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Abstract: This study evaluated the hepatoprotective poten-
tial of p-cymene (p-CYM) against two models of liver damage:
ethanol (EtOH)-induced hepatocellular injury and diethyl-
nitrosamine-carbon tetrachloride (DEN-CCly)-induced liver
fibrosis (LF). HepG2 cells were treated with p-CYM or sily-
marin (SIL) before exposure to 10% EtOH in order to induce
cellular injury. LF was induced in Sprague-Dawley rats using
a single dose of DEN followed by increasing doses of CCl, over
60 days. Rats were treated twice weekly with p-CYM or SIL
from day 21 to day 60. Results showed that p-CYM effectively
mitigated EtOH-induced cell death in HepG2 cells by enhan-
cing the activity of superoxide dismutase and glutathione
reductase. In vivo findings revealed that p-CYM attenuated

# Contributed equally.

* Corresponding author: Gideon F. B. Solre, Department of Chemistry,
Thomas J. R. Faulkner College of Science and Technology,

University of Liberia, Monrovia, Montserrado, Liberia,

e-mail: gideonfbsolre@gmail.com

Muhammad Atif, Muhammad Nasir Hayat Malik, Muhammad Ali,
Wagqas Younis, Hafiz Muhammad Bilal: Faculty of Pharmacy, The
University of Lahore, Lahore 54000, Pakistan

Tariq G. Alsahli, Sami I. Alzare: Department of Pharmacology, College
of Pharmacy, Jouf University, Sakaka, Aljouf 72341, Saudi Arabia

Khalid Saad Alharbi: Department of Pharmacology and Toxicology,
College of Pharmacy, Qassim University, Buraydah, Al-Qassim, 51452,
Saudi Arabia

Bader Alsuwayt: Department of Pharmacy Practice, College of
Pharmacy, University of Hafr Al-Batin, Hafr Al-Batin 31991, Saudi Arabia
Tahir Maqgbool: Institute of Molecular Biology and Biotechnology
(IMBB), The University of Lahore, Lahore 54000, Pakistan

Irfan Anjum: Shifa College of Pharmaceutical Sciences, Shifa Tameer-e-
Millat University, Islamabad 44000, Pakistan

Shah Jahan: Department of Immunology, University of Health Sciences,
Lahore 54000, Pakistan

Abdullah R. Alanzi: Department of Pharmacognosy, College of
Pharmacy, King Saud University, Riyadh, Saudi Arabia

ORCID: Gideon F. B. Solre 0000-0002-2861-0674

DEN- CCly-induced liver damage by preventing weight loss,
improving serum biomarkers (e.g., aspartate transaminase,
alanine aminotransferase, alkaline phosphatase, and bilir-
ubin), and reducing liver fibrotic changes. It also decreased
the expression of pro-inflammatory and pro-fibrotic markers
such as TNF-a, IL-1B, IL-6, TGF-B1, COL1A1, and TIMP-1.
Molecular docking further supported the experimental find-
ings, showing strong interactions between p-CYM and the
target proteins. These results indicate that the hepatoprotec-
tive effects of p-CYM are likely due to its combined anti-
oxidant, anti-inflammatory, and anti-fibrotic properties.

Keywords: p-cymene, HepG2, DEN- CCl4, liver fibrosis,
hepatoprotective, TGF-p1

1 Introduction

Liver fibrosis (LF) is a condition characterized by the
excessive accumulation of extracellular matrix (ECM) pro-
teins, primarily type I and III cross-linked collagens, which
form fibrous scars in response to chronic liver injury. This
scarring replaces damaged tissue and impairs liver func-
tionality [1]. LF typically results from two primary types of
chronic liver damage: hepatotoxic and cholestatic. Chole-
static damage occurs due to bile flow obstruction caused by
conditions such as primary and secondary biliary cholan-
gitis, sclerosing cholangitis, and biliary atresia [2]. Hepato-
toxic damage, on the other hand, is caused by factors such
as alcohol, carbon tetrachloride (CCl), paracetamol, and
metabolic syndrome, which lead to steatohepatitis and
chronic hepatocyte injury [3-5].

Alcohol consumption accounts for approximately 5%
of deaths worldwide, with the liver being the primary site
for ethanol (EtOH) metabolism [3]. EtOH is metabolized
into acetaldehyde, a toxic byproduct, which is further
broken down into acetate by acetaldehyde dehydrogenase
in liver mitochondria. However, acetaldehyde accumula-
tion and the production of ethyl esters of long-chain fatty
acids through non-oxidative metabolic pathways disrupt
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mitochondrial function, making the liver particularly vul-
nerable to alcohol-induced damage [5-7]. Similarly, CCl,
exposure can cause centrilobular hepatic necrosis. Both
EtOH and CCl, are metabolized by cytochrome P450 2E1
(CYP2E1), which generates reactive free radicals that con-
tribute to severe hepatotoxicity [4,5,8].

Despite advancements, treatment options for LF
remain limited. A variety of drugs, including thalidomide,
colchicine, corticosteroids, curcumin, glycyrrhizin, inter-
ferons, nitric oxide, resveratrol, silymarin (SIL), and sulf-
oadenosyl methionine, have gained attention for their
anti-fibrotic properties [9,10]. Glycyrrhizin has also shown
hepatoprotective effects in patients with sub-acute liver
failure, but additional controlled clinical trials are needed
[11]. Similarly, thalidomide, resveratrol, and curcumin
have demonstrated potential as preventive and thera-
peutic agents for liver diseases, though their effectiveness
across larger populations remains unproven. In cases of
end-stage liver disease, liver transplantation remains the
only definitive treatment, emphasizing the need for novel
therapeutic options to enhance patient outcomes [12].

Medicinal herbs have been used for centuries to treat
various diseases, and natural compounds derived from
plants continue to attract significant interest in modern
medicine [13,14]. One such compound, p-cymene (p-CYM), is
an alkyl-substituted aromatic compound with a wide range of
pharmacological properties, including antioxidant, anti-
inflammatory, antibacterial, antifungal, antiviral, anti-para-
sitic, anti-diabetic, and anticancer effects [15,16]. A recent
study highlighted that p-CYM enhanced the levels of anti-oxi-
dants and reduced inflammatory cytokines in hyperlipidemic
rats [17]. Given its reported anti-inflammatory activities and
diverse therapeutic potential, p-CYM has been hypothesized
to offer hepatoprotective benefits. This hypothesis was tested
using a human hepatoma (HepG2) cell line and an LF model
to assess its efficacy in mitigating hepatic damage and pro-
tecting liver function.

2 Materials and methods

2.1 Reagents

CCl, (Cat. No. 289116) and SIL (Cat. No. 65666-07-01) were
purchased from Sigma-Aldrich Company (St. Louis, MO,
USA). Diethylnitrosamine (DEN; Cat. No. 55-18-5) was pur-
chased from Rhawn Chemicals (Shanghai, China) and p-
CYM (Cat. No. 99-87-6) from Tokyo Chemical Industry
(Tokyo, Japan). All other chemicals used in this research
were of standard analytical quality.
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2.2 Culturing of HepG2 cells

HepG2 cell line was obtained from Cell and Tissue Culture
Laboratory (The University of Lahore). Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Cat. No.
D5030) supplemented with streptomycin (100 g/ml; Cat. No.
$9137), penicillin (100 units/ml; Cat. No. P3032), and 10% fetal
bovine serum (Cat. No. F4135) in a humidified incubator at
37°C. Subculturing was done when the cells attained a con-
fluency of 70-80%. Cells were washed with 1x PBS, and
adherent cells were detached with 1x trypsin (Cat. No.
T4799). The cellular detachment was verified using a phase-
contrast inverted microscope. The cell suspension was centri-
fuged at 2,000 rpm for 5min, and the obtained cell pellets
were resuspended in complete DMEM [18].

2.3 Cytotoxicity assessment of p-CYM
and EtOH

Cell viability assay was conducted to determine the optimal
concentrations of p-CYM and EtOH. Different concentra-
tions of EtOH (1, 3, 5, 8, and 10%) were prepared in com-
plete DMEM, and 1 M stock solution of p-CYM in DMSO (Cat.
No. D8418) was prepared. Several dilutions of p-CYM (10,
50, 100, 500, and 1,000 uM) were later formulated from 1 M
stock solution. HepG2 cells were seeded on a 96-well plate
and incubated at 37°C overnight. The next day, the medium
was removed, and the cells were washed with 1x PBS.
Various concentrations of EtOH and p-CYM (100 ul) were
introduced into the wells. Cell viability of the treated cells
was assessed using the 3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide (MTT) assay according to
the manufacturer’s protocol [19].

2.4 Determination of the hepatoprotective
effect of p-CYM

HepG2 cells were cultivated on 96- and 6-well plates, and
after overnight incubation, they were washed with 1x PBS
and pretreated with 100 pl of either SIL (200 pg/ml) or various
doses of p-CYM for 24h. Following p-CYM/SIL treatments,
cells were again rinsed with 1x PBS and subsequently treated
with 10% EtOH for 24 h. After EtOH injury, cells grown on a
96-well plate were subjected to the MTT, Trypan blue, crystal
violet, and PI staining assays. Cells grown on 6-well plates
were harvested in TRIZOL reagent for gene expression study,
while supernatants were collected for ELISA and anti-oxidant
assays [19].



DE GRUYTER

HepG2 cells were divided into the following groups (n = 3
in each group):
. Control: complete DMEM
. DMSO control: 0.1% DMSO dissolved in complete DMEM
. Disease control: 10% EtOH dissolved in complete DMEM
. SIL (200 pg/ml): 200 pg/ml SIL in complete DMEM
. P-CYM 10 pM: 10 uyM p-CYM in complete DMEM
. P-CYM 50 uM: 50 uM p-CYM in complete DMEM
. P-CYM 100 pM: 100 uM p-CYM in complete DMEM
. P-CYM 500 uM: 500 uM p-CYM in complete DMEM
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2.5 Cell viability assays

In order to calculate the cell viability of pretreated HepG2
cells, MTT and crystal violet assays were performed in
which different concentrations of the abovementioned
dilutions were tested on cells cultured in 96-well plates.

2.5.1 MTT assay

Pretreated cells were washed with 1x PBS followed by
3-4h of incubation with 100 ul of DMEM and 25pl of
MTT (Cat. No. M5655) solution. Formazan crystals were
solubilized with 10% sodium dodecyl sulfate (SDS), and
absorbance at 570 nm was measured using a microplate
reader. Percentage cell viability was calculated from the
mean absorbance values [18].

2.5.2 Crystal violet assay

Pretreated cells were rinsed with 1x PBS and treated with a
mixture of 0.1% crystal violet dye and 2% EtOH, followed
by incubation for 15 min at room temperature (RT). Wells
were thoroughly washed with 1x PBS, and the dye was
carefully disposed of to prevent cells from lifting out of
the wells. The stain was then solubilized by adding 100 pl
of 1% SDS to each well. Finally, the absorbance was mea-
sured at 595 nm using a microplate reader [18].

2.6 Dead cell detection

For dead cell detection, a trypan blue assay was performed.

2.6.1 Trypan blue staining

Trypan blue reagent was used to distinguish between live
and dead cells. Briefly, pretreated cells were washed three
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times with 1x PBS and subsequently stained with trypan
blue (Cat. No. T6146). The blue-stained cells were desig-
nated as dead, which were counted using a compound
microscope.

2.7 Antioxidant assays
2.7.1 Glutathione reductase (GSH) assay

GSH levels in the samples were quantified using the Bioassay
Technology Laboratory ELISA Kit (Cat. No. EA0142Hu).
Reagents, standard solutions, and samples were prepared
according to the kit’s instructions and equilibrated to RT prior
to use. For the assay, 50 pl of the standard solution was added
to the standard wells, and 40 pl of the sample was added to
the sample wells. Subsequently, 10 ul of anti-GSH antibody
was added to each well, followed by 50 ul of streptavidin-
HRP to the sample wells. The contents were mixed thor-
oughly, sealed with a plate sealer, and incubated at 37°C for
60 min. After incubation, the sealer was removed, and the
plate was washed five times using 300 pl of wash buffer per
well, with each wash lasting 30s to 1min. Following the
washes, 50 ul of substrate solution A and 50 pl of substrate
solution B were sequentially added to each well. The plate
was then incubated in the dark for 10 min at 37°C. After
incubation, 50 pl of stop solution was added to each well,
resulting in an immediate color change from blue to yellow.
The optical density (OD) of each well was measured immedi-
ately using a Bio-Rad microplate ELISA reader (Model
PR4100) set to a wavelength of 450 nm [20].

2.7.2 Superoxide dismutase (SOD) assay

SOD was measured using the ELISA Kit from Bioassay
Technology Laboratory (Cat. No. E4502Hu), and the same
procedure was adopted, as described for the GSH assay.

2.8 Animals used

Male Sprague-Dawley rats weighing 150-200 g were pur-
chased from the University of Veterinary and Animal
Sciences (Lahore, Pakistan). Animals were kept under stan-
dard conditions (temperature: 22 + 2°C and humidity: 60 *
10%) with a 12h light and dark cycle at the Animal House of
the Faculty of Pharmacy (The University of Lahore). All the
animals were given free access to food and water throughout
the adaptation and experimental period. This study was per-
formed in accordance with ARRIVE guidelines.
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Ethical approval: The research related to animal use has
complied with all the relevant national regulations and
institutional policies for the care and use of animals and
has been approved by the Institutional Research Ethics
Committee (IREC) of the Department of Pharmacology,
Faculty of Pharmacy, The University of Lahore, Lahore,
Pakistan (Approval Number: IREC-2022-46).

2.9 LF experimental design

Animals were randomly divided into five groups (n = 4 in
each group): control, disease (CCly), standard (SIL), and
treatment (p-CYM) groups. The control group received
twice a week intraperitoneal (i.p.) injection of olive oil
(0.5ml/kg). LF was induced using a single dose of DEN,
followed by increasing doses of CCl, for 60 days (D).
Briefly, a day after DEN administration, CCl, (0.5 ml/kg)
was injected intraperitoneally (i.p.) twice a week for 40D.
On D41, animals were treated twice a week with 1 ml/kg of
CCl, for 18 D, i.e., D41-D58, which was later increased to
2 ml/kg for the last 2 days, i.e., D59-D60. To investigate the
protective effects of p-CYM and SIL, animals were treated
with SIL (100 mg/kg) and p-CYM (50 and 100 mg/kg) twice a
week from D21 to D60. On D60, the body weights of animals
were measured, and later, they were sacrificed by intra-
peritoneal injection of pentobarbital sodium (200 mg/kg) to
collect blood and liver samples for subsequent biochem-
ical, histopathological, and RT-qPCR analyses. Care was
taken to minimize the suffering of animals.

2.10 Biochemical and histopathological
analyses

Serum aspartate transferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase (ALP), and bilirubin
levels were measured using standard ELISA kits. Liver
samples fixed in 10% buffered formalin were sectioned
using the paraffin embedding technique and stained with
hematoxylin and eosin for histopathological analysis.

2.11 Real-time PCR analysis

Total RNA was isolated from liver samples using the Trizol
method, which was later reverse-transcribed using the
WizScript ¢cDNA Synthesis Kit (Wizbio solutions, New
Mexico, USA; Cat. No. W2202). The relative transcript levels
of genes were measured by the AACr method using Zokeyo
2xSYBR Green PCR mixture (Cat. No. HPR012-01). The
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following PCR conditions were used to measure the CT
values: initial denaturation was carried out at 94°C for
2min, followed by 40 cycles of denaturation at 94°C for
1min, annealing at 60°C for 30s, and elongation at 72°C
for 15 s. Hypoxanthine guanine phosphoribosyltransferase
(HPRT) was used as an internal standard. A list of primers
(Macrogen, South Korea) used in the study is provided in
Table S1.

2.12 Molecular docking analysis

2.12.1 Retrieval of tumor necrosis factor-alpha (TNF-a)
and matrix metalloproteinase-1 (MMP-1)
structures from Protein Data Bank

The three-dimensional (3D) structures of human TNF-a and
MMP-1 were obtained from the Protein Data Bank (PDB)
using PDB IDs 2AZ5 and 4AUO, respectively. The target
proteins were prepared for docking analysis using the
Autodock Tool program. Proteins were reduced in energy,
given Gasteiger charges, and saved in a pdbqt format.
Discovery Studio 4.1 Client (2012) was used to generate
Ramachandran plots. VADAR 1.8 was used to access the
protein architecture and statistical percentages of helices,
B-sheets, coils, and turns [21].

2.12.2 Ligand molecular docking

P-CYM was drawn in Discovery Studio Client and saved in a
pdb format as a ligand. The most stable conformation of
the ligand was prepared using Autodock Tools. The Kolman
and Gasteiger charges were added before the ligand was
saved in a pdbqt format. The synthetic ligand (p-CYM) was
subjected to a molecular docking experiment using PyRx’s
virtual screening tool and the Auto Dock VINA Wizard
method [22].

2.13 Statistical analysis

Data of 3-4 biological replicates were presented as the
mean + SD and were analyzed by one-way ANOVA fol-
lowed by Tukey’s multiple comparison test. Statistical ana-
lyses were performed using Graph Pad Prism 8.0 software
(Graphpad Software, Inc., San Diego, USA). A probability of
less than 0.05 was considered significant. The level of sig-
nificance was expressed as *** < 0.001, ** < 0.01, * < 0.05.
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3 Results

3.1 P-CYM treatment did not alter the
viability of HepG2 cells

The cytotoxicity of p-CYM in HepG2 cells was assessed
using the MTT assay to determine its safe and tolerable
concentrations. HepG2 cells were treated with increasing
concentrations of p-CYM (10, 50, 100, 500, and 1,000 pM) for
24h to evaluate its impact on cell viability. The assay
results demonstrated that p-CYM did not significantly
affect cell viability at lower concentrations, specifically
10, 50, 100, and 500 puM, indicating that these doses are
non-toxic to the cells and can be considered safe for further
experimental use. However, at a concentration of 1,000 puM,
p-CYM exhibited cytotoxic effects, as evidenced by a signif-
icant reduction in cell viability. These findings suggest that
while p-CYM is generally well tolerated at moderate doses,
high concentrations may compromise cellular health,
emphasizing the importance of dose optimization for its
potential therapeutic applications (Figure S1).

3.2 Cytotoxic effects of EtOH in HepG2 cells

To determine the toxic effects of EtOH on HepG2 cells, the
cells were exposed to increasing concentrations of EtOH (ran-
ging from 1 to 10%) for a duration of 24 h. Cell viability was
then assessed to evaluate the extent of toxicity. At lower con-
centrations, specifically between 1 and 4%, EtOH did not
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induce any significant reduction in cell viability. This suggests
that these concentrations are relatively safe and do not cause
notable cellular damage. However, as the concentration of
EtOH increased, a gradual decrease in cell viability was
observed. At 6% EtOH, the reduction in cell viability was
minimal, but it became more pronounced at 8%. The most
substantial decline in cell viability occurred at the highest
concentration tested, 10% EtOH, where cell viability dropped
by over 50%. This indicates that EtOH has a dose-dependent
toxic effect on HepG2 cells, with significant cellular damage
occurring at concentrations of 8% and 10%. These findings
suggest that high concentrations of EtOH can induce severe
cytotoxicity, potentially through mechanisms like oxidative
stress or disruption of cellular functions (Figure S2).

3.3 P-CYM protected against EtOH-induced
toxicity in HepG2 cells

The cytoprotective effects of p-CYM against EtOH-induced
cell injury were investigated by treating HepG2 cells with
various concentrations of p-CYM (10, 50, 100, and 500 uM)
prior to EtOH exposure. EtOH exposure significantly
reduced cell viability by approximately 50% compared to
the p-CYM- and SIL-treated groups, demonstrating the toxic
impact of EtOH on liver cells. However, pretreatment with
p-CYM at concentrations ranging from 10 to 500 uM
resulted in a dose-dependent attenuation of EtOH-induced
cytotoxicity. The protective effect of p-CYM was most pro-
minent at 500 uM, where it demonstrated cytoprotective

MTT
Control
- = DMSO control
*‘E'* . A a Disease control
Y SIL 200 (ug/ml)
| p-CYM 10 uM

$ p-CYM 50 puM
= p-CYM 100 uM
4 p-CYM 500 pM

(a) MTT (b)
0.6 120-
P T 100-
_l,“ . * kK /\;
(O] | i : e A
8 04 | - 80
ks =
= | S 60
8 - =
<< 0.2 © 40-
O
20
0.0 0

Figure 1: Cytoprotective effects of p-CYM against EtOH-induced damage in HepG2 cells. (a) The absorbance of MTT dye was measured. (b) Percentage
cell viability was measured from the absorbance values. Pre-treatment of p-CYM (50, 100, and 500 pM) significantly reduced EtOH toxicity compared to
the disease control group. *** < 0.001, ** < 0.01, * < 0.05 (treated groups vs disease group); one-way ANOVA followed by Tukey’s multiple comparison

test; n = 3.
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Trypan blue
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= DMSO control

;\3 * a Disease control
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S . p-CYM 50 pM
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Figure 2: P-CYM reduced EtOH-induced cell death. Trypan blue staining
showed an increased cell death with EtOH treatment. P-CYM and SIL
treatments significantly reduced EtOH-induced cell death in HepG2 cells.
*** <0.001 (treated groups vs disease group); one-way ANOVA followed
by Tukey’s multiple comparison test; n = 3.

effects comparable to those of SIL, a well-known hepato-
protective agent (Figure 1).

To further assess the impact of p-CYM on cell viability,
a crystal violet assay was performed, showing a reduction
in cell viability of around 40% upon exposure to EtOH,
which aligns with the initial findings. However, p-CYM
treatment was able to effectively restore cell viability in
a significant manner, suggesting its potential to counteract
EtOH-induced damage. Interestingly, the cellular growth
observed in the p-CYM-treated group was even more pro-
nounced than in the SIL-treated group, indicating that p-
CYM might have a stronger or more favorable effect on
promoting cell recovery and proliferation after ethanol-
induced injury. These results highlight the strong protective
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and restorative capabilities of p-CYM, positioning it as a
promising agent for preventing or mitigating liver damage
caused by EtOH (Figure S3).

3.4 P-CYM prevented EtOH-induced cell
death

The Trypan blue assay was used to assess cell death in
HepG2 cells following exposure to EtOH. The results
showed that EtOH induced cell death in more than 50%
of the HepG2 cells, confirming its toxic effects on the cells.
However, pretreatment with p-CYM demonstrated a dose-
dependent reduction in cell death compared to the disease
control group. At concentrations of 500 uM, its cytoprotec-
tive effects were even more pronounced than those
observed in the SIL-treated group. This indicates that p-
CYM not only reduced cell death but also showed superior
efficacy in protecting HepG2 cells from EtOH-induced toxi-
city, highlighting its potential as a more effective thera-
peutic agent compared to SIL (Figure 2).

3.5 P-CYM attenuated EtOH-induced
oxidative stress and transcript levels of
inflammatory and fibrotic modulators

SOD and GSH activity increased in p-CYM- and SIL-treated
groups compared to the disease group showing that p-CYM
reduced oxidative stress induced by EtOH. Moreover,
higher doses of p-CYM displayed more potent effects com-
pared to SIL (Figure 3). The relative mRNA expression of

(a) SOD (b) GSH
Control
150 — 80—
= DMSO control
= : E . » Disease control
£ oo = 50 P W & SIL 200 (ug/ml)
o KRk s
- " " = p-CYM 10 uM
= g 407 i p-CYM 50 uM
g 50- ) g L = p-CYM 100 uM
o S 20—
ﬂ ; S » p-CYM 500 M
0 0

Figure 3: P-CYM prevented EtOH-induced oxidative stress by inducing anti-oxidants. P-CYM and SIL induced the levels of SOD (a) and GSH (b).
*** < 0.001 (treated groups vs disease group); one-way ANOVA followed by Tukey’s multiple comparison test; n = 3.
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biomarkers, including TNF-q, transforming growth factor-
betal (TGF-f1), interleukin-6 (IL-6), glutathione peroxidase-
7 (GPX-7), collagen type 1 (COL1A1), MMP-1, and tissue
inhibitor of MMP-1 (TIMP-1) were assessed to examine
the molecular mechanism behind the hepatoprotective
activity of p-CYM. The findings of this study showed that
p-CYM significantly reduced the expression rate of the
abovementioned biomarkers. These findings were equiva-
lent to the standard drug “SIL.” In contrast to the treated
groups, the expression rate of these biomarkers was higher
in the disease group, which could be ascribed to toxicity
induced by EtOH. The hepatoprotective role of p-CYM can
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be ascribed to the down-regulation of inflammatory and
fibrotic markers (Figure 4).

3.6 P-CYM prevented CCl,-induced weight
reduction and protected against CCl,-
induced liver damage

One of the characteristics of chronic liver illness is weight
loss, which may be caused by the liver’s metabolic dysfunc-
tion and a decrease in bile production, which in turn leads
to a reduction in lipid emulsification and absorption [2,23].

TNF-a TGF-B1 IL-6 Control
10— 20- < 107 ® Disease control
5 5 S 4 SIL 200pg/ml
2 " @ 15 2 p-CYM 50pM
S 6 S g o + p-CYM 100uM
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g 47 - *xE g o g 4 b ° p u
® & 5 P S 5 - .
B 2_ *EE **;% & Laid | é & T L 4 e
o " A x 2t 0 WL ;_ 0 =
GPX-7 COL1A1 TIMP-1
40 8- c 15+
S . 5 S
@ ® 6 ?
o o 0 104
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5" 8+ 5
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Figure 4: P-CYM displayed hepatoprotective effects by reducing transcript |

evels of TNF-a, TGF-B1, IL-6, GPX-7, COLTAT, MMP-1, and TIMP-1. *** < 0.001

(treated groups vs disease group); one-way ANOVA followed by Tukey’s multiple comparison test; n = 3.
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The present findings also revealed that CCl, reduced the body
weight of rats, which was restored by treatment with SIL and
p-CYM. Interestingly, the highest dose of p-CYM restored the
body weight to normal levels, and this effect was much more
prominent than in the SIL-treated group (Figure S4). More-
over, increased LFT levels reflect a variety of aberrant liver
activities, including (a) hepatocellular instability, (b)
decreased bile synthesis, and (c) altered protein synthesis,
and are therefore indirect indicators of LF [2,23,24]. In current
study, the exposure to CCl, also led to increased levels of ALP,
AST, ALT, and bilirubin, signaling liver damage. However, SIL
and p-CYM treatment reduced these elevated markers, indi-
cating their hepatoprotective effects (Figure S5).

3.7 Histopathological and real-time PCR
analyses revealed anti-fibrotic effects of
p-CYM

The liver tissue samples of the disease group showed
fibrotic scarring enriched with collagen and swollen

Arrow: Normal hepatic cords
Blue arrows: Inflammatory cells
Arrow head: Connective tissue

cCl4

Control

AT
380
<35

[ s { sy

SRR Y
&3;. R fﬁ;‘j’é e -

R S

Star: Normal hepatic cord
Arrow head: Vein

p-CYM (50 mg/kg)
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hepatocytes. Treatment with SIL showed mild infiltration
of inflammatory cells, while p-CYM (50 mg/kg)-treated
tissue appeared normal with mild swelling of hepatocytes.
At a higher dose (100 mg/kg), p-CYM did not display any
inflammation or scarring, and the tissue also had a normal
appearance. The above findings clearly indicated the protec-
tive effects of p-CYM against DEN-CCly-induced LF (Figure 5,
Table S2). RT-qPCR findings also demonstrated that CCl,
induced transcript levels of pro-fibrotic markers (TIMP-1,
IL-1B, COL1A1, and TGF-B1) and reduced anti-fibrotic markers
(MMP-1). Treatment with SIL and p-CYM restored these mar-
kers, indicating their anti-fibrotic effects (Figure 6).

3.8 P-CYM displayed strong binding affinity
with TNF-a and modest affinity with
MMP-1

The affinity between the ligands and protein targets was
examined by molecular docking. The docking analysis was

Star: Normal hepatocytes
Arrow head: Vein

SIL (100 mg/kg)

Star: Normal hepatic cord
Arrow head: Vein

p-CYM (100 mg/kg)

Figure 5: Histopathology of liver samples displayed anti-fibrotic effects of p-CYM.
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Figure 6: Modulation of pro- and anti-fibrotic markers by p-CYM. P-CYM and SIL reduced the transcript levels of TIMP-1, IL-18, COL1A1, and TGF-$1 and
induced MMP1, indicating its anti-fibrotic effects. *** < 0.001, ** < 0.01, and * < 0.05 (treated groups vs disease group); one-way ANOVA followed by
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conducted using the AutoDock Vina [22] tool and PyRx [25]
user interface. The best-docked posture complex and pro-
tein’s affinity were evaluated using the E-value (kcal/mol).
It offered a prediction of the binding constant and free
energy for docked ligands. Usually, if the binding energy
is more negative, stronger is the interaction between
ligand and target protein. P-CYM’s docking tests displayed
strong binding interactions with TNF-a and MMP-1, and the
results were in line with the pharmacological effects. The
binding energies of p-CYM with TNF-a and MMP-1 were
-6.1 and -5.4 kcal/mol, respectively. These findings indicate
that p-CYM-induced anti-fibrotic effects could be due to
direct interaction with TNF-a and MMP-1 (Figure 7).

4 Discussion

LF is a critical stage in the progression of chronic liver
disease, occurring after the initial development of fatty
liver disease. If left untreated, LF leads to significant liver
damage, where the liver tissue undergoes structural
changes, resulting in shrinkage and the formation of

nodules, a condition known as cirrhosis. The progression
from LF to cirrhosis and potentially to hepatocellular car-
cinoma (HCC) underscores the importance of targeting LF
as a key therapeutic intervention to prevent further liver
damage and mitigate the risk of life-threatening complica-
tions [26]. Despite its critical role in the progression of liver
disease, LF remains a major clinical challenge due to the
lack of effective treatments that can fully reverse or sig-
nificantly alleviate fibrosis once it has developed. Cur-
rently, available therapies are limited in their ability to
halt or reverse the fibrotic process, and no universally
accepted treatment can cure or effectively manage LF on
a long-term basis. This highlights the urgent need for the
development of new, more effective therapies that can
address LF at its core, prevent progression to cirrhosis,
and reduce the risk of developing HCC.

In this study, we elucidated the cytoprotective ability
of p-CYM against EtOH-induced injury in HepG2 cells and
its anti-fibrotic potential against DEN-CCl -induced LF in
rats. Chronic consumption of EtOH accelerates liver
damage, contributing to a range of liver diseases, such as
cirrhosis, HCC, alcoholic hepatitis, and alcoholic steatosis
[27,28]. High levels of EtOH intake induce oxidative stress
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Figure 7: Binding interactions of p-CYM with TNF-a and MMP-1. 2D and 3D representation of binding interactions of p-CYM with the amino acid

residues of the binding site of MMP-1 (a) and (b) and TNF-a (c) and (d).

and fat accumulation in hepatocytes, leading to liver
injury. Reactive oxygen species (ROS) play a central role
in oxidative stress-induced cell death [29,30]. Studies have
shown that excessive ROS production in the liver causes
abnormal protein expression, oxidative DNA damage, and
disruption of cell membranes, worsening liver function
[31,32]. To prevent the progression of alcoholic liver disease
(ALD), reducing EtOH-induced oxidative stress and fat
buildup in the liver could be beneficial [33]. In addition
to EtOH, DEN and CCl; are commonly used in animal
models to induce LF. In both wild-type and transgenic
animal models, administration of DEN and CCl, for 3-4
weeks causes centrilobular and periportal LF. CCly specifi-
cally activates macrophages and hepatic stellate cells
(HSCs), triggering the upregulation of pro-fibrotic media-
tors and increasing ROS generation. This leads to fibrogen-
esis and cirrhosis, primarily driven by the overproduction
of TGF-B [26]. The key features of DEN-CCly-induced LF
include weight loss, increased LFTs, and fibrotic changes
in the liver [23,24]. These findings highlight the importance
of targeting oxidative stress and fibrotic pathways to pre-
vent or treat ALD and associated liver damage.

Moreover, studies have shown that anti-oxidants alter
the redox state of the cell and reduce the generation of free
radicals. Some of these agents include vitamins E and C,
N-acetylcysteine (NAC), mitoquinone, and polyenylpho-
sphatidylcholine. Vitamin E stabilizes the free radical com-
pounds by forming complexes with the unpaired electrons
and prevents the activation of HSCs [34]. In a small open-
label study, vitamin E treatment (1200 IU/day) for 8 weeks
stopped the fibrogenesis cascade in six patients who were
refractory to interferon. This was demonstrated by
decreased levels of malonaldehyde and reduced activation
of HSCs [34]. Similarly, a moderate reduction in serum ALT
to 63 U/l from baseline levels of 73 IU/1 was observed in 17
patients who received vitamin E treatment (500 mg/day)
for three months [35]. Previous studies report that humans
experience severe functional and structural alterations
after ingesting EtOH, which disrupts metabolism. GSH
and SOD depletion occurs in case of EtOH exposure owing
to their rapid utilization by ROS [36,37].

In our study, several assays also suggested that pre-
treatment of HepGz2 cells with p-CYM significantly reduced
EtOH-induced oxidative stress and cell death. The present



DE GRUYTER

findings indicated that pre-treatment with p-CYM pre-
vented the decrease in GSH and SOD levels in HepG2 cells.
The restoration of the intracellular GSH and SOD levels in
HepG2 cells pre-exposed with p-CYM indicated that increased
amounts of EtOH-induced ROS could be scavenged, which
subsequently resulted in reduced cellular damage. Further-
more, the pathological changes associated with DEN-CCl,-
induced LF were significantly reduced by p-CYM, illustrating
its beneficial effects in the resolution of LF.

In order to elucidate the possible molecular
mechanism behind the hepatoprotective effects of p-CYM,
we assessed the transcription levels of several pro- and
anti-fibrotic biomarkers. Studies have revealed that pro-
inflammatory mediators are crucial to the process of fibro-
genesis, and those who suffer from chronic liver conditions
have elevated IL-1f levels in their serum [38,39]. IL-1 is
currently regarded as a key regulator of tissue injury and
inflammation in chronic liver disorders because of its cri-
tical role in the transformation of steatosis into steatohe-
patitis and LF [40-42]. Our tested compound, p-CYM,
showed potential anti-fibrotic properties by significantly
reducing mRNA expression of IL-1f in rats.

Other cytokine family members that promote both
acute and chronic inflammation in the liver include TNF-
a and IL-6 [43-45]. The IKK and JNK pathways are activated
by TNF receptor interactions by bringing in the adaptor
molecules [46]. IKK phosphorylates IkB and p65, resulting
in NF-xB activation [47]. Increased JNK activity tips the
scales in favor of cell death by causing the E3 ligase to be
phosphorylated, followed by the ubiquitination and degra-
dation of the NF-xB-regulated caspase-8 inhibitor “c-Flip.”
Prolonged activation of JNK necessitates TNF-o-induced
ROS generation and moves the balance toward cell death
[48]. Moreover, liver inflammation caused by EtOH is
believed to be exacerbated by the pro-inflammatory cyto-
kine IL-6, which plays a critical role in the progression of
liver damage [49-51]. Elevated levels of IL-6 have been
linked to the activation of several downstream signaling
pathways, including the Janus kinase (JAK)/signal trans-
ducer and activator of the transcription 3 (STAT3) pathway.
This pathway is a key mediator of LF and contributes to the
chronic inflammatory environment associated with ALD.
The activation of JAK/STAT3 by IL-6 leads to the transcrip-
tion of target genes involved in fibrosis, inflammation, and
cell survival, promoting the persistence of HSC activation
and ECM deposition. This cascade not only worsens liver
inflammation but also accelerates the progression of
fibrosis, thereby playing a pivotal role in the pathogenesis
of EtOH-induced liver injury [52]. Our study also revealed
an increased expression rate of these biomarkers in EtOH-
intoxicated HepG2 cells, and p-CYM effectively reduced the
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transcript levels of TNF-a and IL-6, reiterating its protec-
tive mechanism.

TGF-B1 is another significant regulator of liver cell
growth and plays a role in the progression of chronic liver
damage [53]. Numerous studies have shown that EtOH-
induced inflammation results in the production of TGF-
B1, which is thought to be crucial for the pathophysiology
and development of ALD [54]. One of the primary proteins
that promotes fibrogenesis is TGF-B1, which stimulates HSC
and causes them to activate and produce ECM proteins [55].
Previous studies have indicated that LF is associated with
high levels of TGF-B1 and COL1A1 expression, and the collagen
deposition increases as the fibrosis progresses [56-59]. In the
present study, we also witnessed increased levels of TGF-B1
and COL1A1 in EtOH- and DEN-CCly-induced hepatic damage,
while p-CYM significantly reduced these biomarkers, illus-
trating its anti-fibrotic effect.

TIMP and MMP proteins normally exist in equilibrium
in healthy tissue; however, due to chronic liver damage,
TIMP-1 levels increase than MMP-1 levels, which results in
inhibition of ECM breakdown [60,61]. Advanced stages of
LF include almost six times the normal amount of ECM,
which includes proteoglycans, fibronectin, elastin, laminin,
hyaluronan, and collagens I, III, and IV. Both increased
synthesis and decreased degradation lead to the accumula-
tion of ECM proteins [62]. The primary cause of the
decreased activity of ECM-removing MMPs is the overex-
pression of their particular inhibitors (TIMPs). The break-
down of ECM proteins and programmed cell death of HSCs
are the mechanisms underlying the MMP-derived inhibi-
tion of the fibrogenic response [63,64]. In this study, we
also witnessed a reduction in TIMP-1 and induction in
MMP-1 levels upon treatment with p-CYM, indicating that
p-CYM has the ability to reduce fibrogenic response by
promoting ECM degradation.

Overall, this study highlights the therapeutic potential
of p-CYM against EtOH- and CCls-induced hepatotoxicity,
suggesting its viability as a protective agent against liver
damage. Despite its promise, one key limitation of p-CYM,
like many natural compounds, may be its relatively low
bioavailability, which can restrict its therapeutic efficacy.
To address this challenge, future research could focus on
developing a nanoformulation of p-CYM.

Nanoformulations have emerged as a cutting-edge
approach in drug delivery, particularly for compounds
that face challenges related to solubility, stability, or tar-
geted delivery. By incorporating p-CYM into nanocarriers,
its bioavailability can be significantly improved, ensuring
more effective systemic circulation and cellular uptake.
Moreover, nanomaterials offer several distinct advantages
that make them highly suitable for this purpose. These
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include their large drug-loading capacity, which allows for
the encapsulation of significant amounts of therapeutic
agents, and their surface modification capabilities,
enabling the development of targeted delivery systems.
Such targeted systems could direct p-CYM specifically to
the liver, minimizing off-target effects and enhancing ther-
apeutic precision. Additionally, nanocarriers can offer con-
trolled release profiles, ensuring sustained therapeutic
levels of the drug over time [65-67].

Given the substantial progress in the field of nanotech-
nology, this approach could transform p-CYM from a pro-
mising natural compound into a highly effective therapeutic
agent. Future investigations could explore various nanocar-
rier systems, such as liposomes, polymeric nanoparticles, or
lipid-based nanocarriers, to identify the most suitable plat-
form for p-CYM delivery. Collectively, these advancements
could pave the way for the clinical translation of p-CYM as a
novel hepatoprotective therapy.

5 Conclusion

Based on in vitro findings, it can be concluded from this
study that EtOH intoxication in the HepG2 cell line induces
oxidative stress, inflammation, and collagen synthesis, as evi-
dent by reduced anti-oxidants (GSH and SOD) and increased
levels of inflammatory (IL-1f and TNF-a) and pro-fibrotic
(TGF-p1 and COL1A1) biomarkers. P-CYM protected HepG2
cells from EtOH-induced cell death owing to its anti-oxidant
and anti-inflammatory properties. Moreover, p-CYM also
reduced the levels of pro-fibrotic mediators under in vitro
settings. Similarly, under in vivo conditions, DEN- CCl,
induced oxidative stress and fibrosis, while treatment with
P-CYM effectively reversed pro-fibrotic effects of DEN—CCL,. In
a nutshell, it is conceivable from this study that the hepato-
protective effects of p-CYM could be attributed to its anti-
oxidant, anti-inflammatory, and ECM modulatory activities.
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