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Cisplatin is one of the most widely used chemotherapeutic anti-cancer drugs that is associated with mul-
tiple systemic toxicities limiting its use. The present study aimed to evaluate the hepato-protective effect
of hesperidin against cisplatin-induced toxicity. Thirty-two adult male albino rats were equally split into
four groups, the first group served as control received normal saline, the second group (CIS) received a
single intraperitoneal dose of cisplatin (7.5 mg/kg bw) on the 22nd day of the experiment, the third group
(HES) treated once daily with hesperidin (200 mg/kg bw, orally) for 21 days, and the last group
(HES + CIS) pretreated once daily with hesperidin followed by a single intraperitoneal dose of cisplatin.
Twenty-four hours later, samples were collected for further investigations. CIS-intoxication resulted in a
significant decrease in the erythrogram along with thrombocytopenia leukopenia, and lymphopenia.
Furthermore, CIS administration significantly elevated serum activity of liver enzymes, total, and indirect
bilirubin as well serum glucose, total cholesterol, and triglycerides levels, meanwhile serum total protein,
and globulin levels were significantly reduced. The hepatic MDA was markedly elevated with a concomi-
tant decline in the hepatic antioxidant enzymes and severe alterations in the hepatic tissue architecture
in CIS-intoxicated rats. Additionally, CIS-induced overexpression of hepatic Bax, caspase-3, and TNF-a,
with no effect on hepatic expression of IL-10. Interestingly, HES pretreatment improved the CIS-
induced hemato-biochemical, molecular and histopathological alterations. In conclusion, hesperidin
hepato-protective effects against CIS might be mediated by its antioxidant, anti-inflammatory, and
anti-apoptotic properties.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cisplatin (CIS) is one of the most common and potent anti-
neoplastic agents used against a broad range of malignancies
including testicular, ovarian, cervical, bladder, head, neck as well
as the lung. Despite its beneficial application as an anti-
neoplastic agent, CIS causes several toxicities that limit its clinical
use including nephrotoxicity, hepatotoxicity, cardiotoxicity, neuro-
toxicity, and ototoxicity (Hassan et al., 2020; Yadav, 2019;
Neamatallah et al., 2018). Many experimental studies documented
the common toxic side effects associated with CIS, especially
nephrotoxicity (Tahoon, 2017). Besides, hepatotoxicity has been
identified as a significant dose-limiting side effect of CIS-based
chemotherapy (Apaydin et al., 2018; Omar et al., 2016a; _Is�eri
et al., 2007;) whereas CIS accumulates in the liver at a significant
amount secondly to kidney (Liao et al., 2008). The CIS toxicity is
developed by the generation of reactive oxygen species (ROS) such
as superoxide anion and hydroxyl radicals leading to elevation in
lipid peroxidation and damage of cells. Excess ROS induces cell
arrest and apoptosis in both cancer cells and non-target normal
cells (Galadari et al., 2017; Palipoch et al., 2014).

Recently a lot of attention has been focused on the protective
role and mechanism of action of naturally occurring compounds
that have antioxidants and anti-inflammatory properties as biofla-
vonoids that are widely available for dietary intake. Hesperidin
(HES) (hesperetin- 7-rutinoside), one of the most biologically
active compounds in the flavonoid family, is a flavanone glycoside

http://crossmark.crossref.org/dialog/?doi=10.1016/j.sjbs.2022.01.052&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.sjbs.2022.01.052
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fatmamostafa980@yahoo.com
https://doi.org/10.1016/j.sjbs.2022.01.052
http://www.sciencedirect.com/science/journal/1319562X
http://www.sciencedirect.com


D.M. Aboraya, A. El Baz, E.F. Risha et al. Saudi Journal of Biological Sciences 29 (2022) 3157–3166
found at high levels in citrus fruits such as lemons, limes, and
oranges. It has been reported to exhibit a wide range of pharmaco-
logical effects, including: anti-carcinogenic, anti-inflammatory,
and antioxidant activities via preventing oxidant injury and cell
death by several mechanisms including; scavenging oxygen radi-
cals, protecting against lipid peroxidation, and chelating metal ions
(Omar et al., 2016b; Kamel et al., 2014; Bentli et al., 2013; Tanaka
et al., 2012). There were few previous studies on the effect of hes-
peridin as a natural flavonoid against CIS-induced hepatotoxicity,
at the time that many results proved the protective role of HES
against CIS-induced nephrotoxicity (Mohamed et al., 2015;
Adikay et al., 2012). Therefore, the focus of the current study was
to address the ability of HES pretreatment to relive CIS induced
hepatotoxicity by evaluating blood picture, liver function and hep-
atic oxidative damage biomarkers in combination with the gene
expression of hepatic pro-inflammatory and anti-inflammatory
biomarker. Also, histopathological changes and immunohisto-
chemical expressions of apoptosis marker in rat liver were
detected.
2. Material and methods

2.1. Chemicals

Hesperidin (>80%, Product No.: H5254) was purchased from
Sigma Chemical Company (St. Louis, MO, USA) and cisplatin (Cis-
Diamminedichloroplatinum (II), Pt 64.5 % min, Product No.:
10471) was purchased from Alfa Aesar, Germany. HES and CIS were
dissolved immediately before use in physiological saline (0.9%
sodium chloride).

2.2. Animals and experimental design

Thirty-two adult male healthy albino rats about 8 weeks of age,
weighing about 200–230 g were obtained from the animal house,
Faculty of Veterinary Medicine, Zagazig University (Zagazig,
Egypt), housed 4 animals per cage and maintained at 25 ± 2 �C with
free access to water and food, under a 12/12 h light–dark cycle. All
procedures in this study were carried out according to the guideli-
nes of the Animal Research Ethical Committee of the Faculty of
Veterinary Medicine, Mansoura University, Egypt.

Rats were acclimatized for 2 weeks before the experiment and
then randomly divided into equal four groups of 8 rats each as fol-
lows; first group (Control) served as a negative control group
received saline orally (HES vehicle) once daily using gastric tube
for 21 consecutive day followed by a single intraperitoneal injec-
tion with saline (CIS vehicle) on 22nd day, the second group (CIS)
received saline orally once daily for 21 day followed by a single
intraperitoneal dose of cisplatin (7.5 mg/kg) on the 22nd day of
the experiment according to Neamatallah et al., (2018), the third
group (HES) orally administered a daily dose of hesperidin
(200 mg/kg) for 21 consecutive days according to Omar et al.
(2016b) followed by a single intraperitoneal injection with saline,
while the fourth group (HES + CIS) was pretreated orally once daily
with hesperidin for 21 consecutive days followed by a single dose
of cisplatin on the 22nd day of the experiment. All over the exper-
iment, the animals were observed for any abnormal signs.

2.3. Sample collection and preparation

After 24 h from CIS injection, blood samples were collected
from the medial canthus of the eye under anesthesia (mixture of
ketamine and xylazine at dose 50 and 10 mg/kg respectively by
IP Injection) and put into blood collection tubes either with antico-
agulant (dipotassium salt of EDTA) for hematological parameters
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or without anticoagulant, that was allowed to stand for half an
hour until blood clotted, left in the refrigerator for retraction of clot
for 4 h, centrifuged to separate the serum and finally stored at
�20 �C to be used for estimation of various biochemical
parameters.

Rats were then euthanized by cervical dislocation, and the liver
was dissected out, rinsed with ice-cold phosphate-buffered saline
(PBS), and dried between two filter papers. To produce hepatic tis-
sue homogenates,1 g of hepatic tissue was homogenized in an ice-
cold PBS (pH 7.4), the homogenates were centrifuged at 825 � g for
15 min at 4 �C and the clear supernatants were removed and stored
at �20 �C to be used later for the estimation of hepatic MDA and
antioxidant parameters. Another portion of the liver was collected
for gene expression and preserved at � 80 �C. Specimens from the
liver were fixed in 10% neutral buffered formalin for histopatholog-
ical and immunohistochemical studies.

2.4. Hematological studies

Whole blood samples were used for counting the erythrocytes
(RBCs), leukocytes (TLC), platelets, and for estimating hemoglobin
(Hb) concentration, and packed cell volume (PCV). Mean corpuscu-
lar volume (MCV), mean corpuscular hemoglobin (MCH), andmean
corpuscular hemoglobin concentration (MCHC) were calculated.
Moreover, stained blood smears for manual differential leukocyte
count were prepared as previously described (Feldman et al.,
2000).

2.5. Assay of serum biochemical parameters

The collected frozen serum samples were analyzed for alanine
transaminase (ALT, Cat No: 20764957), aspartate transaminase
(AST, Cat No: 20764949), alkaline phosphatase (ALP, Cat No:
03333752), total bilirubin (Cat No: 03146022), direct bilirubin
(Cat No: 05589061), total protein (Cat: 03183734), albumin (Cat
No: 03183688), glucose (CAT No: 04404483), cholesterol (Cat:
03039773) and triglycerides (Cat No: 20767107) were estimated
on Cobas Integra 400 plus analyzer (Roche Diagnostics, Germany);
each with its specific reagent per manufacturer’s instructions. All
kits were obtained from Roche Diagnostics, Germany.

2.6. Assay of lipid peroxidation and antioxidant status in the hepatic
homogenate

The levels of malondialdehyde (MDA, Cat No: MD2529), cata-
lase (CAT, Cat No: 2517), reduced glutathione (GSH, Cat No:
TA2511), and superoxide dismutase (SOD, Cat No: SD2521) were
assessed in the liver homogenates using commercially available
kits (Biodiagnostic, Egypt) following the manufacturer’s
instructions.

2.7. Gene expression analysis

According to the manufacturer’s instructions, extraction of RNA
was done using RNeasy Mini Kit (Qiagen company, Hilden, Ger-
many). The purity of RNA samples was verified by measuring their
absorbance using Nano Drop spectrophotometer, ND-1000
(Thermo Scientific, USA) at 260 and 280 nm. Later, the extracted
RNA was used to synthesize cDNA using cDNA synthesis kit (TOP
scriptTM RT DryMIX, Enzynomics Co. Ltd, Korea). Moreover, relative
expression of IL-10 and TNF-a were performed by real-time PCR
thermal cycler (Stratagene MX3005P) using SYBR Green PCR Mas-
ter Mix (Quantitect SYBR green PCR kit, Qiagen company, Hilden,
Germany). Primer sequences of rat IL-10 (Shynlova et al., 2014)
and TNF- a (Khan et al., 2013) are shown in Table 1. b-actin
(Banni et al., 2010) was used as a reference housekeeping gene
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to normalize the expression of target genes. The reaction mixture
was carried out in a total volume of 25 ll consisted of 12.5 ll of
QuantiTect SYBR Green PCR Master Mix, 0.5 ll of reverse transcrip-
tase, 8.25 ll of RNase free water, 0.5 ll of forward primer, and the
same for the reverse primer, and finally 3 ll of cDNA as template.
The SYBR green real-time PCR cycling conditions were as follows:
reverse transcription at 50 �C for 30 min. then primary denatura-
tion at 94 �C for 15 min. followed by 40 cycles of 94 �C for 15
sec, annealing at 60 �C for 30 sec, and extension at 72 �C for 30
sec. At the end of the amplification phase, a dissociation curve (1
cycle of 94 �C for 1 min then 60 �C for 1 min, and finally 94 �C
for 1 min) was performed. Amplification curves and CT values were
determined by the Stratagene MX3005P software. Relative expres-
sion on the target genes was calculated by using the 2- DDCt

method (Yuan et al., 2006).
Table 1
Primer sequences for RT-PCR.

Gene Primer sequence(50-30)

Rat b-actin TCCTCCTGAGCGCAAGTACTCT
GCTCAGTAACAGTCCGCCTAGAA

IL10 GCGGCTGAGGCGCTGTCAT
CGCCTTGTAGACACCTTGGTCTTGG

TNF-a CACCAGCTCTGAACAGATCATGA
TCAGCCCATCTTCTTCCAGATGGT

Table 2
Effect of hesperidin on the hematological parameters in cisplatin-intoxicated rats.

Parameters Treatments

Control CIS

RBCs (106/mL) 7.34 ± 0.16 a 5.61 ± 0
Hb (g/dl) 13.95 ± 0.59 a 10.17 ±
PCV (%) 40.55 ± 0.49 a 29.25 ±
MCV (fl) 55.36 ± 1.74 a 52.44 ±
MCH (pg) 18.98 ± 0.49 a 18.24 ±
MCHC (%) 34.43 ± 1.65 a 34.81 ±
Platelets (103/mL) 686.00 ± 16.43a 473.25
TLC (103/mL) 13.60 ± 0.30 a 6.59 ± 0
Neutrophil (103/mL) 3.33 ± 0.04 a 3.35 ± 0
Lymphocyte (103/mL) 10.08 ± 0.27 a 3.03 ± 0
Monocyte (103/mL) 0.19 ± 0.002 a 0.21 ± 0

Data are expressed as mean ± standard error of the mean (n = 8). Means in the same ro
Control; normal, CIS; Cisplatin, HIS; Hesperidin, RBCs; Red blood cell count, Hb; Hemoglobi
hemoglobin, MCHC; Mean corpuscular hemoglobin concentration, TLC; Total leukocytic

Table 3
Effect of hesperidin on liver function biomarkers and lipids profile in cisplatin-intoxicated

Parameters Treatments

Control CIS

ALT (U/L) 40.40 ± 0.81c 90.40 ±
AST (U/L) 56.00 ± 2.19c 105.20 ±
ALP (U/L) 165.80 ± 7.79c 435.40 ±
T. Bilirubin (mg/dl) 0.47 ± 0.02b 0.73 ± 0
D. Bilirubin (mg/dl) 0.11 ± 0.005 a 0.20 ± 0
Ind.Bilirubin(mg/dl) 0.36 ± 0.02c 0.53 ± 0
Total Protein (g/dl) 7.06 ± 0.09 a 5.88 ± 0
Albumin (g/dl) 4.06 ± 0.08 a 3.87 ± 0
Globulin (g/dl) 3.00 ± 0.17 a 2.01 ± 0
A/G ratio 1.38 ± 0.11b 1.93 ± 0
Glucose (mg/dl) 96.50 ± 7.88c 245.00 ±
Cholesterol (mg/dl) 82.60 ± 2.85b 143.60 ±
Triglyceride (mg/dl) 97.00 ± 4.23b 134.60 ±

Data are expressed as mean ± standard error of the mean (n = 8). Means in the same ro
Control; normal, CIS; Cisplatin, HIS; Hesperidin, ALT; Alanine aminotransferase, AST; As
ratio, D. Bilirubin; Direct bilirubin, Ind. Bilirubin; Indirect Bilirubin, T. Bilirubin; Total Bilir
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2.8. Histopathological examination

The formalin-fixed liver specimen was embedded in paraffin,
sectioned in 5-mm thickness, stained by hematoxylin and eosin
(H&E) stain, and examined under the microscope according to
Bancroft and Gamble, (2008). Captured sections from all tested
groups were subjected to careful histopathological examination
and scoring (0, absent; 1, spotty necrosis; one or few necrotic hep-
atocytes; 2, confluent necrosis; 3, bridging necrosis) according to
González-Périz et al. (2006).

2.9. Immunohistochemistry of Bax and Caspase-3 expression

Immunohistochemistry of the formalin fixed, and paraffin
embedded liver sections were carried out as described by
(Elshopakey and Elazab, (2021). After deparaffinization the tissue
sections, potassium citrate (pH, 6) was used for the antigen retrie-
val. the polyclonal mice anti-rat primary antibody (Biogenex, Fre-
mont, CA) against BAX (1: 250) and monoclonal rabbit anti-
mouse primary antibody (Biocare Medical, Pacheco, CA) against
caspase-3 (1:100). Incubated overnight at 4 �C, followed by wash-
ing by TBS (tris buffer saline) and then incubated with HRP (Horse
radish peroxidase) conjugated donkey anti-mouse (1:000) and goat
anti-rabbit (1:1000) corresponding to their primary antibodies, for
1 h at room temperature, the developing was done for 1.5 min by 3,
30-diaminobenzidine tetrahydrochloride (DAB) and counterstained
HES HES + CIS

.24c 7.26 ± 0.30 a 6.41 ± 0.13b

0.11c 14.45 ± 0.25 a 12.15 ± 0.25b

0.47c 42.92 ± 2.79 a 35.00 ± 1.04b

2.46 a 58.92 ± 1.65 a 54.69 ± 2.55 a

0.81 a 19.95 ± 0.59 a 18.97 ± 0.65 a

0.64 a 34.03 ± 2.01 a 34.75 ± 0.74 a

± 20.80c 637.50 ± 16.45a 549.75 ± 21.41b

.08c 13.27 ± 0.41 a 7.73 ± 0.16b

.13 a 3.33 ± 0.06 a 3.40 ± 0.07 a

.17c 9.75 ± 0.12 a 4.13 ± 0.41b

.013 a 0.19 ± 0.010 a 0.20 ± 0.005 a

w with different superscripts letters are significantly different (p < 0.05).
n, PCV; Packed cell volume,MCV; Mean corpuscular volume, MCH;Mean corpuscular
count.

rats.

HES HES + CIS

1.91 a 45.60 ± 1.36c 59.00 ± 2.70b

3.26 a 56.80 ± 1.35c 73.60 ± 3.96b

7.98 a 162.80 ± 9.25c 277.00 ± 16.41b

.06 a 0.50 ± 0.002b 0.57 ± 0.01b

.056 a 0.12 ± 0.004 a 0.13 ± 0.007 a

.02 a 0.38 ± 0.005 bc 0.44 ± 0.01b

.08c 6.80 ± 0.09 ab 6.48 ± 0.10b

.05 a 3.98 ± 0.06 a 3.86 ± 0.08 a

.06b 2.82 ± 0.11 a 2.62 ± 0.17 a

.07 a 1.42 ± 0.07b 1.50 ± 0.12b

10.40 a 121.25 ± 6.42c 208.25 ± 13.15b

5.76 a 70.60 ± 3.07b 128.80 ± 8.44 a

8.09 a 102.40 ± 3.60b 106.60 ± 2.99b

w with different superscripts letters are significantly different (p < 0.05).
partate aminotransferase, ALP; Alkaline phosphastase, A/G ratio; Albumin/globulin
ubin.
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by hematoxylline then coverslipping was done.The pattern of dis-
tribution for the immuno-positive cells in the hepatic lobule were
semi-quantitative analyzed using light microscopy (Nikon Eclipse
TE2000-U, NIKON, Japan) and the number of them per 1000 cell
were counted and analyzed with Image-J analysis software (Image
J, 1.46a, NIH, USA).

2.10. Statistical analysis

Statistical analysis was carried out using a statistical software
program (SPSS for Windows, version 20, USA). All values were pre-
sented as a mean ± standard error of the mean (SEM). Mean differ-
ences were compared by one-way analysis of variance (ANOVA),
using post-hoc comparison by least significant difference method
(LSD) and by Duncan multiple comparison tests. P < 0.05 denoted
the presence of a statistically significant difference.
3. Results

3.1. Hesperidin relives CIS-induced abnormal clinical signs

Cisplatin-treated rats showed bloody diarrhea, nose bleeding,
hemoglobinuria, and poor appetite. While treatment with hes-
peridin ameliorated all above mentioned clinical signs but they
did not return to normalcy.

3.2. Hesperidin ameliorates the CIS-induced hematological alterations

Alterations in blood picture of rats exposed to CIS was demon-
strated by the significant reduction in the RBCs count, Hb concen-
tration, PCV %, and blood counts of leukocytes, lymphocytes, and
platelets compared to the control group (Table 2). HES pretreat-
Fig. 1. Effect of hesperidin on the hepatic oxidative stress and antioxidant markers in
activity. Control; normal, CIS; Cisplatin, HIS; Hesperidin, MDA; malondialdehyde, CAT; ca
mean ± standard error of the mean. Values with different letters within the same figure
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ment improved the previous hematological changes but without
returning them to normal values. Moreover, HES treatment had
no effect on all hematological parameters.

3.3. Hesperidin administration improves CIS-induced alterations of
liver function biomarkers and lipids profile

In this study, CIS hepatotoxicity was reflected by elevation in
the serum ALT, AST, ALP, total bilirubin, indirect bilirubin, glucose,
cholesterol, and triglyceride values, with a significant reduction in
the total protein and globulin levels compared to the control rats.
HES pretreatment significantly ameliorated all biochemical alter-
ation induced by CIS except total cholesterol level that remained
elevated. It is important to note that the HES treatment had no
effect on the measured biochemical parameters (Table 3).

3.4. Hesperidin diminishes the hepatic oxidative stress and improves
the hepatic antioxidant status

CIS significantly increased the hepatic MDA level, and signifi-
cantly reduced the hepatic CAT and SOD activities as well hepatic
GSH level compared to the control group (Fig. 1). On the other
hand, HES pretreatment produced a significant protection against
CIS-induced hepatotoxicity by decreasing the elevated MDA levels
and activating the antioxidant biomarkers (CAT, GSH, and SOD) in
the liver tissue.

3.5. Hesperidin relieves CIS-induced hepatic inflammatory response in
rats

Hesperidin treatment in the HES group induced a potent upreg-
ulation in IL-10 expression (8.5-fold change) and an insignificant
cisplatin-intoxicated rats (A) MDA content, (B) CAT activity (C) GSH level (D) SOD
talase, GSH; reduced glutathione, SOD; superoxide dismutase. Data are presented as
are significantly different (p < 0.05).



Fig. 2. Effect of hesperidin on relative gene expression of hepatic IL-10 and TNF-a in cisplatin-intoxicated rats (A) Relative IL-10 expression normalized to b-actin (B) Relative
TNF- a expression normalized to b-actin in all experimental groups. Each bar represents mean of fold change ± SEM (n = 8). Bars with different superscript letters within the
same figure are significantly different (p < 0.05). Control; normal, CIS; Cisplatin, HIS; Hesperidin, IL-10; inerleukin-10, TNF- a; tumor necrosis factor-alpha.

Fig. 3. Effect of hesperidin on the hepatic histopathological alterations in CIS-intoxicated rats. micrograph of hepatic tissues displays normal hepatocytes (arrow) and normal
hepatic architecture (H&E staining) in (A) Normal control rats and (C) Hesperidin group. (B) The micrograph is taken from cisplatin group, displays local extensive necrosis of
hepatocytes (arrow), (D) The micrograph shows focal necrosis of hepatocytes (arrow) in Hesperidin + Cisplatin group. (E) Hepatic necrosis scoring in the different
experimental groups. Each bar represents mean ± SEM (n = 8). Bars with different superscript letters are significantly different (p < 0.05). (0, absent; 1, spotty necrosis; one or
few necrotic hepatocytes; 2, confluent necrosis; 3, bridging necrosis). Control; normal, CIS; Cisplatin, HIS; Hesperidin.
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Fig. 4. Effect of hesperidin on the immunohistochemical expression of Bax in rat livers. Representative images for the immunohistochemical expression of Bax (A-D) (IHC,
DAB immunostaining, hematoxylin as counter stain, 100x). (A): liver of control rats displays negative immunostaining against Bax, (B): liver of cisplatin group shows strong
immunostaining in the cytoplasm of hepatocytes against Bax, (C): liver of HES displays mild immunostaining against Bax, (D): liver of CIS + HES displays moderate
immunostaining in the hepatocytes against Bax. Graph (E) counting (number of immunopositive cells per 1000 cells) for Bax in liver tissue in all groups that was done by
Image J analysis. Each bar represents mean ± SEM (n = 8). Bars with different superscript letters are significantly different (p < 0.05). Control; normal, CIS; Cisplatin, HIS;
Hesperidin.
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downregulation in the TNF-a expression (0.3-fold change) com-
pared to the control rats. Remarkably, treatment with CIS signifi-
cantly upregulated the TNF-a expression (9.9-fold change) with
no effect on IL-10 expression in comparison to the control group.
Besides, HES pretreatment significantly reduced the expression of
TNF-a in comparison with the CIS-intoxicated rats (Fig. 2).
3.6. Hesperidin mitigated CIS-induced hepatic histopathological injury
in rats

Histological analysis showed that CIS administration resulted in
changes in liver architecture as indicated by local extensive necro-
3162
sis of hepatocytes (Fig. 3B). The liver of control (Fig. 3A) and hes-
peridin (Fig. 3C) treated rats showed normal hepatic architecture.
Treatment with HES mitigated the histopathological changes
induced by CIS (Fig. 3D) and showed focal necrosis of hepatocytes.
3.7. Hesperidin modulates CIS-induced apoptosis in rat liver

Immunohistochemical staining of Bax and caspase-3 proteins in
liver tissue of all groups is demonstrated in Figs. 4 and 5. CIS treat-
ment revealed a prominent significant increase in Bax and
Caspase-3 expression compared to the control group. Alternatively,
HES counteracts CIS-induced apoptotic changes of Bax and



Fig. 5. Effect of hesperidin on the immunohistochemical expression of Caspase-3 in rat livers. Representative images for the immunohistochemical expression of Caspase-3
(IHC, DAB immunostaining, hematoxylin as counter stain, 100x). (A): liver of Control group displays negative immunostaining against caspase-3 (B) liver of CIS group displays
strong immunostaining in the cytoplasm and nucleus of hepatocytes against caspase-3, (C) liver of HES group displays mild immunostaining against caspase-3, (D) liver of
HES + CIS group displays moderate immunostaining in the cytoplasm and nucleus of hepatocytes against caspase-3. (E) counting (number of immunopositive cells per 1000
cells) for Caspase-3 in liver tissue in all experimental groups that was done by Image J analysis. Each bar represents mean ± SEM (n = 8). Bars with different superscript letters
are significantly different (p < 0.05). Control; normal, CIS; Cisplatin, HIS; Hesperidin.
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Caspase-3 in liver tissue. Additionally, the HES control group did
not show any difference from the normal control group.

4. Discussion

Cisplatin is one of the most active cytotoxic anticancer agents;
however, hepatotoxicity is one of its side effects that has been
attributed to excessive release of ROS and damage of cells (Dkhil
et al., 2013). Moreover, inflammation and the production of cytoki-
nes as TNF-a and IL-6 occur as a complication of oxidative stress.
Increased ROS and pro-inflammatory cytokines have been docu-
mented to produce hepatocyte apoptosis (Ingawale et al., 2014;
Dkhil et al., 2013; Hoek and Pastorino, 2002).

In this context, it was observed that CIS treatment-induced nor-
mocytic normochromic anemia, which was demonstrated by
decreased RBCs count, Hb, and PCV% with normal MCV and MCHC.
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These alterations are appertaining to the incidence of hemolytic
anemia which may be attributed to RBCs destruction due to lipid
peroxidation and membrane disruption (Trotta et al., 1983). This
was confirmed in our study by the observed clinical signs which
included bloody diarrhea, nose bleeding, hemoglobinuria, and poor
appetite. Moreover, CIS-induced anemia could either results from
drug-induced suppression of bone marrow that disturbs cell cycle
causing anemia and leukopenia, or from CIS-induced renal dys-
function resulted in erythropoietin hormone deficiency (Mazur
et al., 2002; Wood and Hrushesky, 1995).

Furthermore, leukopenia with prominent lymphopenia along
with thrombocytopenia was obvious in the CIS-treated rats. This
may result from oxidative stress in platelets and lymphocytes
induced by CIS which disturbs life span and induces apoptosis,
hence the reduction in the number of these blood cells (Olas
et al., 2005).
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Conjointly, a single dose of CIS (7.5 mg/kg) in our study resulted
in a severe array of events of hepatotoxicity accompanied with the
severe degenerative changes in the liver confirmed by the
histopathological examination that exhibited local extensive
necrosis of hepatocytes. The ability of CIS to induce an elevation
in the serum activities of ALT, AST, and ALP is supposed to be a sec-
ondary event following CIS-induced liver damage with the conse-
quent leakage of these enzymes from hepatocytes (Mansour
et al., 2006), and may indicate hepatocytes necrosis (Gressner
et al., 2007). Also, (Okoko and Ndoni, 2018) reported an elevation
in the serum ALT, AST, and ALP activities in CIS-induced hepatotox-
icity. However, the normal albumin level reported with CIS injec-
tion was the same as previously reported by Neamatallah et al.
(2018), even though there was a significant decrease in the total
protein and globulin levels.

Bilirubin is a well-established indicator of tissue damage by
toxic substances, our results showed hyperbilirubinemia due to
elevated levels of indirect and total bilirubin in CIS-treated rats.
The increased levels of indirect bilirubin may be due to hemolysis
that is confirmed by the hemolytic anemia in the hematological
picture. Also, maybe resulted either from reduced hepatic uptake
of bilirubin that happens as a result of some medications or from
the reduced rate of bilirubin conjugation in the liver (VanWagner
and Green, 2015). Additionally, the significant rise in levels of
triglycerides and cholesterol in our work may be attributed to
the deposition of small lipid droplets in the liver due to CIS treat-
ment (Cho et al., 2012).

In the present work, CIS-treated rats showed hyperglycemia
that may be secondary to the presence of marked glucose intoler-
ance, in association with an impaired insulin response, and abnor-
mal glucagon response to a glucose stimulus (Portilla et al., 2006).
Also, Goldstein et al. (1983), Wang and Aggarwal (1997) pointed
the elevated blood glucose level to the impaired insulin secretion
and possibly by induction of somatostatin and nitric oxide.

The excess production of ROS in CIS-treated rats leads to an
imbalance between oxidant-antioxidant levels, which in turn
reduces the scavenging power toward ROS and causes oxidative
stress. This emphasized in our results by the elevation of hepatic
MDA content, along with a diminution of the enzymatic antioxi-
dants including hepatic CAT and SOD. Moreover, the depletion of
GSH levels in CIS-induced rats makes the hepatic tissue more sus-
ceptible to oxidative stress. This is similar to the results obtained
by Bentli et al. (2013), Omar et al. (2016a); Omar et al. (2016b)
and Yüce et al. (2007).

In the present study, hepatic oxidative stress triggered by a sin-
gle dose of CIS (7.5 mg/kg) has been prospected to cause apoptosis
that confirmed by increased hepatic Bax and caspase-3 expression
and produces inflammation assessed by numerical downregulation
of IL-10 and significant upregulation of TNF-a in the hepatic tissue.
Since, oxidative stress induced by CIS in virtue of the activation of
the NF-jB pathway, which, in sequence causes inflammation and
apoptosis (Neamatallah et al., 2018).

Pro-inflammatory cytokines, such as TNF- a, IL-1b, and IL-6, are
released into the bloodstream from the liver during hepatotoxic
injury (Cho et al., 2012). TNF- a is a protein involved in inflamma-
tory reactions and closely associated with apoptosis (Safhi et al.,
2018). Apoptotic cells can also release IL-10 (Gao et al., 1998).
Therefore, upregulation of TNF- a in our study is a relevant biomar-
ker associated with inflammation pathways in CIS-induced hepato-
toxicity, while IL-10 expression was decreased but statistically
insignificant compared with the control group. The significant
increase in hepatic TNF- a and decrease in hepatic IL-10 expression
accompanied by CIS injection at doses 7.5 mg/kg and 12 mg/kg
respectively was already detailed in previous studies (Hassan
et al., 2020; Omar et al., 2016b).
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Cisplatin intoxication shifts the balance between pro-and anti-
apoptotic signals towards proapoptotic cascade (Indran et al.,
2011), which is confirmed in our results by increased Bax and
Caspase-3 expression in hepatic tissue of CIS-treated rats. Our
results are compatible with Hassan et al. (2020); Neamatallah
et al. (2018) which confirms that CIS administration is accompa-
nied by apoptosis. Since, caspase activation is the essential step
for the initiation of apoptosis induced by various stimuli. When
cells are undergoing apoptosis, activation of the initiator caspases
which include caspases 8 and 9, results in activation of executioner
caspases such as caspases 3 and 7 (Salvesen and Dixit, 1997).
Moreover, executioner caspase-3 triggers cellular proteins and
DNA fragmentation factors that cause characteristic changes of
apoptosis (Tong et al., 2004). Other studies have demonstrated that
p53 activates caspase 3 by a variety of mechanisms, including the
activation of the pro-apoptotic proteins as Bax; that trigger a
sequence of events that leads to alterations in mitochondrial per-
meability transition and stimulation of cytochrome c release, all
of which increase caspase 3, 8, and 9 activities in numerous cell
types in response to chemical-induced apoptosis (Saad et al.,
2009; Chen et al., 2001; Schuler et al., 2000).

In agreement with previous studies (Hamdy et al., 2016; Omar
et al., 2016b), the HES alone in this study did not induce any
adverse effects on all tested parameters, but interestingly provided
significant protection against CIS-induced hematological, biochem-
ical, and hepatic dysfunction. The hepatoprotective action of hes-
peridin may be attributed to stabilizing the hepatic cellular
membrane damage and protecting the hepatocyte from CIS hepa-
totoxicity by its antioxidant effect and its free radical scavenging
activity, consequently protecting membrane permeability (Omar
et al., 2016b; Haková and Mišúrová, 1993; Pari et al., 2015).

Oral administration of HES (200mg/kg) for 21 days was efficient
in counteracting CIS toxicity whereas, it improved the anemic con-
dition, leukopenia, and thrombocytopenia induced by CIS, which
may be referred to the antioxidative potentials of hesperidin
(Omar et al., 2016b). Also, hesperidin can stimulate the formation
or secretion of the erythropoietin hormone, which stimulates stem
cells in the bonemarrow to produce RBCs (Aher and Ohlsson, 2020).

Interestingly, the serum biochemical changes were significantly
abrogated by pretreatment with HES (200 mg/kg), which may be
attributed to its free radical scavenging and antioxidant properties.
This is in parallel with Omar et al. (2016a) who revealed that HES
significantly improved the alterations in ALT, AST, and ALP activi-
ties. Besides, HES has a lipid-lowering ability (Chen et al., 2010)
that may explain the improvement in the serum TG level in CIS-
treated rats by inhibiting HMG-CoA reductase and acyl CoA:
cholesterol acyltransferase in rats (Bok et al., 1999). Furthermore,
HES pretreatment reduced the elevated blood glucose level in
CIS-intoxicated group but remain comparable to the control rats.
The hypoglycemic effect by of HES may be attributed to the
changes in the activities of glucose-regulating enzymes and the
ability of HES as flavonoids to normalize blood glucose by affect
functions of GLUT-4 stimulating the glucose uptake in the skeletal
muscle and adipocytes or through up-regulation of the mRNA
expression of peroxisome proliferator-activated receptor (PPARs)
that may be improved insulin–resistance (Akiyama et al., 2009).

Data obtained in this study indicated that pretreatment of rats
with HES inhibited the elevation of lipid peroxidation induced by
CIS and produced a significant increase in CAT and SOD activities
and GSH level, resulting in values nearly close to those observed
in the control rats. These findings are following other investigators
(Mansour et al., 2006; Omar et al., 2016a). Since, the protective
action of HES against CIS-induced oxidative stress is ascribed to
its free radical scavenging as well as anti-lipid peroxidation prop-
erties in biological membranes (Suarez et al., 1998).
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Hesperidin supplementation for successive 21 days inhibited
the increase in TNF-a expression induced by CIS, while IL-10 was
improved but also statistically indifferent. This protective role is
due to the anti-inflammatory effect of hesperidin (Chen et al.,
2010), which is demonstrated in our results by the significant ele-
vation of IL-10 in rats supplemented with hesperidin. In parallel
with previous reports, hesperidin treatment reduced inflammatory
cytokine production (TNF-a) and suppressed apoptosis induced by
CIS toxicity (Apaydin et al., 2018; Omar et al., 2016b). Our
histopathological finding confirmed the reduction of hepatic dam-
age following hesperidin administration in CIS-intoxicated rats;
reflecting its antioxidant and antiapoptotic activity.

5. Conclusions

It could be concluded that oxidative stress, inflammation and
apoptosis play an important role in CIS-induced hepatotoxicity.
Interestingly, hesperidin pretreatment provides potent protective
effects against CIS-induced liver injury may be mediated by its
antioxidant, anti-inflammatory and anti-apoptotic properties.
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