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Abstract

Chronic liver disease (CLD) progressively impairs liver function, leading to cirrhosis, which
has limited available treatments and a bleak prognosis. The current investigation aims to evaluate
the hepatoprotective potential of the methanolic extract of Praecitrullus fistulosus in mitigating
carbon tetrachloride (CCl,)-induced hepatic injury in a rat model. The methanolic P. fistulosus
extract was prepared, qualitatively analyzed for phytochemical composition, followed by assess-
ments of its total phenolic contents, total flavonoid contents and in vitro antioxidant activity.
The male albino rats (n=36) were assigned into six groups: normal control, CCl,-treated group,
standard group with silymarin and three treatment groups receiving P. fistulosus extract orally
at doses of 200, 400, and 600 mg/kg body weight, respectively, for 30 consecutive days. Except
for the normal control, all groups were co-administered with CCI, (1 mL/kg) intraperitoneally
every 72 hours. P. fistulosus extract has indicated the significant presence of flavonoids, phenols
and glycosides, further supported by the total phenolic content (TPC) of 1748 mg GAE/g, total
flavonoid content (TFC) of 1573 mg QE/g and potent antioxidant capacity. The hepatoprotective
potential of P. fistulosus extract was demonstrated by its ability to significantly reduce the eleva-
ted ALT, AST, ALP levels, oxidative stress markers, and pro-inflammatory cytokines compared
to the CCl,-treated group. A marked increase in serum protein levels, including total protein
and albumin, along with endogenous antioxidants such as total antioxidant capacity and catalase,
was observed. Lastly, histopathological findings indicated a substantial decline in cellular swell-
ing and tissue congestion in the P. fistulosus extract treated groups. These findings suggest that
P. fistulosus extract at doses of 400 mg/kg and 600 mg/kg possesses optimal hepatoprotective
properties by attenuating oxidative stress and markedly declining inflammation mediated by the
suppression of inflammatory cytokines, leading to reduced hepatocyte necrosis.
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Introduction

Chronic liver diseases account for 4% of global
deaths, claiming nearly two million lives annually
(GBD 2019 Diseases and Injuries Collaborators 2020).
This ranks it as the eleventh leading cause of mortality
worldwide (Griffin et al. 2023). Liver, being the most
metabolically active organ, is responsible for several
crucial processes, including protein and hormone
metabolism, synthesis, biotransformation and detoxifi-
cation (Mahadevan 2020). This increases the liver’s
susceptibility to injury from toxin exposure, drug abuse,
viral infection (Higuchi et al. 2003) and inflammation
caused by poor dietary habits and excessive alcohol
consumption (Nivukoski et al. 2020). Furthermore,
oxidative stress, mitochondrial insult and immune dys-
regulation accelerate the pathogenesis of liver injury
(Yu 2021). Although fibrosis is regarded as a general
reaction to ongoing liver injury, yet liver anomalies
rapidly progress from fibrosis to cirrhosis. Advanced
stage cirrhosis is irreversible, with adverse clinical
effects and poor prognosis (Mokdad et al. 2014).

Carbon tetrachloride (CCl,) is a well-known hepa-
totoxin responsible for inducing free-radical-mediated
toxicity. Bioactivation of CCl, via cytochrome P-450 in
the liver makes it a major target of toxicity. Upon acti-
vation of CCl, two free radicals are produced which
cause lipid peroxidation, covalent bonding with DNA
and structural proteins leading to hepatocellular injury,
hepatic degeneration and carcinoma (Li et al. 2015).
At the cellular level, CCl, activates Kupffer cells in the
liver, which subsequently recruit neutrophils. These
neutrophils generate reactive oxygen species (ROS),
further exacerbating inflammation through the release
of pro-inflammatory cytokines, resulting in hepatoto-
xicity. The sub-chronic hepatic injury model is widely
used in in vivo experiments to explore the protective
and therapeutic potential of bioactive compounds in
foods (Erdemli et al. 2018). This model involves repea-
ted intraperitoneal administration of CCls at 1 mL/kg
every 72 hours for 28-30 days, effectively simulating
gradual toxicant exposure and pathophysiology of hu-
man liver injury (Abdelgalil et al. 2024).

The scarcity of successful treatment modalities
for the cure and management of hepatic diseases has
shifted the focus on exploring the bioactive compounds
exhibiting hepatoprotective effects which can serve as
a promising alternative for both prevention and
treatment (Abdel-Moneim et al. 2015). Praecitrullus
fistulosus is a member of the Cucurbitaceae family and
is primarily cultivated in Pakistan, India, and Afghani-
stan. This small, flattened-round fruit, widely known
as Indian pumpkin, apple gourd and Tinda, is utilized in
South Asian cuisine as a cooked vegetable and is also

candied and pickled (Mukherjee et al. 2022). In addi-
tion to its nutritional benefits, P. fistulosus contains
a diverse array of secondary metabolites including
flavonoids, alkaloids, saponins, tannins, phytosterols,
diterpenes, glycosides and phenols which may contrib-
ute to its pharmacological properties (Bollavarapu et al.
2016). Scientific consensus holds that edaphic condi-
tions, agronomic factors, different cultivars and grow-
ing seasons can significantly impact the phytochemical
profile of the plant (Ogundola et al. 2022, Hu et al.
2023). To date, it has been explored for its anti-diabetic
(Karandikar et al. 2014), anticancer (Shivamadhu et al.
2017), anti-helminthic properties (Ishnava et al. 2020)
and short-term hepatoprotective effect (Madhu et al.
2019). However, its sustained efficacy and response to
higher doses over prolonged periods against hepatoto-
xicity remained uninvestigated. The present study
intended to explore the phytochemical profile and hepa-
toprotective potential of P, fistulosus methanolic extract
against CCl,-induced hepatic injury in the rat model
over 30 days. The investigation focused on assessing
liver function tests, oxidative stress markers, inflamma-
tory cytokines and histological alterations.

Materials and Methods

Chemicals and reagents

Analytical grade chemicals and reagents were uti-
lized in the study. Methanol and CCI, were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA) howev-
er, Silymarin (Abbott Laboratories Pak Ltd) was
procured from local pharmacy in Lahore. 2, 2-Diphe-
nyl-1-picrylhydrazyl,  gallic acid (anhydrous),
Folin-Ciocalteu’s phenol reagent and quercetin were
obtained from Merck, Darmstadt, Germany. Analytical
kits for ALT, AST and ALP were acquired from
Response® 910, Diagnostic System-SIEMENS,
Munich, Germany. ELISA kits were obtained from
Thermo-SCIENTIFIC, Rockford, IL, USA.

Plant authentication

Whole P. fistulosus fruit was procured during the
mid-summer season from a local market in Lahore,
Punjab, Pakistan. The species was authenticated from
the Botany Department, G.C University, Lahore, Paki-
stan with an identification number (GC. Herb. Bot.
3974). The plant image is provided in supplementary
Fig. S1.

Extract preparation

P fistulosus was peeled, diced, and then air-dried
under shade (35°C) for 7 days. The sample was dried
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and ground to a fine consistency. This powder was
placed in a shaking incubator suspended in 98% metha-
nol (1:10 w/v) at room temperature and agitated at
120 rpm for 72 hrs. Subsequently, the extract was
filtered through filter paper (Whatman No. 1). An excess
solvent was evaporated using a rotary evaporator
at 50°C (Chuah et al. 2020). The concentrated crude
extract was preserved at 4°C for future analysis.

Phytochemical screening and qualitative profiling

Methanolic Extract was prepared and analyzed
using eight qualitative phytochemical tests including
alkaloids (Mayer’s and Wagner’s), flavonoids (alkaline
reagent), glycosides (Keller-Killiani), terpenoids
(Liebermann-Burchard), steroids (Salkowski’s), sapo-
nins (froth test), tannins and phenols (ferric chloride) by
using standardized protocols established by (Harborne
1973). Phytochemical presence in each assay was indi-
cated through precipitate formation and distinct color
change.

Total phenolic content (TPC) determination

The total phenolic content (TPC) was quantified
by the Folin-Ciocalteu method (Slinkard et al. 1977).
A standard calibration curve was established with six
different series of gallic acid dilutions from 1 mg/mL
stock solution. The absorbance was measured at
725 nm using a spectrophotometer. The TPC values
were reported in terms of gallic acid equivalent
(mg GAE) per gram of plant extract.

Total flavonoid content (TFC) determination

The total flavonoid content (TFC) was quantified
by (Mohdaly et al. 2013) with some modifications.

In this method, TFC is assessed by the development of
a flavonoid-aluminum complex with highest absor-
bance at 430 nm using a spectrophotometer. The cali-
bration curve was generated with quercetin (QE) as
the reference compound, and TFC was reported as
(mg QE/g) of plant extract.

DPPH radical scavenging activity assay

The in vitro antioxidant activity was assessed by
the DPPH (2,2-diphenyl-1-picrylhydrazyl) assay using
the method reported in (Blois 1958, Xie et al. 2014).
This assay operates on the principle of a color change
from purple (DPPH solution) to yellow, which can
be quantitatively measured at 515 nm using a spectro-
photometer and compared with a blank control (metha-
nol). Ascorbic acid served as the antioxidant standard to
evaluate and compare the antioxidant activity of the test
samples. The percentage of inhibition per 50 pL of the
extract was compared to the inhibition rates achieved
by 1 mg/mL of ascorbic acid. The percentage of inhibi-
tion was determined using the following formula:

Absorbance of control — Absorbance of sample «

o inhibition =
7 inhibition Absorbance of control

100

Experimental design and animal grouping

Thirty-six male albino rats weighing in the range
of 187-193 g aged 6 weeks were purchased from the
animal house of the Faculty of Biosciences, University
of Veterinary and Animal Sciences, Lahore, Pakistan.
The animals were kept under standard conditions
of a 12-hour light/dark cycle at 24 + 2°C. The rats were
allowed access to fresh water and a standard rat diet.
After a 7-day acclimation period, the rats were assigned
to six groups, with each group consisting of six rats.
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This study was carried out following the approval from
the ethical review committee of the University of
Veterinary and Animal Sciences, Lahore (Reg No.
DR/158; April 2023).

For induction of hepatotoxicity, CCl, (1.0 mL/kg
body weight) was dissolved in olive oil with 1:1 v/v and
injected intraperitoneally (i.p) every 72 hrs. for 30 days.
The treatments and silymarin were administered by oral
gavage once daily. The rat groups were as follows:
(1) The normal control group was administered normal
saline (2) CCl,-treated group received CCI, i.p.
(3) Standard group: CCl, + silymarin (100 mg/kg b.w)
(4) PFE 200 (CCI, + 200 mg/kg P. fistulosus extract)
(5)PFE 400 (CCI, + 400 mg/kg P. fistulosus extract)
(6) PFE 600 (CCl, + 600 mg/kg P. fistulosus extract).
After an overnight fast, rats were euthanized under so-
dium pentobarbital anesthesia. Blood was drawn
through cardiac puncture and processed to quantify
serum biochemical markers, and the liver was weighed.
Liver lobes were excised and then preserved for histo-
logy, and both liver lobes and serum were preserved
in an ultra-low temperature freezer (at -80°C) for further
analysis.

Body weight and liver index determination

The body weight of rats in all experimental groups
was measured at both the beginning and the end of
the study, and the average weight for each group was
calculated. Liver index was determined by comparing
the liver weight of each rat with its body weight before

sacrifice.
Liver weight (g) y

Body weight (g) 100

Liver Index =

Biochemical analyses

The serum was separated by the centrifugation of
blood samples at 3500 g at 4°C for 20 min. Biochemical
quantification of albumin, bilirubin, total protein con-
centration, and enzyme activity levels of AST, ALT and
ALP were measured with commercial kits using a blood
chemistry analyzer (Response® 910, Diagnostic Sys-
tem-SIEMENS, Munich, Germany) as per supplier in-
structions.

Antioxidant parameters

Lipid peroxidation in liver tissue and serum was
assessed colorimetrically by determining thiobarbituric
acid reactive substances (TBARS) in supernatant at
490 nm wavelength following (Ohkawa et al. 1979)
method expressed as malondialdehyde (MDA). Cata-
lase (CAT) of tissue homogenate and serum sample was
determined by (Hadwan et al. 2016) method, based on
the reaction of residual hydrogen peroxide with ammo-

nium molybdate to form a yellow complex. Absorbance
was taken at 374 nm wavelength thrice at 3 mins inter-
vals. Total Antioxidant Capacity (TAC) of serum was
assessed using the FRAP assay as described by (Benzie
et al. 1996). It quantifies antioxidant ability by measur-
ing the formation of a blue Fe**-TPTZ complex at
593 nm following ferric ion reduction. Hepatic Reac-
tive oxygen species (ROS) activity in liver tissues was
measured by using an enzyme-linked immunosorbent
assay (ELISA) kit.

Serum TNF-o and IL-6 levels

TNF-a and IL-6 in serum were estimated by using
ELISA kits (Invitrogen, Thermo SCIENTIFIC, Rock-
ford, IL, USA) following the manufacturer’s standard
protocol.

Histopathological assessment

Once rats were sacrificed, their liver pieces were
rinsed with saline and then fixed with 10% formalin.
Afterward, tissues were gradually dehydrated using
a sequence of ethanol solutions, cleared in xylene and
then embedded in paraffin wax. The liver tissues were
sectioned into thickness of Sum followed by staining
with H & E (Hematoxylin & Eosin) dye. Tissue mor-
phology was subsequently examined under a micro-
scope (Olympus CX 31 with DP 20 software) to identi-
fy histopathological changes.

Statistical analysis

Data was analyzed using SPSS version 26 (Statisti-
cal Package for Social Sciences; SPSS Inc., Chicago,
IL, USA). Results were presented as mean + standard
deviation (SD). Group differences were analyzed using
one-way ANOVA, with Tukey’s post-hoc test applied
for pairwise comparisons. A p-value of <0.05 was
regarded as significant. Figures were generated using
GraphPad Prism software (version 10.2.0; GraphPad
Software, San Diego, CA, USA).

Results

Qualitative phytochemical screening

Methanolic extract of P, fistulosus was subjected to
the qualitative screening of phytochemicals as summa-
rized in Table 1. This phytochemical profiling revealed
that the methanolic extract had the highest concentra-
tion of flavonoids, glycosides and phenols followed
by a significant proportion of alkaloids, tannins and
saponins. These compounds are noteworthy for their
potential therapeutic and protective roles.
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Table 1. Qualitative Phytochemical Screening of P, fistulosus extract.

Phytochemicals Interface Observation
Alkaloids ++ Creamy white or reddish brown precipitates appear
Flavonoids +++ Intense yellow color that disappears on acidification
Glycosides +++ Bluish green layer and reddish brown ring at the interface formation
Phenols +++ Intense green coloration appears
Steroids + A reddish brown ring forms at the interface
Saponins ++ Stable froth formation upon shaking
Tannins ++ Blue black coloration appears
Terpenoids - Reddish brown coloration

In the phytochemical profile “+++” indicates a strong presence, “++” signifies a moderate presence, “+” reflects a weak and “—” indicates

the absence of the respective phytochemical components.

Table 2. Total phenolic, total flavonoid content and DPPH of P. fistulosus extract.

Total phenolic content Total flavonoid content DPPH
(mg GAE/g) (mg QE/g) IC,, (50pg/ml)
P. fistulosus extract 1748.04 £ 2.53 1572.56 £ 1.09 55.36 £ 0.09

Values are reported as Mean+SD calculated from three independent experiments. DPPH; 2,2-diphenyl-1-picrylhydrazyl assay.

TPC and TFC were expressed on a dry weight basis.

Table 3. Weight interpretation of rats in a CCl,-induced hepatic injury model.

Initial Weight (g) Final Weight (g) Weight Gain (g)

Control 191.2+£2.7 210.8 £ 6.6° 19.7 £ 1.6*

CCl, 190.0 £3.2 194.3 £10.8° 43+0.5¢

SD 192.8 £2.6 204.8 £ 8.7% 12.0 £ 1.2%¢
PFE 200 189.0 £3.6 199.2 + 4.3% 10.2 +£ 1.8
PFE 400 189.5+3.4 201.0 £ 4.8 11.5 4+ 1.2
PFE 600 187.8 +4.1 202.7 + 6.2 14.8 £2.5%
p-value 0.492 <0.001 <0.001

Mean+SD values were calculated using data from six rats per group. Means labelled with distinct letters within columns show,
a significant difference (p<0.05). SD; Standard drug, PFE; P. fistulosus extract.

TPC, TFC and DPPH determination

As indicated in Table 2, the methanolic extract of
P, fistulosus has a total phenolic content of 1748.04 mg
GAE/g DW and a total flavonoid content of 1572.56 mg
QE/g DW. Additionally, the extract exhibited strong
DPPH radical scavenging activity with an ICso value
of 55.36 pg/mL. The reduction of the DPPH radical,
indicated by a decrease in absorbance, reflects the con-
centration of plant-derived antioxidants required to
inhibit 50% of DPPH radicals, with lower ICso values
signifying higher radical scavenging efficiency. Each
test was repeated three times, and the results were aver-
aged to reduce the potential for both systematic and ran-
dom errors in the experiment.

Effect of P. fistulosus extract on body weight
and liver index

The body weights of rats in all experimental groups
were measured at both the beginning and the end of the
study, as presented in Table 3. Weight gain in the
CCl,-treated group (4.33 + 0.49 g) was not as progres-
sive as normal control group (19.67 £+ 1.60 g). Nonethe-
less, weight reduction was not observed among the
experimental groups, suggesting that neither CCl, nor
subsequent treatments had adverse effects on body
weight. Fig. 1 illustrates the markedly raised liver index
in the CCl -treated group compared to the normal
control (p<0.01). However, this effect was mitigated
by administering P. fistulosus extract, with the most
pronounced results exhibited at 400 mg/kg, comparable
to the standard drug.
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Fig. 1. Effect of P. fistulosus extract on liver index in CCl -induced hepatic injury model.
Mean + SD values were calculated using data from six rats per group. Means labelled with distinct letters show a significant
difference (p<0.05). SD; Standard drug, PFE; P, fistulosus extract.

Table 4. Impact of P, fistulosus extract on hepatic biomarkers in the CCl,-induced hepatic injury model.

AST ALT ALP ALB GLO A/G Ratio Bilirubin

(U/L) (U/L) (U/L) (g/dL) (g/dL) (g/dL) (mg/dl)
Control 9824 +1.60° 4631+081¢ 11501+ 1.11¢ 641+029°  446+0.17°  221+0.07  2.02+0.03  0.81+0.09°
ccl, 457.00 2220 28855+ 1.30° 57113+ 1.24° 4.89+0.15¢  3.69+021°  2.06+0.15  1.79+0.06  2.14+0.12°
Silymarin ~ 174.02+ 1.08¢  79.71+0.46¢ 15921 +0.90° 6.06+0.22%  435+027°  2.1940.03  199+0.08  0.97=0.04"
PFE200  272.81+130° 13245+0.92° 19830+ 1.44° 540+0.16% 4.18+0.13®  2.13+0.11  1.96+0.03  0.86+0.07
PFE 400 2110531* 91.06+0.60 173.90+1.31¢ 5.85+0.08% 427+£029°  2.15+£0.04  199£0.08  0.99+0.05°
PFEG00  186.73+0.70° 115.00=0.11% 212.08 046" 583 £0.65% 424+032%  2.18£0.17 1.9540.05  1.05+0.04°

p-value <0.001 <0.001 <0.001 <0.001 0.007 0.351 0.355 <0.001

Mean+£SD values were calculated using data from six rats per group. Means labelled with distinct letters within columns show significant

difference (p<0.05).

Effect of P. fistulosus extract on hepatic
biomarkers

The effect of P. fistulosus extract on hepatic bio-
markers is tabulated in Table 4. Significantly elevated
levels of liver enzymes AST, ALT, and ALP were
observed in the CCl -treated group compared to the
normal control group (p<0.001). Additionally, this
group exhibited markedly decreased levels of albumin
and total proteins. Different doses of P. fistulosus
extracts demonstrated a highly significant hepatopro-
tective effect (p<0.001), especially in 400 mg/kg and
600 mg/kg treatment groups, comparable in potency
to the standard group. Moreover, all extracts were
proven to be as effective as silymarin in preventing
the rise in bilirubin levels. However, the changes in the
levels of globulin and the albumin to globulin (A/G)
ratio were insignificant.

Effect of P. fistulosus extract on oxidative stress
parameters

As shown in Fig. 2 (A, B), tissue and serum MDA
levels in the CCI,-treated group were notably elevated
compared to the normal control group (p<0.05), indi-
cating raised oxidative stress. However, P. fistulosus
extract at doses of 400 mg/kg and 600 mg/kg markedly
decreased the level of lipid peroxidation, resulting
in lower MDA levels. The serum and tissue activity of
catalase was noticeably reduced in the CCI -treated
group in comparison to the normal control group
(p<0.05). Moreover, treatment groups have prevented
the decline in catalase activity Fig. 2 (C, D).

Effect of P. fistulosus extract on free radical
burden and antioxidant capacity

To further validate the antioxidant potential of
P fistulosus extract, ROS and TAC levels were as-
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Fig. 2. Effect of P. fistulosus extract on oxidative stress level. A) Serum MDA, level B) Liver MDA, level C) Serum Catalase activity,
D) Liver Catalase activity in CCl,-induced hepatic injury model.
Mean + SD values were calculated using data from six rats per group. Bars labelled with distinct letters show a significant diffe-

rence (p<0.05).

sessed. The highest ROS (2100 + 60.7 RFU/mg) and
the lowest TAC levels (0.6 + 0.09 1U/g) were recorded
in the CCl -treated group, indicating severe oxidative
stress. Administration of silymarin and P. fistulosus
extracts reduced the ROS production concomitantly
augmenting the TAC levels, in a dose-dependent man-
ner, restoring the redox balance. Among all treatments,
doses 400 mg/kg and 600 mg/kg have proven the most
potent antioxidant activity, ROS (1000 + 74.3 and
1250 = 42.9 RFU/mg) and TAC (3.42 + 0.19 and
3.03 £ 0.14 1U/g), respectively, exhibiting comparable
efficacy to silymarin, as demonstrated in Fig. 3 (A, B).

Effect of P. fistulosus extract
on pro-inflammatory cytokines

Compared to the control group, intermittent admi-
nistration of CCI, significantly elevated the serum
levels of TNF-a (190 + 11.8 pg/mL) and IL-6

(246 = 10.3 pg/mL), indicating the activation of inflam-
matory pathways Fig. 4 (A, B). However, treatment
with P. fistulosus extract led to a highly significant,
dose-dependent reduction in pro-inflammatory cyto-
kine levels in comparison to the CCI, -treated group
(p<0.01).

Histopathological assessment

The histological assessment of rats under study is
shown in Fig. 5. (A) The normal control group exhibi-
ted typical histoarchitecture with well-preserved
hepatic cords, sinusoids, central veins and portal area.
(B) The CCl4-treated group indicated significant mor-
phological damage, including disorganized hepatic
cords and mild to moderate cellular swelling in hepato-
cytes. (C) In the standard group, where most of hepato-
cytes appeared morphologically unaltered, some
revealed low-grade coagulative necrosis with pyknotic
nuclei. (D) After four weeks of administration of
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Fig. 4. Effect of P. fistulosus extract on (A) TNF-o (B) IL-6 in liver tissues of a CCl -induced hepatic injury model.
Mean + SD values were calculated using data from six rats per group. Bars labelled with distinct letters show a significant diffe-

rence (p<0.05).

P fistulosus extract at 200 mg/kg, signs of cellular
stress, such as mild cellular swelling in hepatocytes,
was evident. (E, F) P. fistulosus extract at doses of
400 mg/kg and 600 mg/kg resulted in predominantly
intact hepatocytes, with no detectable signs of tissue
congestion.

Discussion

Hepatotoxicity is an intricate interplay between
prolonged oxidative stress and chronic low-grade in-
flammation. In this study, hepatotoxicity was induced
by CCl,, a well-established hepatotoxin that generates
trichloromethyl free radicals (¢CCl; or CC1,00¢) and
ROS, leading to oxidative stress, lipid peroxidation,
and hepatic membrane damage (Fareed et al. 2024).
The present study evaluated the hepatoprotective poten-

tial of the methanolic extract of Praecitrullus fistulosus
in mitigating these effects through its antioxidant and
anti-inflammatory mechanisms. Medicinal plants are
a rich source of bioactive compounds, primarily in the
form of secondary metabolites such as phenolics and
flavonoids, which are reported to exhibit potent anti-
oxidant and anti-inflammatory activities (Adegbola
et al. 2017, Unuofin et al. 2020).

The qualitative phytochemical profiling of metha-
nolic P. fistulosus extract revealed a high concentration
of phytochemicals except steroids, which were mini-
mally present, aligning with a previous report
(Karandikar et al. 2014). Despite being reported earlier
(Bollavarapu et al. 2016), terpenoids were not detected
in the methanolic extract, owing to their poor solubility
in polar solvents such as methanol (Jiang et al. 2016).
Furthermore, the current extract showed markedly
higher total phenolic (TPC) and flavonoid content
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Fig. 5. Effect of P. fistulosus extract on histopathology of liver in CCl-induced hepatic injury model using H&E.
Histopathological findings of CCl,-treated groups was compared with normal control and all other groups with CCl -treated

groups. H&E; Hematoxylin & Eosin.

(TFC) compared to previously reported solvent extracts
for the Indian variety of P fistulosus, confirming
methanol as an efficient solvent for extracting antioxi-
dant constituents (Bollavarapu et al. 2016). These find-
ings were further supported by the DPPH assay, where
methanolic extract exhibited the highest antioxidant
activity reported to date, exceeding previously docu-
mented values 57% (Aqueous), 59% (Ethyl acetate),
66% (Chloroform) and 73% (Hexane). This is attribut-
ed to the superior extraction and radical scavenging
efficiency of methanol compared to other solvents.
(Mehmood et al. 2022).

In this study, hepatotoxicity was induced by
sub-chronic  intermittent administration of CCl,.
The effect of P. fistulosus extract was explored and
compared with the CCI, -treated group. Silymarin is
a well-documented herbal medicinal product recog-
nized for its ability to counteract the impact of CCI,
through the inhibition of lipid peroxidation (El Rabey
et al. 2021). A silymarin-treated group was therefore
included in the study as a standard therapeutic control.
Body weight variation serves as an indicator of general
toxicity and health status (Saganuwan 2017), therefore,
body weight was used as a complementary marker to
evaluate their health condition. All rat groups exhibited
weight gain, with the CCl -treated group showing
the lowest increase, consistent with earlier findings
(Shameenii et al. 2021). Liver index is an indirect mea-
sure of inflammation and damage to hepatocytes.
The elevated liver index in CCl -treated rats reflected
hepatomegaly, while co-administration of silymarin

or P, fistulosus extract normalized the values, indicating
restoration of hepatic health. Similar findings have been
reported previously in the literature (Govindan et al.
2021), indicating the antioxidant and hepatoprotective
potential of plant-derived compounds.

Elevated levels of hepatic enzymes serve as a bio-
marker of liver injury. Leakage of cytoplasmic enzymes
such as AST, ALT, and ALP into circulation reflects
hepatocellular membrane disruption (Ouassou et al.
2021) , while elevated bilirubin levels indicate compro-
mised bile function (VC et al. 2000). In this investiga-
tion, hepatic biomarkers were drastically raised while
total protein and albumin levels were decreased in the
CCl,-treated group relative to the normal group,
confirming the hepatic damage. All three doses of
P. fistulosus extract significantly reduced the elevated
ALT, AST and ALP, with the 400 and 600 mg/kg show-
ing efficacy comparable to the silymarin. In addition,
restoration of total protein, albumin and bilirubin levels
in P fistulosus extract-treated groups advocates
improved hepatocellular function by alleviating the
effects of CCl, Similar findings were reported in a 3-day
acute injury model using lower doses (100 and
200 mg/kg), confirming dose-dependent hepatoprotec-
tion (Madhu et al. 2019). This effect is plausibly linked
to the significant presence of flavonoids in P. fistulosus
extract, contributing to hepatocyte membranes stabili-
zation against lipid peroxidation, it confer anti-apopto-
tic protection through regulation of Bcl-2 and caspase
signaling pathways (Saha et al. 2019).

Reactive oxygen species (ROS) play a crucial role
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in maintaining cellular homeostasis by facilitating
redox signaling at optimal levels, however, they are det-
rimental at elevated concentrations (Zhang et al. 2022).
Excessive ROS production signals redox imbalance
and oxidative stress, indicated by markers like MDA,
a byproduct of lipid peroxidation (J et al. 2016).
Our results indicated that CCl, exposure significantly
increased ROS and MDA levels while decreasing CAT
activity, reflecting oxidative stress-mediated hepatocel-
lular damage (Liu et al. 2002), consistent with (Elbakry
et al. 2019) findings. Administration of P. fistulosus
extract showed strong antioxidant properties, evidenced
by reduced ROS and MDA levels and enhanced CAT
and TAC activity (a critical marker of antioxidant activ-
ity). This dose-dependent effect reinforces previous
findings on its antioxidant potential (Karandikar et al.
2014, Bollavarapu et al. 2016, Madhu et al. 2019).
This antioxidant-mediated hepatoprotection mirrors the
MOS-driven effects reported by (Duan et al. 2025)
during cadmium exposure, underscoring the multi-
model defense of phytochemical-rich extracts against
chemically induced hepatic insults. The extract’s effica-
cy in sustaining redox homeostasis likely stems from
the synergistic action of its phytochemicals. Phenolic
compounds and saponins reinforce hepatic antioxidant
defense by enhancing endogenous enzyme activity and
neutralizing reactive oxygen species. Alkaloids further
contribute by activating the Nrf2—ARE signaling path-
way, which induces the transcription of antioxidant and
phase II detoxifying enzymes, thereby promoting gluta-
thione biosynthesis and redox regulation (Belka et al.
2024). Flavonoids complement these effects by upregu-
lating key enzymes such as glutathione-S-transferase
and superoxide dismutase, collectively sustaining cellu-
lar redox homeostasis (Ma et al. 2025).

At a molecular level, CCl-mediated oxidative
stress activates inflammatory cells, leading to the exces-
sive release of pro-inflammatory cytokines such as
TNF-a and IL-6 (Hamid et al. 2017). TNF-a triggers
neutrophil activation, resulting in free radical release,
causing hepatocyte necrosis or apoptosis. P. fistulosus
extract significantly reduced (p<0.01) TNF-a and IL-6
levels, with the strongest anti-inflammatory effects ob-
served at 400 and 600 mg/kg. This further strengthens
the evidence supporting the antioxidant potential of
P. fistulosus, emphasizing its effectiveness in scaveng-
ing hydroxyl radicals and superoxide anions (Ishnava
et al. 2020). Flavonoids and saponins attenuate inflam-
mation by suppressing NF-kB and TLR4 signaling,
thereby downregulating pro-inflammatory cytokines
including TNF-a and IL-6. Phenolic compounds com-
plement this action by modulating these pathways and
epigenetically regulating cytokine expression to main-
tain hepatic immune stability (Prasad et al. 2023).

At another mechanistic level, previous reports indicate
that TNF-o and IL-6 downregulate hepatic albumin
synthesis during systemic inflammation as part of the
negative acute-phase protein response. Although cor-
relation analysis was beyond the scope of the present
data set, the observed restoration of albumin levels in
extract-treated groups may indirectly reflect cytokine
modulation, indicating the anti-inflammatory potential
of P. fistulosus extract (Hadzimusic¢ et al. 2025).

At the histopathological level, CCl, caused hepatic
cord disruption, necrosis, and inflammatory infiltration,
consistent with earlier reports (Sayed et al. 2019).
Treatment with P. fistulosus extract significantly im-
proved liver histology, showing only mild necrotic
changes at 200 mg/kg, while nearly normal hepatocel-
lular architecture at 400 and 600 mg/kg. These histolog-
ical findings reinforce the biochemical results, confirm-
ing the extract’s restorative effect on liver tissue. These
observations align with earlier investigation in which,
at doses 100 and 200 mg/kg, mild cellular necrosis was
depicted (Madhu et al. 2019). Consistent with the
melatonin-mediated histopathological improvements
reported by (Sengil et al. 2024), our findings indicated
that P fistulosus extract effectively mitigated liver
injury caused by CCI, in a dose-dependent manner.
Similar findings have been reported in previous studies
involving various plant extracts (Alsahli et al. 2021,
Johra et al. 2023). Both CCl, and cadmium exemplify
environmental toxicants that provoke oxidative stress;
notably, cadmium-induced activation of the MLKL-
Drpl signaling cascade contributes to nephrotoxicity
and can be mitigated by targeting this pathway using
mitochondria-targeted antioxidants or Drpl inhibitors
to restore mitochondrial homeostasis and reduce oxida-
tive stress-mediated damage (Lian et al. 2025). While
P. fistulosus attenuates oxidative stress, its mechanistic
action pathway has yet to be fully elucidated, necessi-
tating further investigation into gene and protein
expression modulation.

Conclusion

The current findings demonstrated the substantial
antioxidant potential of P. fistulosus extract. Moreover,
it possesses anti-inflammatory and hepatoprotective
effects in rats with CCl,-induced sub chronic hepato-
toxicity. It was evident by a significant reduction
in serum hepatic biomarkers, oxidative stress markers,
further confirmed by histopathological analysis.
The effects of silymarin and P fistulosus extract
were comparable, particularly at doses of 400 and
600 mg/kg. Overall, the findings from this study present
new possibilities for utilizing the P. fistulosus fruit cul-
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tivated in Pakistan in the treatment of chronic hepatic
damage. However, the underlying mechanism remains
to be clarified.
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