-induced liver damage
through antioxidant, anti-inflammatory, and anti-
apoptotic mechanisms, and that Hp could be considered
an effective agent in the treatment of heavy metal
intoxication.
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