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Background: Chemically induced cirrhotic animal models are commonly used.
However, they have limitations such as high mortalities and low yield of cirrhotic
animals that limit their uses.

Aims: To overcome limitations of the chemically induced cirrhotic animal model
via combined administration of methotrexate (MTX) with CCl4 and decrease their
commonly used doses depending on the proposed synergetic cirrhotic effect.

Methods: Rats were divided into six groups: normal (4 weeks), normal (8 weeks),
MTX, CCl4 (4 weeks), CCl4 (8 weeks), and MTX + CCl4 (4 weeks) groups. Animals’
hepatic morphology and histopathological characterization were explored.
Hepatic Bcl2 and NF-�B-p65 tissue contents were determined using the
immunostaining technique, and hepatic tissue damage, oxidative status, and
in�ammatory status biochemical parameters were determined.

Results: CCl4 + MTX combined administration produced prominent cirrhotic liver
changes, further con�rmed by a substantial increase in oxidative stress and
in�ammatory parameters, whereas mortalities were signi�cantly lower than in
other treated groups.

Conclusion: The present study introduced a new model that can signi�cantly
improve the major limitations of chemically induced cirrhotic animal models with
new pathological features that mimic human cirrhosis. Compared to other
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chemically induced methods, the present model can save time, cost, and animal
suffering.
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1 Introduction

Liver cirrhosis is a serious and life-threatening disease that is
characterized by irreversible scarring of the liver (Ye et al., 2022). It is
the �nal stage of liver �brosis, which is the buildup of scar tissue in
the liver (Koyama and Brenner, 2017; Aboubakr et al., 2022).
Cirrhosis can be caused by a variety of factors, including viral
infections, autoimmune disorders, alcohol abuse, and certain
medications (Ye et al., 2022).

The development of cirrhosis is a complex process that involves
a number of different factors. One of the key factors is the activation
of stellate cells, which are a type of cell in the liver. When stellate cells
are activated, they produce collagen, which is a major component of
scar tissue (Zhou et al., 2014). Other factors that contribute to the
development of cirrhosis include in�ammation, oxidative stress, and
apoptosis (cell death) (Nickovic et al., 2018; Tang et al., 2021;
Pomacu et al., 2021).

Cirrhosis can lead to a number of serious complications,
including liver failure, portal hypertension, and hepatocellular
carcinoma (HCC). Liver failure occurs when the liver is no
longer able to function properly. Portal hypertension is a
condition in which pressure in the portal vein (a major vein that
carries blood from the digestive tract to the liver) is increased. HCC
is a type of liver cancer that is often associated with cirrhosis (Nusrat
et al., 2014).

There is no cure for cirrhosis, but there are treatments that can
help to slow the progression of the disease and prevent
complications. Treatment may include medications, lifestyle
changes, and liver transplantation (Nusrat et al., 2014).

Understanding the underlying mechanisms of liver cirrhosis is
essential for developing new drugs to prevent and treat the disease.
Animal models have been developed to mimic cirrhosis; however, to
date, all existing models have low to moderate reproducibility, and
none can fully replicate the human disease (Tropskaya et al., 2020;
Chen et al., 2021).

Liver cirrhosis can be induced in rats in a number of ways.
The most common methods involve the administration of
chemical substances that cause cirrhotic changes (Natarajan
et al., 2006; Bae et al., 2022) (Dong et al., 2016). These
substances include carbon tetrachloride (CCl4) and
thioacetamide (TAA) (Tropskaya et al., 2020). CCl4 and TAA
are both hepatotoxic, meaning they damage the liver. When they
are administered to rats, they can cause the liver to become
scarred and dysfunctional. This protocol is effective in causing
cirrhosis, but it can also be harmful to the rats.

In addition to the administration of chemical substances,
liver cirrhosis can also be induced in rats by ligating the common
bile duct. This procedure blocks the �ow of bile from the liver,
which can damage the liver and lead to cirrhosis. This protocol is

less harmful to rats but less effective in causing cirrhosis (Ali
et al., 2018).

Carbon tetrachloride (CCl4) can cause liver damage when it is
administered to rats. This damage is caused by reactive metabolites
that are generated by cytochrome P-450 liver enzymes, principally
CYP2E1 (Fortea et al., 2018). When CCl4 is administered repeatedly,
it can cause hepato-centrilobular necrosis, in�ammation, and
activation of hepatic stellate cells. This can lead to the
upregulation of the synthesis of the extracellular matrix,
architectural alterations in hepatic tissues, and, eventually, liver
cirrhosis (Scholten et al., 2015).

The experimental model of CCl4-induced cirrhosis has several
limitations, including high mortality rates, a limited number of
animals that develop cirrhosis, toxicity risks, and a long time for
induction (Scholten et al., 2015). Researchers have tried to overcome
these limitations by using cytochrome P-450 inducers (Chatamra
and Proctor, 1981), individualizing CCl4 doses according to body
weight (Proctor and Chatamra, 1982; Regimbeau et al., 2008), and
using different timetables for CCl4 administration (Runyon et al.,
1991; Desmyter et al., 2007; Regimbeau et al., 2008). However, these
problems still persist.

Methotrexate (MTX) has been used in animal models to induce
liver damage for many years (Garcia et al., 2019). High-dose MTX
can cause hepatic steatosis and �brosis (Garcia et al., 2019). The
exact mechanism of MTX-induced hepatotoxicity is not fully
understood, but it may involve the generation of reactive oxygen
species (ROS) and lipid peroxidation. ROS can induce the release of
proin�ammatory cytokines, which can damage hepatocytes and lead
to apoptosis (Garcia et al., 2019).

MTX can also inhibit the production of reduced
nicotinamide adenine dinucleotide phosphate (NADPH),
which is a molecule that is essential for the production of
glutathione (GSH). GSH is a powerful antioxidant that helps
to protect cells from damage (Shetty et al., 2017). When MTX
inhibits the production of NADPH, it can lead to a decrease in
GSH levels, which can make cells more susceptible to damage.
This damage can lead to the death of hepatocytes, which are the
cells that make up the liver (Sahindokuyucu-Kocasari et al.,
2021).

The present study was conducted to introduce a new animal
model of liver cirrhosis that overcomes some limitations of the CCl4-
induced cirrhosis model. The new model uses the combined
administration of MTX and CCl4, which is based on the
proposed synergism of these two drugs. The new model has a
lower mortality rate and a shorter induction time than the CCl4-
induced model, and it produces more cirrhotic animals. The study
also developed a new and validated HPLC method for detecting and
quantifying MTX concentration in both in vitro and in hepatic
tissue.
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2 Materials and methods

2.1 Chemicals and reagents

MTX, sodium acetate, disodium hydrogen phosphate,
thiobarbituric acid, and sodium dodecyl sulfate (SDS) were
purchased from Sigma-Aldrich (Saint Louis, MO, United States).
HPLC-grade methanol, CCl4, and acetonitrile were purchased from
Merck, Darmstadt, Germany.

2.2 Animals

This research was designed and performed according to ethical
standards approved by the ethical committee at the Faculty of
Pharmacy, South Valley University (approval # P.S.V.U212).

Animals were purchased from Helwan Animal Breeding House,
Cairo, Egypt. A total of 84 adult male Sprague–Dawley rats weighing
125–140 g were used. The animals were fed standard rat chow and
water ad libitum and kept under standardized conditions with 12 h
light–12 h dark cycle at 26°C ± 2°C temperature. The animals were
handled according to international and national ethical guidelines.
The rats were randomly divided into six groups, 14 animals each, as
follows:

Group I: animals served as normal control, whereas animals
received corn oil (1 mL/kg, i.p., twice a week) for 4 consecutive
weeks and normal saline (0.5 mL, i.p.) at a single dose.

Group II: animals served as normal control, whereas animals
received corn oil (1 mL/kg, i.p., twice a week) for 8 consecutive
weeks and normal saline (0.5 mL, i.p.) at a single dose.

Group III: animals received 20 mg/kg i.p. of MTX as a single
dose (Yucel et al., 2017).

Group IV: animals received CCl4 as 50% solution in corn oil
(1 mL/kg, i.p., twice a week) for 4 consecutive weeks (Aboubakr
et al., 2022).

Group V: animals received CCl4 as 50% solution in corn oil
(1 mL/kg, i.p., twice a week) for 8 consecutive weeks (Aboubakr
et al., 2022).

Group VI: animals received 10 mg/kg i.p. of MTX as a single
dose plus CCl4 as 50% solution in corn oil (0.5 mL/kg, twice a week
i.p.) for 4 consecutive weeks.

During the experiment, the number of deaths between different
animal groups was determined. At the end of the experimental periods,
the animals were weighed, deeply anesthetized with thiopental sodium,
and then blood was collected from the inferior vena cava into clean
tubes. The animals were then sacri�ced by cervical dislocation. The
collected blood samples were centrifuged at 3,000 rpm for 10 min. The
liver was washed with ice-cold saline (0.9% w/v) solution, blotted dry,
and then weighed. Portions of the liver were placed in ice-cold 0.1 M
phosphate buffer (pH 7.4) and homogenized. After homogenization,
the samples were centrifuged at 5,000 rpm for 10 min.

2.3 Chromatographic analysis

2.3.1 Instruments and conditions
The analytical method was developed using the Agilent

1260 In�nity II® HPLC System (Agilent Technologies, Germany)

equipped with a Pursuit-3 C18 column (150 × 4.6 mm, 3 µm)
maintained at 30°C. The output signals were observed and
processed using ChemStation® software.

The mobile phase consisted of sodium acetate buffer (50 mM,
pH 3.5) containing SDS (2.67 mM) and acetonitrile (85:15, v/v). The
chromatographic run was carried out in isocratic mode with a �ow
rate of 0.5 mL/min. The injection volume and the detection
wavelength were 20 µL and 290 nm, respectively.

2.3.2 Preparation of stock and working solutions
The stock solution of MTX was prepared in the mobile phase at

10.0 mg/mL and was stored at �20°C for further analysis. Working
solutions, at 0.5 �g/mL, were freshly prepared by dilution of the
stock solution with the mobile phase.

2.3.3 Calibration of MTX in tissue homogenates
To an aliquot of 0.5 mL of liver homogenates (free from MTX),

appropriate volumes of MTX working solution were added at
concentrations of 2.5–78.0 �g/mL. The mixtures were vortex-
mixed for 3 min and centrifuged at 6,000 rpm for 5 min at room
temperature. Then, 20 µL aliquot of clear supernatant was injected
into the HPLC system for analysis.

2.4 Immuno-histopathological examination

Rats’ hepatic tissue samples were �xed in 10% formalin at room
temperature for 24 h. The samples were then dehydrated using
graded ethanol and embedded in paraf�n wax. The hepatic
tissues were sectioned with a thickness of 5 �m and
deparaf�nized using xylene. The sections were stained using
hematoxylin and eosin (H&E) and Masson trichrome stains. To
quantify the �brotic tissue, the images of the blue pixels were
photographed. Eight different areas from each slide for each rat
were selected to determine the values of the integral optical density
and the total area. The expression intensity was estimated as the
percentage of the integral optical density to the total area using the
ImagePro Plus 6.0 program (Das et al., 2006). Pathological change
scoring was assessed as described by Kleiner et al. (2005) with
separate scores for steatosis (0–3), hepatocellular ballooning (0–2),
and lobular in�ammation (0–3).

To stain hepatic tissue for tumor necrosis factor-alpha (NF-�B-
p65) and B-cell lymphoma 2 (Bcl-2), antibodies were obtained from
Thermo Fisher Scienti�c Inc./Lab Vision (CA, United States) and
used in a standard immune-histochemical procedure (El-Kashef and
Serrya, 2019; Missaoui et al., 2019). Brie�y, 4-�m-thick rat hepatic
sections were deparaf�nized and incubated in citrated buffer at
pH 6.0 for 30 min at 100°C. After cooling, the sections were
incubated for 12 h with a 1:200 dilution of each antibody in
phosphate-buffered saline (PBS) solution, followed by repetitive
rinsing using PBS. The bound antibodies were detected using
avidin biotinylated peroxidase, followed by appropriate washing
using PBS and counterstaining using Mayer’s hematoxylin.

Histopathological analysis was performed in the Pathology
Department at the Faculty of Medicine, South Valley University.
The tissue sections were visualized using an Olympus microscope
with ×100 and ×400 magni�cations. Quanti�cation of NF-�B-
p65 and Bcl-2 immune expression was performed using ImageJ®
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software (National Institutes of Health, Bethesda, United States) by
an expert pathologist (Aslan et al., 2018).

2.5 Hepatic tissue total protein content
determination

The protein content of the hepatic tissue homogenates was
determined using the Bradford assay (Kruger, 1994).

2.6 Liver enzyme determination

The activities of serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were determined
spectrophotometrically using commercial kits from Biodiagnostic
Company, Egypt. The kits were used according to the
manufacturer’s protocol (Huang et al., 2006).

2.7 Nitric oxide determination

Nitric oxide (NO) levels in hepatic tissue were determined using
a commercial kit (Biodiagnostics, Cairo, Egypt). The kit uses a
method that converts NO to nitrous acid, which then reacts with
sulfanilamide and N-(1-naphthyl) ethylenediamine to form an azo
dye. The absorbance of the dye is then measured
spectrophotometrically at 540 nm (Bryan and Grisham, 2007).

2.8 Assessment of superoxide dismutase
activity

Hepatic superoxide dismutase (SOD) activity was determined
using a standard kit (Biodiagnostics, Cairo, Egypt) according to the
manufacturer’s instructions. Serial dilutions of the standard SOD
and samples were added to each well, followed by the radical
detector and xanthine oxidase. The plate was shaken and
incubated at room temperature for 30 min. The absorbance of
the samples was recorded at 440–460 nm using an ELISA
microplate reader (Okado-Matsumoto and Fridovich, 2001).

2.9 Assessment of catalase activity

Catalase (CAT) activity in hepatic tissue homogenates was
determined using a commercial kit (Biodiagnostics, Cairo, Egypt).
The kit uses a method that measures the rate of decomposition of
hydrogen peroxide (H2O2) in the presence of CAT. The amount of
H2O2 that is decomposed is proportional to the amount of CAT in
the sample. The color of the reaction product is then measured at
620 nm (Noeman et al., 2011).

2.10 Reduced glutathione determination

The hepatic tissue content of GSH was determined using a
standard kit (Biodiagnostics, Cairo, Egypt). The kit uses a method

that measures the formation of 5-thio-2-nitrobenzoate (TNB). The
amount of TNB that is formed is proportional to the amount of GSH
in the sample. The absorbance of the TNB solution is then measured
spectrophotometrically at 412 nm (Noeman et al., 2011).

2.11 In�ammatory cytokine determination

The hepatic content of the in�ammatory cytokines, namely,
interleukin 1 beta (IL-1�) (Gieling et al., 2009), tumor necrosis
factor-alpha (TNF-�) (Lai et al., 2013), and interleukin-6 (IL-6)
(Bode et al., 2012) were determined using hepatic tissue
homogenates and corresponding rat-speci�c ELISA assay kits
according to the manufacturer’s protocols (Abcam,
United Kingdom).

2.12 Malondialdehyde determination

Malondialdehyde (MDA) levels in hepatic tissue homogenates
were determined spectrophotometrically by measuring the pink
color produced by the reaction between MDA and thiobarbituric
acid at 532 nm (Knockaert et al., 2012).

2.13 Determination of hydroxyproline in the
hepatic tissues

Hydroxyproline was determined using the method described by
Shin et al. (2018). Brie�y, hepatic tissue homogenates were
hydrolyzed by adding 6N HCl in a tightly capped glass tube and
incubating overnight at 100°C. The acid hydrolysates were �ltered,
air-dried, and dissolved in methanol. 50% isopropanol and
chloramine-T solution were added to each sample, followed by
incubation at 37°C for 10 min. Ehrlich’s solution was added,
followed by incubation at 50°C for 90 min. The optical density
was determined at 558 nm using a spectrophotometer.
Concentrations were then determined by comparison with a
standard curve constructed using a serial dilution of
hydroxyproline solution.

2.14 Statistical analysis

All parameters are expressed as the mean ± SD. Obtained results
were statistically analyzed using a one-way ANOVA test, followed
by Tukey’s multiple comparison test. Statistical signi�cance was
determined at p < 0.05. Analysis was performed using the GraphPad
Prism software package (GraphPad Software, San Diego, CA 92108,
United States).

3 Results

3.1 HPLC analysis and validation

Micellar liquid chromatography (MLC) is a technique that
has several advantages over other methods of chromatography. It
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is relatively inexpensive, versatile, and can be used to analyze a
wide variety of compounds, including those with different
polarities. Additionally, MLC is considered to be a “green”
technique because it uses less organic solvent than other
methods, making it less harmful to the environment (Patyra
and Kwiatek, 2021).

In this study, MLC has been used to analyze MTX in liver tissue
homogenates without the need for extensive sample preparation.
This is because micelles can competitively bind proteins and release
protein-bound drugs without sedimentation on the column. This
allows for direct analysis of the sample without the need for toxic or
�ammable organic solvents. This reduces the cost and analysis time
and improves the separation ef�ciency.

The retention and selectivity of MTX in high-performance
liquid chromatography can be affected by various factors, such as
the pH of the mobile phase, temperature of the column, percentage
of acetonitrile in the mobile phase, and concentration of SDS. These
factors should be considered when developing a method for the
analysis of MTX as follows:

pH: the retention time of MTX increases as the pH of the mobile
phase decreases. This is because MTX is less ionized at lower pH,
which makes it more hydrophobic and less soluble in the mobile
phase.

Temperature: the retention time of MTX decreases as the
temperature of the column increases. This is because the rate of
mass transfer increases as the temperature increases.

Acetonitrile: the retention time of MTX decreases as the
percentage of acetonitrile in the mobile phase increases. This is
because acetonitrile is a polar solvent that can interact with the polar
functional groups of MTX.

SDS: the retention time of MTX increases as the concentration
of SDS in the mobile phase increases. This is because SDS is a
surfactant that can interact with the hydrophobic regions of MTX.
These �ndings can be used to optimize the conditions for the
analysis of MTX by MLC.

After several attempts to optimize the mobile phase, the
optimum mobile phase for the analysis of MTX was found to be

a mixture of sodium acetate buffer (50 mM, pH 3.5 containing
2.67 mM SDS) and acetonitrile (85:15). The column temperature
was set at 30°C, the �ow rate was 0.5 mL/min, and the detection
wavelength was 290 nm. The retention time for MTX was 3.56 min
(Figure 1).

The developed HPLC method was validated according to the
International Council on Harmonization (ICH) guidelines (Bhavna
et al., 2022). The calibration curve was linear over the concentration
range of 2.5–78.0 �g/mL, with a correlation coef�cient of more than
0.999. The limit of detection (LOD) and limit of quantitation (LOQ)
were 0.75 and 2.28 �g/mL, respectively (Table 1). The inter-day
(between days) and intra-day (within 1 day) precision values were
less than 2%, and the accuracy of the method was in the range of
98.36%–102.03% (Table 2).

The system suitability parameters were also calculated and were
found to be within acceptable limits. The tailing factor was 1.55, the
asymmetry factor was 1.10, the theoretical plate number was greater
than 2,000, and the height equivalent to a theoretical plate (HETP)
was 0.00562 cm (Table 3). The well-shaped peaks in the
chromatograms veri�ed that the proposed method had
satisfactory speci�city (Patyra and Kwiatek, 2021).

FIGURE 1
Representative HPLC chromatogram for MTX in liver homogenates (working standard mixture, 10.0 µgmL�1) taken under optimized conditions.

TABLE 1 Statistical parameters for individual calibration curves.

Parameter Value

�max 290 nm

Linearity range (µgmL�1) 2.5–78.0

LOD (µgmL�1) 0.753

LOQ (µgmL�1) 2.28

R2 0.9999

Regression equation A� = bx �� + a

Slope (x106) ± SD 516.84 ± 0.022

Intercept (×106) ± SD 180.11 ± 0.047

*A: absorbance; b: slope; x: concentration; a: intercept.

Frontiers in Pharmacology frontiersin.org05

Mansouri et al. 10.3389/fphar.2023.1201583

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1201583


The developed HPLC method was used to determine the MTX
concentrations in the hepatic tissue homogenates. The total amounts
of MTX recovered were 598.95 ± 1.4 and 760 ± 0.96 µgmL�1 for
group II and group IV, respectively.

3.2 Macroscopic examination of the hepatic
organs

Figure 2 shows the typical hepatic architecture with normal
gross morphology observed in the normal group at 4 weeks and
8 weeks. The CCl4 (4 weeks) animal group showed a pale and
irregular surface, while the i.p. injection of CCl4 for 8 weeks
caused an irregular hepatic surface with small nodules.
Additionally, MTX i.p. administration showed a normal surface
and gross morphology. On the other hand, MTX + CCl4
coadministration produced signi�cant morphologic changes in
rats’ livers, with a coarse pale irregular surface, shrunken
cirrhotic changes, and multiple macro- and micronodules.

3.3 Effect on the liver index

Rats treated with MTX and CCl4 for 4 weeks had a moderate
increase in the liver index (liver wet weight/body weight × 100%)
(Lin et al., 2014) compared to those from the control group (p <
0.05). On the other hand, rats treated with CCl4 for 8 weeks had a
dramatic increase in the liver index, which was due to a decrease in
body weight accompanied by an increase in liver weight. Moreover,
the combined administration of MTX with CCl4 for 4 weeks further
increased the liver index compared to that of the CCl4 (8 weeks)
group, as shown in Figure 3.

3.4 Histopathological examination

3.4.1 H&E staining
The normal groups (4 and 8 weeks) showed normal hepatic tissue

architecture, with normal hepatocytes radiating from the central vein
(Figures 4A, B). The MTX-treated group showed moderate parenchymal
cell changes, with mild dilatation of the sinusoidal space and a few
in�ammatory cell in�ltrations (Figure 4C). The i.p. administration of
CCl4 for 4 weeks produced marked congestion in the central vein, with
moderate in�ammatory cell in�ltration and mild congestion of central
and portal veins (Figure 4D). The i.p. injection of CCl4 for 8 weeks
caused signi�cant hepatic �brosis, mild steatosis, marked in�ammatory
cell in�ltration, and mild liver cirrhotic changes (Figure 4E). However,
the combined administration of CCl4 with MTX caused an intense
in�ammatory cell in�ltration, steatosis and degradation of hepatocytes,
dysplastic hepatocytes, nodules with intense congestion of central and
portal veins, focal necrosis, prominent hepatic tissue cirrhotic changes,
and diffused Kupffer cell proliferation (Figure 4F).

3.4.2 Masson’s trichrome stain
Using Masson’s trichrome staining, the hepatic tissue samples of

normal groups (4 and 8 weeks) showed weak staining of �brous
tissue at the central vein of hepatic lobules with normal hepatic
tissue architecture (Figures 5A, B). In the MTX group, the collagen
�bers in the liver were slightly increased compared to the normal
group, with rare �brous septa of the hepatic lobules (Figure 5C). The
CCl4 (4 weeks) group showed a signi�cant upregulation of �brous
tissue with �brous septa of the hepatic lobules (Figure 5D). The CCl4
(8 weeks) group showed a signi�cant upregulation of �brous tissue
deposition around the central vein and portal areas, which
interacted with neighboring septa with intense blue coloration
(where collagen is blue stained) (Figure 5E). The MTX + CCl4-
treated group showed an intense �brous tissue distribution within
the hepatic tissue with pseudo broad lobe separation that connected
the portal tract to the central vein and deposition of extensive thick
collagen �bers in the hepatic parenchyma, which represents a
distinct feature of cirrhotic liver changes (Figure 5F).

3.5 Effect on Bcl-2 hepatic tissue content

The hepatic tissue distribution of Bcl-2 protein was determined
using the immunostaining technique. The results showed that the
hepatic tissue of normal groups showed many positive cells and a

TABLE 2 Intra- and inter-day precision and accuracy of MTX evaluated by the developed micellar HPLC method.

Parameter MTX concentration (µgmL�1) % RSDa % recovery ± SDa

Intra-day 3 1.503 99.63 ± 1.49

30 0.641 99.45 ± 0.63

70 0.719 100.53 ± 0.44

Inter-day 3 0.947 99.32 ± 0.94

30 0.832 100.12 ± 0.85

70 1.44 100.36 ± 1.45

aRSD: relative standard deviation.

TABLE 3 System suitability parameters for the determination of MTX by the
micellar HPLC method.

HPLC parameter MTX Acceptable limits

Asymmetry factor 1.10 <1.5

Theoretical plates (m) 2,667 >200

Tailing factor 1.55 <2.0

HEPTa (cm) 0.0056

aHEPT: height equivalent to a theoretical plate.
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strong positive reaction (Figures 6A, B), which was nearly absent in
the MTX + CCl4 (4 weeks) group (Figure 6F) and the CCl4 (8 weeks)
group (Figure 6E). On the other hand, the MTX and CCl4 (4 weeks)
groups showed a moderate distribution of Bcl-2 proteins with
marked positive staining, which was more noticeable in the MTX
group compared to the CCl4 group (Figures 6C, D).

3.6 Effect on NF-�B-p65 hepatic tissue
content

NF-�B-p65 protein distribution was detected using the
immunostaining technique. The results showed that the NF-�B-
p65 protein was nearly absent in both normal groups (4 and
8 weeks) and moderately distributed in the MTX group. The
i.p. administration of CCl4 for 4 weeks signi�cantly upregulated the

in�ammatory mediator NF-�B-p65, with many positively detected
hepatocytes. However, the combined administration of MTX with
CCl4 dramatically increased the number of NF-�B-p65-positive
hepatocytes with an intense reaction, which was more noticeable
than in the CCl4 (8 weeks) group, as shown in Figure 7.

3.7 Effect on GSH hepatic content

As shown in Figure 8B, the i.p. administration of MTX moderately
decreased the hepatic tissue content of GSH (10.36 ± 0.87 �mol/g
protein) compared to the normal non-treated group (12.16 ±
1.02 �mol/g protein). On the other hand, the i.p. administration of
CCl4 (4 weeks) signi�cantly (p < 0.05) decreased GSH compared to the
normal group. The most prominent reduction of GSH hepatic content
was observed in the CCl4 (8 weeks) (7.06 ± 0.78 �mol/g protein) and

FIGURE 2
Macroscopic examination of the liver tissues from (A) normal rats treated for 4 weeks; (B) normal rats treated for 8 weeks; (C) methotrexate-treated
rats; (D) carbon tetrachloride-treated rats for 4 weeks; (E) CCl4-treated rats for 8 weeks; and (F) CCl4 + MTX-treated rats for 4 weeks.
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MTX + CCl4 (4.58 ± 0.37 �mol/g protein) groups. The hepatic tissue
total protein content was determined as shown in Figure 8F.

3.8 Effect on the hepatic antioxidant
enzymes

The i.p. administration of MTX resulted in a signi�cant (p <
0.05) decrease in the hepatic antioxidant enzymes SOD (20.75 ±
1.9 µgm/gm protein) and catalase (81.73 ± 6.7 U/gm tissue) Figures
8A, C. The CCl4 (4 weeks) group showed a further reduction of both
enzymes, with SOD levels of 19.4 ± 1.44 µgm/gm protein and
catalase levels of 71.85 ± 6.2 U/gm tissue, compared to both the
normal and MTX groups. The most severe reduction in both SOD
(10.75 ± 0.72 µgm/gm protein) and catalase (44.26 ± 3.1 U/gm
tissue) enzymes was observed when MTX was concomitantly
administered with CCl4, as shown in Figures 8A, C.

3.9 Effect on hepatic tissue damage
parameters

The i.p. administration of MTX signi�cantly (p < 0.05) increased
the hepatic tissue concentrations of both MDA (2.44 ± 0.16 �mol/

mg of protein) and carbonyl content (0.79 ± 0.02 nmol/mg of
protein) compared to the normal group. These levels were
signi�cantly different from the CCl4 (4 weeks) group. On the
other hand, the i.p. administration of CCl4 (8 weeks) signi�cantly
(p < 0.05) increased MDA (3.84 ± 0.25 �mol/mg of protein) and
carbonyl content (1.12 ± 0.09 nmol/mg of protein) compared to the
CCl4 (4 weeks) and MTX groups. The highest levels of both MDA
(4.6 ± 0.31 �mol/mg of protein) and tissue carbonyl content (1.6 ±
0.14 nmol/mg of protein) were observed at the MTX + CCl4 group,
which was signi�cantly (p < 0.05) higher than other treated groups,
as shown in Figures 8D, E.

3.10 Effect on hepatic enzyme activities

Both hepatic enzymes activities of AST and ALT were
signi�cantly (p < 0.05) increased by CCl4 administration for
4 weeks (108.3 ± 9.2 U/L and 121 ± 9 U/L, respectively)
compared to the normal group (28.6 ± 2.4 U/L and 37.5 ± 2.2 U/
L, respectively). Animals treated with CCl4 for 8 weeks showed
higher concentrations (218.5 ± 19.2 U/L and 204.41 ± 15.2 U/L,
respectively). The i.p. administration of MTX produced a signi�cant
(p < 0.05) elevation of ALT and AST up to 126.5 ± 9.1 U/L and
91.5 ± 7.9 U/L, respectively. A synergistic and intense up-regulatory
effect on ALT and AST was observed by the combined
administration of MTX with CCl4 for 4 weeks (335.6 ± 9.1 U/L
and 288.08 ± 20.2 U/L, respectively), as shown in Figures 9A, B.

3.11 Effect on nitric oxide

The levels of NO were signi�cantly (p < 0.05) increased by the
administration of MTX (9.41 ± 0.62 �mole/gm of tissue) and CCl4
(11.6 ± 0.8 �mole/gm of tissue for 4 weeks and 19.2 �mole/gm of
tissue for 8 weeks) compared to the normal non-treated group
(8.1 �mole/gm of tissue). Additionally, the concomitant
administration of MTX with CCl4 signi�cantly (p < 0.05)
produced an elevation of NO (29.9 ± 2.1 �mole/gm of tissue),
which was much higher than the individual administration of
both agents, as shown in Figure 9F.

3.12 Effect on the in�ammatory cytokines

The i.p. administration of CCl4 (4 weeks) signi�cantly (p < 0.05)
increased the hepatic tissue content of tumor necrosis factor-alpha
(TNF-�) and interleukin-6 (IL-6) and serum concentration of cytokine
IL-1� (208.8 ± 17.9 pg/mg of tissue protein, 6.33 ± 0.5 pg/mg of tissue
protein, and 131.6 ± 11.2 pg/mL, respectively) compared to the normal
group (157.8 ± 12.2 pg/mg of tissue protein, 5.0 ± 0.3 pg/mg of tissue
protein, and 94.7 ± 6.6 pg/mL, respectively). A synergistic
proin�ammatory effect was observed by the combined
administration of both MTX and CCl4, as evidenced by an intense
increase in the in�ammatory cytokines TNF-�, IL-6, and IL-1�. Their
levels were increased up to 349 ± 21 pg/mg of tissue protein, 11.66 ±
0.93 pg/mg of tissue protein, and 182.9 ± 12.2 pg/mL, respectively,
which were signi�cantly (p < 0.05) higher than those of the CCl4
(8 weeks) group, as shown in Figures 9C–E.

FIGURE 3
Effect of methotrexate, carbon tetrachloride, and their combined
administration on the liver index. # = signi�cantly different compared
to the normal group, * = signi�cantly different compared to the MTX
group, $ = signi�cantly different compared to the CCl4 (4 weeks)
group, and @ = signi�cantly different compared to the CCl4 (8 weeks)
group. Results are presented as mean ± SEM (n = 14).
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FIGURE 4
Histopathology of rats’ liver (H&E stain) from (A) normal rats treated for 4 weeks; (B) normal rats treated for 8 weeks; (C) methotrexate-treated rats;
(D) carbon tetrachloride-treated rats for 4 weeks; (E) CCl4-treated rats for 8 weeks; and (F) CCl4 + MTX-treated rats for 4 weeks; the scale bar is
100 microns (CV = central vein, PV = portal vein, PT = portal tract, 1: moderate parenchymal cell changes, 2: mild dilatation of the sinusoidal space, 3: few
in�ammatory cell in�ltrations, 4: in�ammatory cell in�ltration and mild congestion of central and portal veins, 5: sever portal in�ammation, 6:
centrilobular necrosis, 7: bundles of collagen, 8: intralobular degeneration, 9: advanced dilation of the sinusoidal space, 10: intense in�ammatory cell
in�ltration, 11: hepatocyte steatosis, 12: dysplastic hepatocytes, 13: focal necrosis, 14: severe bridging �brosis, and 15: hepatocyte ballooning).
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FIGURE 5
Histopathology of rats’ liver (Masson trichrome stain) from (A) normal rats treated for 4 weeks; (B) normal rats treated for 8 weeks; (C) methotrexate-
treated rats; (D) carbon tetrachloride-treated rats for 4 weeks; (E) CCl4-treated rats for 8 weeks; and (F) CCl4 + MTX-treated rats for 4 weeks; the scale
bar is 100 microns, (CV = central vein, PV = portal vein, FB = �brous band, and FT = �brous tissue).
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FIGURE 6
Immunohistochemistry results of Bcl-2 on hepatic tissues from (A) normal rats treated for 4 weeks; (B) normal rats treated for 8 weeks; (C)
methotrexate-treated rats; (D) carbon tetrachloride-treated rats for 4 weeks; (E) CCl4-treated rats for 8 weeks; and (F) CCl4 + MTX-treated rats for
4 weeks.
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FIGURE 7
Immunohistochemistry results of NF-K� on hepatic tissues from (A) normal rats treated for 4 weeks; (B) normal rats treated for 8 weeks; (C)
methotrexate-treated rats; (D) carbon tetrachloride-treated rats for 4 weeks; (E) CCl4-treated rats for 8 weeks; and (F) CCl4 + MTX-treated rats for
4 weeks.
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FIGURE 8
Variations in the levels of biochemical parameters in the normal and treated rats. (A) Analysis of catalase; (B) analysis of GSH; (C) analysis of SOD; (D)
analysis of MDA; (E) analysis of carbonyl content; and (F) analysis of protein content. # = signi�cantly different compared to the normal group, * =
signi�cantly different compared to the MTX group, $ = signi�cantly different compared to the CCl4 (4 weeks) group, and @ = signi�cantly different
compared to the CCl4 (8 weeks) group. Results are presented as mean ± SEM (n = 14).
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3.13 Mortalities between treatment groups

As shown in Figure 10B, the mortality rates varied between the
differently treated animal groups. There were no mortalities in the

normal groups (4 and 8 weeks). The MTX group had a mortality rate
of about 29%. The i.p. administration of CCl4 for 4 weeks caused a
mortality rate of about 21%, which increased to 43% in the CCl4
(8 weeks) group. However, when the previously administered doses

FIGURE 9
Variations in the levels of hepatic liver enzymes (A, B) and in�ammatory cytokines (C– F) in the normal and treated rats. # = signi�cantly different
compared to the normal group, * = signi�cantly different compared to the MTX group, $ = signi�cantly different compared to the CCl4 (4 weeks) group,
and @ = signi�cantly different compared to the CCl4 (8 weeks) group. Results are presented as mean ± SEM (n = 14).
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of both MTX and CCl4 were reduced by 50% and simultaneously
injected, the mortality rates were reduced to about 14% of those of
the treated animals.

3.14 The yield of animals with cirrhotic liver

In this study, the i.p. administration of MTX or CCl4 (4 weeks) did
not cause any cirrhotic liver changes. However, the i.p. administration
of CCl4 for 8 weeks induced cirrhotic liver changes in about 43% of
treated animals. The combined administration of MTX with CCl4
(4 weeks) remarkably increased the percentage of cirrhotic animals
to more than 80%, as shown in Figure 10C.

3.15 Effect of different treatments on hepatic
content of hydroxyproline

The hydroxyproline concentration in the hepatic tissue of
normal groups was found to be about 1.44 mg/g of protein. The
i.p. administration of MTX and CCl4 (4 weeks) signi�cantly (p <
0.05) increased the hydroxyproline concentration to 6.15 mg/g of
protein and 5.55 mg/g of protein, respectively. The
i.p. administration of CCl4 for 8 weeks also signi�cantly increased
the hydroxyproline concentration, compared to the normal group,
up to 8.79 mg/g of protein. However, this concentration was
signi�cantly (p < 0.05) lower than the concentrations found in
the MTX + CCl4 (4 weeks) group, as shown in Figure 10A.

FIGURE 10
Effect of methotrexate, carbon tetrachloride, and their combined administration on (A) hydroxyproline, (B) animal mortalities, and (C) percent of
animals with cirrhotic changes. # = signi�cantly different compared to the normal group, * = signi�cantly different compared to the MTX group, $ =
signi�cantly different compared to the CCl4 (4 weeks) group, and @ = signi�cantly different compared to the CCl4 (8 weeks) group. Results are presented
as mean ± SEM (n = 14).
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4 Discussion

Liver cirrhosis is a major health problem and one of the top
10 causes of death worldwide. It is a predisposing factor for hepatic
failure and HCC (Nartey et al., 2022). The underlying etiologies are
various, such as the administration of some drugs, viral infection, alcohol
consumption, fatty liver, and some autoimmune diseases. Hence, the
underlying mechanisms vary according to the causative agent (Ye et al.,
2022). Therefore, �nding a proper animal model of liver cirrhosis is
essential for the in-depth study of pathogenesis and a necessary means
for scientists to develop therapies to prevent and treat the disease.

Ideally, animal models should mimic all features of human liver
cirrhosis, including the underlying causes. However, there is
currently no single model that can justify all these criteria
(Tropskaya et al., 2020; Chen et al., 2021).

The CCl4 model is one of the most widely used chemically
induced cirrhotic animal models. It is standardized and easy to
conduct, but it has several drawbacks, including a long induction
time (at least 8 weeks), a high mortality rate, and a low yield of
animals that develop cirrhotic liver changes (Tropskaya et al., 2020).
Additionally, the CCl4 model induces hepatocyte necrosis rather
than apoptosis, which is commonly found in human patients.

Other models, such as high-fat diets, show more similarity to the
human pathology, but they take much longer than the CCl4 model to
induce cirrhotic changes and require speci�c transgenic animals.
Alcoholic induction of hepatic cirrhosis has been challenging to
induce in rodents due to minimal hepatic stellate cell activation and
�brosis (Tropskaya et al., 2020; Chen et al., 2021).

Therefore, the present study aimed to introduce a new cirrhotic
animal model that can yield a higher number of animals with
cirrhotic liver, be less time-consuming, and have a lower number
of mortalities. The presented model anticipated a synergistic hepatic
damaging effect that can lead to liver cirrhosis by the combined
administration of CCl4 and MTX.

The intraperitoneal (i.p.) administration of CCl4 induces hepatic
centrilobular necrosis by its reactive free radical metabolites, which
are generated by CCl4 metabolism via cytochrome P-450 2E1 in
centrilobular hepatocytes. This leads to the activation of hepatic
stellate cells (HSCs) as a wound healing response, followed by
hepatic tissue repair (Uehara et al., 2021). However, repeated
administration of CCl4 can induce continuous activation of
HSCs, leading to �brosis and cirrhosis if CCl4 is given for more
than 8 weeks (Shi et al., 2013).

In the present study, i.p. administration of CCl4 for 4 weeks
induced mild hepatic �brotic changes. These changes were more
noticeable with continuous administration of CCl4 for up to 8 weeks,
which resulted in mild cirrhotic liver changes, as shown by
histopathological examination of H&E and Masson’s trichrome
stain.

On the other hand, the combined administration of MTX with
CCl4 for 4 weeks showed a more prominent cirrhotic liver change
characterized by vascularized �brotic septa that linked different
portal tracts with each other and with hepatic central veins. This
produced hepatocyte islands surrounded by �brotic septa devoid of
a central vein in addition to apoptotic liver changes, which
mimicked human liver cirrhosis.

FIGURE 11
Schematic diagram of the proposed mechanisms by which CCl4 +MTX (half dose compared to other models) induced liver injury, in�ammation,
�brosis, and cirrhosis.
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One of the biggest challenges of the CCl4 model for induction of
experimental liver cirrhosis is the high mortality rate in animals,
increasing cost, and animal suffering (Regimbeau et al., 2008;
Tropskaya et al., 2020). In the present study, the mortality rate in
the CCl4 (8 weeks) group was found to be about 43%. To overcome
this challenge, we used half doses of CCl4 and MTX and
administered them in combination. We found a signi�cant
reduction in mortality, which was about 14%.

Using CCl4 for 8 weeks as a model to induce liver cirrhosis
always has a low to moderate yield of animals with cirrhotic liver
(Fortea et al., 2018). This was consistent with our �ndings, as we
found that only about 50% of animals in the CCl4 (8 weeks) group
had cirrhotic liver changes. On the other hand, the combined
administration of CCl4 with MTX yielded about 83% of animals
with cirrhotic liver.

CCl4 is metabolized in the liver to a highly reactive chemical
called the trichloromethyl radical. This radical can damage cells by
reacting with nucleic acids, proteins, and lipids. This damage can
lead to a variety of problems, including lipid peroxidation, decreased
membrane permeability, and generalized hepatic damage
characterized by �brotic and cirrhotic liver changes (Dong et al.,
2016).

In the present study, we found that intraperitoneal (i.p.)
administration of CCl4 for 8 weeks signi�cantly increased the
hepatic tissue content of both MDA and carbonyl content, which
are metabolites of lipid peroxidation and protein peroxidation,
respectively. These changes are crucial features of liver �brotic
and cirrhotic changes. Furthermore, we found a substantial
increase in the hepatic tissue concentrations of MDA and
carbonyl protein when MTX was co-administered with CCl4,
which suggests that MTX and CCl4 have a synergistic effect on
liver �brosis and cirrhosis.

Accumulating evidence suggests that in�ammatory cytokines play a
major role in the progression of liver cirrhosis (Dirchwolf and Ruf,
2015). Studies have proposed that tumor necrosis factor-alpha (TNF-�),
produced by Kupffer cells and macrophages, plays a key role in the
pathogenesis of liver cirrhosis. TNF-� can accelerate liver progenitor cell
(LPC) transformation and expansion by inducing chromosomal
instability in LPCs and promoting their self-renewal, which drives
the conversion of LPCs into cirrhotic and cancerous cells (Yang and
Seki, 2015). Furthermore, TNF-� can act as a potent activator of the
proin�ammatory and proapoptotic pathways (Yang and Seki, 2015). In
the present study, the combined administration of MTX with CCl4 for
4 weeks induced an intense upregulation in the hepatic tissue content of
TNF-� compared to the CCl4 (8 weeks) group.

During hepatic injury, macrophages and in�ltrating blood cells
produce the following cytokines: IL-1�, IL-6, and NF-�B-p65. These
cytokines increase the expression of �-SMA, collagen I, and collagen
III in both human and animal models. This indicates that these
cytokines play a role in the activation of HSCs, which can lead to
�brotic and cirrhotic liver changes (Kong et al., 2012; Tian et al.,
2021).

Activated in�ammatory cells also stimulate the production of
�brogenic cytokines and growth factors, which further activate
HSCs. This plays an important role in the development of
hepatic cirrhosis (Koyama and Brenner, 2017).

Finally, it has been found that the serum or hepatic tissue levels
of IL-1B, IL-6, and NF-�B-p65 are directly proportional to the

cirrhotic score in animal models. This suggests that these cytokines
may be used as biomarkers for the diagnosis and monitoring of
hepatic cirrhosis (Koyama and Brenner, 2017).

Using immunostaining and ELISA techniques, we found that
both MTX and CCl4 (4 weeks) intraperitoneal (i.p.) administration
produced a marginal increase in the concentrations of TNF-�, IL-1�,
IL-6, and NF-�B p65 in�ammatory cytokines. However, when MTX
was co-administered with CCl4, there was a remarkable synergism
that caused an intense elevation of these cytokines, which were
signi�cantly higher than in the CCl4 (8 weeks) group. This suggests
that the combination of MTX and CCl4 has a pro-cirrhotic effect.

ROS are highly reactive molecules that can readily interact with all
cellular components of hepatocytes. ROS can cleave the phosphodiester
bonds in cellular RNA and DNA and induce lipid peroxidation, which
disrupts the membrane structure of hepatocytes and leads to necrosis
and programmed cell death (apoptosis) (Luangmonkong et al., 2018;
Abrahamovych et al., 2020).

In addition, ROS production contributes to �brogenesis by
increasing the production of cytokines, such as interleukin-6 (IL-6)
and tumor necrosis factor-alpha (TNF-�), which leads to hepatic injury
(Luangmonkong et al., 2018). This was consistent with our �ndings.

In the present study, we found that coadministration of CCl4
and MTX signi�cantly decreased the activity of the antioxidant
enzymes SOD and catalase, depleted the tissue content of GSH, and
increased the production of the pro-oxidant nitric oxide. This led to
the development of intense hepatic oxidative stress.

Previous studies have shown that CCl4 can induce hepatocellular
cirrhosis by inducing the production of ROS and depleting
antioxidant enzymes (Abdelghffar et al., 2022). MTX can also
induce hepatotoxicity by generating ROS and nitrogen species,
which can inhibit cytosolic NADP-dependent dehydrogenase and
NADP malic enzyme, depleting GSH, SOD, and catalase hepatic
reserves (Roghani et al., 2020). These �ndings are consistent with
our results.

Bcl-2 family proteins are a major regulator of cellular apoptosis and
are identi�ed as anti-apoptotic proteins. Bcl-2 can protect hepatocytes
from death induced by different insults, such as ROS and xenobiotics
(Song et al., 2020). Furthermore, Bcl-2 depletion was found to play a
signi�cant role in the development of liver �brosis, as activated HSCs
are resistant to most proapoptotic stimuli due to high Bcl-2 expression.
This was consistent with our �ndings, where we found nearly an
absence of the hepatic tissue content of Bcl-2 in the MTX + CCl4
group, while a signi�cant protein expression of Bcl-2 protein was
observed in the normal group, and the CCl4 (8 weeks) group
showed weak Bcl-2 protein expression (Song et al., 2020).

Quantitative biochemical methods are essential for determining the
degree of �brosis and cirrhosis in hepatic tissue when more precise data
are required (Cioarca-Nedelcu et al., 2021). Hepatic cirrhosis develops
mainly from the transformation of proline to procollagen by
posttranslational hydroxylation to hydroxyproline. Therefore, any
change in the hepatic tissue content of these amino acids is
correlated with the rates of collagen formation and can be used in
the assessment of the degree of liver cirrhosis (Gabr et al., 2017).

In the present study, the hepatic tissue content of hydroxyproline
was dramatically increased by the combined administration of MTX
with CCl4 for 4 weeks, which was signi�cantly higher than the other
treated groups. These results were consistent with our histopathological
observations using Masson’s trichrome stain.
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The present study established a new validated HPLC method for
the determination of methotrexate (MTX) in hepatic tissues to
examine the hypothesis that MTX can induce liver �brosis and
cirrhosis. The developed method used a micellar mobile phase to
enable direct injection of hepatic homogenate samples onto the
HPLC system without prior protein precipitation. The developed
method is distinguished by its use of small sample volumes, lack of
extraction procedure, use of micellar mobile phase, and direct
injection of samples onto the chromatograph. The ability to
measure MTX in small liver homogenate volumes will support
the �ndings of the study.

In this regard, CCl4 could augment the MTX effect on the liver
by increasing its hepatic tissue content via decreasing its hepatic
excretion. The study found that MTX hepatic storage was
signi�cantly increased by combined administration with
CCl4 compared to the CCl4 non-treated group. This suggests
that MTX cirrhotic effect was dramatically increased by CCl4.

5 Conclusion

The present study introduced a new experimental animal model
of liver cirrhosis that overcomes some major drawbacks of
previously developed models. In the presented model, the
mortality rate and time for induction were remarkably decreased,
along with a signi�cant increase in the number of animals with
cirrhotic liver (yield) compared to other chemically induced
methods (Figure 11). In addition, new pathological features that
mimic human cirrhosis were determined, which were not found in
previously described chemical methods. The present model can save
time, cost, and animal suffering compared to other chemically
induced methods.
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