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Unfolding protection: Terminalia arjuna targets UPR pathways to
counteract ER stress in hepatotoxicity
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Abstract: Background: Drug-induced liver injury (DILI) from acetaminophen (APAP) overdose involves ER stress,
oxidative damage, apoptosis, and inflammation. Objective: This study assesses Terminalia arjuna bark extract (TAE)
against APAP-induced toxicity in rats, comparing its efficacy with N-acetylcysteine (NAC) through key signaling and
inflammatory markers. Methods: Twenty-four Wistar rats were equally divided into four groups: Control Negative (CN,
no treatment), Control Positive (CP, acetaminophen 350 mg/kg), N-acetylcysteine (NAC, 150 mg/kg), and Terminalia
arjuna bark extract (TAE, ethanolic, 80 mg/kg). Over 14 days, liver injury was induced in the CP group via acetaminophen,
while the NAC and TAE groups received their respective treatments. Animals were decapitated on day 15, and biological
samples were collected for analysis. Biochemical assessments included liver function markers (ALT, AST) and oxidative
stress parameters (SOD, TAC, TBARS, TOS). Gene expression studies were performed for oxidative stress regulators
(Keapl, Nrf2) and ER stress signaling molecules (ERK, JNK, PPAR-a, AKT). Histopathological examination evaluated
liver architecture and cellular integrity. Results: Acetaminophen induced significant hepatotoxicity, as reflected by
elevated liver enzymes, increased oxidative stress, altered gene expression, and disrupted liver histology. APAP toxicity
resulted in elevated oxidative stress, apoptosis, inflammation, and ER stress, leading to significant hepatic damage (p <
0.0001 vs CN). NAC and TAE treatments mitigated these effects, with TAE demonstrating superior improvement in
oxidative stress markers (p < 0.0001 vs CP). Gene expression analysis revealed a protective shift in the Keap1-Nrf2
pathways in the treated groups. Histopathology confirmed reduced necrosis and preserved hepatic architecture in the NAC
and TAE groups. Conclusion: 7. arjuna exhibits potent hepatoprotective effects, comparable to NAC, through modulation
of oxidative stress, apoptosis, and ER stress pathways. Further studies are needed to explore its clinical applicability in
acute liver injury management.

Keywords: Adaptive ER signaling; Hepatic remodeling; Herbal intervention, Modulation pathways; Mitochondrial
stabilization; Phytochemical cryoprotection; Proteostasis; Redox remedy

Submitted on 16-06-2025 — Revised on 07-08-2025 — Accepted on 11-08-2025

INTRODUCTION

Hepatic Physiology relates to the mechanisms by which the
liver metabolizes organic and inorganic products for either
absorption of essential metabolites or removal of waste
from the body (Alamri, 2018). The cellular machinery
responsible for dispensing organic and inorganic products
into reusable reservoirs or excretory material faces the
biggest challenge of toxicity by these products, leading to
cellular stress and organ injury (Kong et al., 2023). The use
of remedial elements often offers a valuable solution to
such toxicity but is compromised when tolerance is built
by the natural system against such therapeutic agents.
Plant-based natural products are thus researched as
plausible alternatives with higher treatment potential and
fewer side effects (Rui, 2014).

Drug-induced Liver Injury (DILI) is a clinically renowned
terminology used by physicians to define the damage
inflicted upon the liver due to drug overdose. Clinically and
pathologically, it can show up as a variety of symptoms,
from asymptomatic liver dysfunction to acute liver failure
(ALF) and death. DILI can mimic other forms of liver
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diseases, making it important to consider in the differential
diagnosis of any liver disease (Hosack et al., 2023).
According to the statistical and demographic data on
hospital admissions per annum, DILI accounts for the most
OPD admissions, liver transplantation requests and
immediate drug withdrawal and discontinuation (Katarey
and Verma, 2016). The progression of liver injury due to
drug misuse or overdose is brought upon by three principal
approaches; direct effects of active drug on hepatocytes,
indirect effect of secondary drug metabolites on hepatic
homeostasis, or initiation of an immune response due to
accumulation of toxic metabolic entities (lorga et al.,
2017). The clinical toxicity assays classify ALF due to drug
overdose as (a) intrinsic/dose-dependent DILI, or (b)
idiosyncratic/dose-independent DILI, where idiosyncrasy
is not commonly observed in clinical practice and is a rare
occurrence (Andrade et al., 2019).

Among all the OTC drugs, NSAIDs particularly APAP
have been reported as the major cause of DILI-associated
ALF. APAP overdose has been associated with frequent
hospital admissions of ALF cases requiring liver
transplantation (Chalasani et al., 2014). APAP is the choice
of drug and most prescribed OTC for its antipyretic and
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analgesic effects in treating low-grade pyrexia. The
overdose of APAP causes the accumulation of its toxic
metabolites, which reduce natural cellular glutathione
stores leading to the generation and abundance of ROS
(reactive oxygen species) (Saito et al., 2010). The
subsequent events lead to an imbalance in redox reactions
that are necessary to evacuate toxic metabolites out of
hepatocytes and thus the cells undergo ROS-mediated
stress (Rao et al., 2015). These proteins are adaptive
homeostatic modulators and are activated in response to
prolonged ERS and loss of glutathione reservoirs (Uzi et
al., 2013). Persistent cellular stress and ER damage lead to
cells activating death caspases for immediate apoptosis,
which clinically presents itself with the symptoms of ALF
(Paridaens et al., 2017). ROS is produced excessively in
the cells that the antioxidant system is unable to neutralize
and is referred to as oxidative stress. In the body, ROS are
typically created in small amounts and are essential for
controlling many processes like signal transmission, gene
expression and receptor activation that preserve cell
homeostasis (Mandal ef al., 2013). It is understood that the
harmful effects on the liver caused by acetaminophen are
triggered by the harmful byproduct of the cytochrome p450
system, N-acetyl-p-benzoquinone-imine (NAPQI) (Hu et
al., 2019).
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Fig. 1: Molecular pathophysiology of DILI by APAP-
toxicity.

The scientific community has been researching plant-based
organic products with bioactive ingredients that mimic the
role of major human genomic pathways and play a role in
modulating gene-protein expression in metabolic diseases.
The therapeutic qualities of numerous plants have been
well-documented in academic research. One such plant is
the Terminalia arjuna tree, a member of the Combretaceae
family with uses in ancient Ayurveda. Arjunolic acid (AA)
is a chiral triterpenoid saponin and is considered to be the
active ingredient in 7. arjuna extracts studied for its
phytochemical properties. Apart from AA, other principal
bioactive components of arjuna extracts have also been
studied for their efficacy in mitigating oxidative stress
caused by excessive ROS and stress on cellular machinery
(Ghosh et al., 2010). In biological systems, the effects of 7.
arjuna extracts and specifically the effects of AA have been
studied in disease models of cardiac hypertrophy, nephritis
and ROS-mediated hepatocellular fibrosis (Manna et al.,
2006). The rationale of the current study is built upon the
literature gap which has not yet elucidated the details

behind the genetic interplay of DILI associated with APAP
toxicity, upregulation of nuclear factors for apoptosis and
downregulation of cell survival pathways.

MATERIALS AND METHODS

Experimental design and protocols

Study design

A total of 24 male albino Wistar rats (weighing ~200g)
were obtained and housed in the Institutional Animal
Facility under standard laboratory conditions (22 +2°C,
12-h light/dark cycle, with free access to standard rat feed
and water). The experimental units were equally divided
into four groups, namely Control Positive (CP), Control
Negative (CN), Standard treatment (NAC) and Herbal
treatment (TAE), with six rats in each group. The CN group
received no induction or treatment. The CP group was
administered an IP injection of acetaminophen (350mg/kg)
dissolved in warm saline on day 1, day 7 and day 14. The
NAC group was administered the same IP induction dose
of acetaminophen, followed by an oral dose of N-
Acetylcysteine (150mg/kg) dissolved in normal saline as
standard treatment and administered using a nasogastric
tube. Finally, the TAE group was treated with an oral dose
of T. arjuna ethanolic extract (80mg/kg), maintaining
standard feed and water ad Ilibitum for all groups
throughout the 14 days of the experimental trial.
Experimental units from each group were decapitated on
day 15 to obtain biological samples.

Plant identification and extraction

The plant of choice (7. arjuna bark) was botanically
classified (Voucher No.1017-1-2023) and subjected to
extraction protocols following the double extraction
method with slight modifications (Manna et al., 2007). The
bark was first soaked in petroleum ether for 24 hours to
remove non-polar compounds. The supernatant was
discarded and the remaining residue was extracted with
70% ethanol for the final treatment product (Ahmad et al.,
2025).

Ex-vivo biological assessments

The experimental units from each group were decapitated
to obtain biological samples for serological testing, gene
expression studies and histological imaging. Blood
samples were collected in heparin-coated vacutainers for
serum separation. Liver tissue samples were collected in
formalin jars for histopathology and TRIzol™
(guanidinium isothiocyanate-phenol solution, chaotropic
agent for nucleic acid separation) coated Eppendorf tubes
for gene expression analysis.

Dose and toxicity assessments

The dose of acetaminophen (350 mg/kg, intraperitoneal)
used in this study was adapted from Paridaens et al. (2017),
slightly modified to suit the trial duration and required
toxicity exposure while avoiding mortality. The LDso for
APARP toxicity in rats is variable according to age, weight
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and strain of experimental unit and lies in a range of
700mg/kg - 1500mg/kg body weight (Green et al., 1984).
Similarly, a variable range was researched for NAC
lethality in rats, ranging from 400mg/kg - 800mg/kg body
weight (Tsai ef al., 2024). For N-acetylcysteine, a dose of
150 mg/kg was selected based on Sanabria-Cabrera et al.
(2021), modified for a 14-day parallel treatment approach
aimed at reducing hepatotoxic effects. The dose of T.
arjuna ethanolic extract was derived from Mishra (2021),
who reported using doses between 250 mg/kg and
500 mg/kg to evaluate its anti-inflammatory potential and
effects on mitochondrial-dependent apoptotic signaling
pathways.

Serology: Liver function tests

The serum was separated from blood by centrifugation in a
refrigerated microcentrifuge (Hermle LaborTechnik -
Model Z216-MK) at 5000 RPM for 5 minutes. The
resultant serum was subjected to use with ELISA-based
kinetic determination kits followed by spectrophotometry
for liver function tests, mainly ALT (Bioclin Transaminase
ALT Kinetic - Catalogue No. K049) and AST (Bioclin
Transaminase ALT Kinetic - Catalogue no. K048). The
spectrophotometer used for visualization was the Thermo
Fisher  Scientific =~ Multi-Scan  Spectrophotometer
(Reference No. 51119300).

Serology: Oxidative stress tests and antioxidant markers
The separated sera of experimental units from each group
were subjected to oxidant status analyses and antioxidant
capacity tests based on enzymatic and colorimetry
principles. All assay kits used were purchased from
Elabscience®. The following kits were used: Superoxide
Dismutase (SOD) Activity Assay Kit (Catalogue No.
BCO0175), Thiobarbituric Acid Reactants (TBARS)
Colorimetric Assay Kit (Catalogue No. E-BC-K298-M),
Total Antioxidant Capacity (TAC) Colorimetric Assay Kit
(Catalogue No. E-BC-K801-M) and Total Oxidative Status
(TOS) Colorimetric Assay Kit (Catalogue No. E-BC-
K802-M).

Nucleic acid separation and gene expression analysis

Total RNA was extracted manually from the tissue samples
preserved in TRIzol™ (Invitrogen™ Thermo Fisher
Scientific - Catalogue No. 15596026), followed by phase
separation and RNA precipitation. The RNA precipitate
was washed and resuspended in Nuclease-free water
(UltraPure™ DNase/RNase-Free Distilled Water -
Catalogue No. 10977015). A multi-scan
Spectrophotometer (Thermo Fisher Scientific - Reference
No. 51119300) was used to assess the quality and
concentration of obtained RNA using a pDrop Plate™
(Thermo Fisher Scientific - Catalogue No. N12391).
Subsequently, complementary DNA (cDNA) was
synthesized using the RevertAid First Strand cDNA
Synthesis Kit (Molecular Biology Thermoscientific -
Catalogue No. K1622) according to the manufacturer’s
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instructions. Quantitative real-time PCR (qRT-PCR) was
performed using Maxima SYBR Green/ROX ¢qPCR
Master Mix (Molecular Biology Thermoscientific -
Catalogue No. K0221) to quantify gene expression levels
in a thermal cycler (Bio-Rad CFX96 Touch Real-Time
PCR Detection System - Serial No. 785BR15948) (Dogan
et al., 2025). The gene-specific primers to assess the role
of oxidative stress genes, apoptotic, cell signaling and
proliferative genes were designed using the Primer-
BLAST tool on the NCBI online platform by setting
genetic specificity and optimal annealing conditions.
Suitable primers were selected, having the following
forward and reverse sequences:

Oxidative stress regulation

Keapl (F: 5'-GAGTGAAGTGACCCGCTTGA-3', R: 3'-
CCCTTCGTGGAAGAAGGCAT-5"), Nrf2 (F: 5'-
GGGAGTACCTCTTTTGGCCC-3!, R: 3'-
CACTGCAGCTCAGGTCAGAA-S").

UPR signaling pathway molecules
ERK (F: 5-TCTCCTCTCCAGGGCTACAC-3', R: 3'-

CTTCTGATCCGCTAACCCCC-5"), JNK  (F: 5
CCGCCAGTACAGAGAAGCTC-3', R: 3"
CCTGTCAGTGTCCTTCCCAC-5"), PPAR-o (F: 5'-
CTGAGTCTAGCCACTGCTGG-3', R: 3-
GGGTAGCTTTGGCATCGTCT-5") and AKT (F: 5'-
GGCGTGGTCATGTACGAGAT-3', R: 3

GCAGCAGTACTGTCCAGAGG-5").

Histopathology

A neutral buffered (10%) formalin solution was prepared
by dissolving 8g disodium hydrogen phosphate, anhydrous
(Uni-Chem® - Catalogue No. S40250-4J) with 13g
disodium hydrogen phosphate, dihydrate (AppliChem —
Catalogue No. 10028-24-7) in 200 ml warm water and
incorporating this mix with 1800 ml formaldehyde solution
(1600ml water + 200ml formaldehyde). The biological
tissue samples were immersed in formalin-filled sterile jars
in a 1:20 ratio for proper tissue fixation. The fixed tissues
were subjected to paraffin wax imbedding and staining
protocols. The slides were stained with Hematoxylin and
Eosin stain and visualized under a Lab-grade compound
light microscope (IRMECO, Germany - Model IM-910) at
different magnification powers.

Statistical analysis

All the numeric data was subjected to Analysis of Variance
(ANOVA) followed by suitable post-significance tests for
comparison between the means of groups. Data are
expressed as Mean = SEM (standard error of mean) with at
least four determinations for each experimental group (n =
4). The difference at P<0.05 (o = 0.05) was considered
significant. The statistical software used for simple
graphical analyses was GraphPad Prism (version 8.0.1, San
Diego, CA).
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RESULTS

Serology: Liver function tests

The hepatoprotective effects of 7. arjuna bark extract on
basic liver function markers that are primarily affected by
changes in dietary patterns or by alterations in
biotransformation reactions of the liver are shown in fig 2.
The serum levels of ALT, AST and Total Bilirubin are
shown. In the acetaminophen-treated group (CP), the
serum levels of these enzymes were significantly higher
compared to the control group (CN) (p < 0.0001),
indicating hepatocytic damage due to leakage of these
enzymes from the damaged cytosol of hepatocytes into the
bloodstream. The subsequent significant increase (p <
0.0001) in total bilirubin also indicates elevated biliary
function in the diseased state. The serum levels of these
biomarkers in the T arjuna extract-treated group
significantly dropped compared to the CP group, which
revealed the potent antihepatotoxic effects of 7. arjuna
extract in diminishing the toxic effects of acetaminophen.
The standard treatment group (NAC) had a slightly
significant (p <0.05) and a non-significant relevance to the
TAE group, indicating a radically similar therapeutic effect
related to acetaminophen toxicity in the CP group.
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Fig. 2: Effects of different treatments on liver function
tests.

(A) Alanine aminotransferase (ALT), (B) Aspartate
aminotransferase (AST), and (C) Total bilirubin. Serum levels
were measured to assess liver function across the experimental
groups. Data are presented as Mean + SEM. The CP group
significantly increased all the parameters, indicating acute hepatic
injury. Treatment with NAC and TAE significantly reduced ALT,
AST, and bilirubin levels, implying the protective effects of
treatment on the liver. Statistical significance is denoted as
#<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=p>0.05
(not significant)

Serology: Oxidative stress tests and antioxidant markers
The overall cellular oxidative status is measured through
biomarkers such as SOD, TBARS, TAC and TOS which
are represented in fig. 3. Section (A) shows SOD activity
across the experimental groups. A heightened oxidative
burst is evident in the CP groups where a marked reduction
of SOD activity is seen compared to the CN group (p <
0.0001). Both the treatment groups on the other hand
showed a significant increase (p < 0.001) in SOD activity,
suggesting the restoration of enzyme activity in these
groups. However, the NAC group achieved a high SOD

activity (p < 0.001 vs CP), suggesting its potent
hepatoprotection in acetaminophen toxicity but the TAE
group showed a higher SOD activity than NAC, which is
indicative of a more pronounced effect of TAE in restoring
antioxidant defenses. Section (B) shows TBARS levels
across the experimental groups. TBARS is an oxidant-
indicative marker and its high levels indicate oxidative
damage due to lipid peroxidation (Tsai and Huang, 2015).
In the CP group, the high levels of TBARS (p < 0.00001)
were indicative of severe oxidative damage and an increase
in lipid peroxidation. Both treatment groups (NAC and
TAE) significantly reduced TBARS levels (p < 0.05)
compared to the CP group, but TAE remained slightly
higher than NAC in reducing TBARS-induced oxidative
damage, which is indicative of a moderate but noteworthy
reduction in oxidative damage. Section (C) shows the total
antioxidant capacity (TAC) across the four experimental
groups. TAC was substantially lowered in the CP group (p
< 0.0001) which demonstrated the depletion of overall
antioxidant defenses of the cell due to accumulation of
oxidative damage. On the other hand, both treatment
groups showed strong mitigation of oxidative stress by
increasing TAC levels towards the CN baseline, where
NAC seemed most effective (p < 0.00001) in restoring
cellular antioxidant capacities. TAE shows a moderate
effect compared to the CP group (p < 0.00001) but to a
lesser degree than NAC, which is suggestive of partial
alleviation of oxidant load. NAC showed robust
antioxidant protection in the treatment group while TAE
offers moderate but significant improvements across most
parameters. The significant oxidative damage and reduced
antioxidant capacity in the CP group confirm the
detrimental effects of acetaminophen-induced toxicity,
which NAC significantly mitigated as standard treatment
and TAE as herbal treatment, both returning the diseased
state near to baseline (CN group).
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Fig. 3: Effects of different treatments on oxidant status and
antioxidant capacity.

(A) Superoxide Dismutase (SOD) Activity, (B) Thio-barbituric
Acid Reactive Substances (TBARS), (C) Total Antioxidant
Capacity (TAC), (D) Total Oxidant Status (TOS). Data are
presented as Mean + SEM. Statistical significance is denoted as
#<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=p>0.05
(not significant)

Gene expression analysis
Oxidative stress regulation
In fig. 4, Sections (A) and (B) denote the oxidative stress
markers (Keapl and Nrf2) in liver injury induced by
acetaminophen toxicity. Section (A) shows the genetic
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expression and fold change (Mean + SEM) of Keapl.
Keapl sequesters Nrf2 and promotes its degradation, thus
acting as an inhibitor of the antioxidant response brought
upon by Nrf2 (Ke ef al., 2013). The CP group showed a
marked upregulation in Keapl expression, which is
suggestive of suppression of antioxidant pathways.
Conversely, both treatment groups significantly reduced (p
< 0.001 vs CP) Keapl levels, indicating a partial
restoration of normal cell survival and antioxidant control.
The TAE group showed a better restoration towards
normality compared to the NAC group, which is suggestive
of T. arjuna’s protective role in rejuvenating antioxidant
stores of the cell. Section (B) shows Nrf2 activity across
four experimental groups. Nrf2 acts as a master regulator
of antioxidant pathways (Vomund et al., 2017) and in the
CP group, its activity was diminished, which reflected an
imbalance in cellular antioxidant potential under toxic
stress. Treatment with NAC subsequently upregulated the
expression level of Nrf2 (p < 0.05 vs CP) but treatment
with TAE showed stronger effects nearing CN levels (p <
0.0001 vs CP).
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Fig. 4: Gene expression patterns across four experimental
groups. (A) Keapl, (B) Nrf2.
To investigate the effects of treatment and acetaminophen toxicity
on hepatoprotective mechanisms, mRNA isolation and gene
expression levels of key oxidative and proliferative markers were
assessed through qRT-PCR. Statistical significance is denoted as
#p<0.05, **p<0.01, ***p<0.001, ***p<0.0001, ns=p>0.05
(not significant)

UPR signaling pathway molecules

The basic cell signaling molecules that influence directly
or indirectly endoplasmic reticulum functioning and
protein folding are ERK, JNK, AKT and PPAR-a. In fig. 5,
panel (A) shows the expression levels of ERK. The CP
group showed a significant increase (p < 0.01 vs CN) in the
ERK expression, which is explained as a stress-dependent
response and upregulation of this gene mediates the release
of certain inflammatory cytokines. Treatment with NAC
and TAE substantially reduces ERK expression relative to
the CP group (p < 0.01 vs CP) but therapeutic efficacy
between these two treatments was statistically non-
significant (p > 0.05 = ns). Panel (B) shows the expression
levels of JNK, which is a key driver of apoptosis in
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acetaminophen-induced liver injury. In the CP group, the
expression level of JNK is significantly elevated (p < 0.001
vs CN) which explains the activation of pro-apoptotic
cellular pathways during acetaminophen toxicity and UPR.
NAC and TAE treatments both significantly reduce JNK
expression (p < 0.0001 vs CP). Notably, TAE shows a
better effect in reducing JNK expression level compared to
NAC, marking its anti-apoptotic effects in imbalanced
proteostasis and cellular stress. Panel (C) shows PPAR-a
expression across four experimental groups. In the CP
group, there was a significant upregulation of PPAR-a
expression (p <0.0001 vs CN). The upregulation in PPAR-
a expression on sub-cellular levels may be indicative of
coping mechanisms against metabolic stress induced by
acetaminophen. The acute toxicity raised the levels of
PPAR-a as a defense mechanism of cells to cope with the
accumulated misfolded/unfolded proteins in the cell
matrix. The significant decrease in the expression level of
PPAR-a in the NAC treatment groups (p < 0.0001 vs CP)
is suggestive of the mitigation of initial stress caused by
acetaminophen toxicity. A similar effect was seen in the
TAE group, where a significant decrease in PPAR-a
expression was seen (p < 0.0001 vs CP), but mutual effects
between the NAC group and the TAE group were
statistically non-significant (p > 0.05 = ns). Panel (D)
shows AKT expression across experimental groups. AKT,
alike PPAR-0, is activated as a pro-survival molecule. In
the CP group, a significant increase in AKT expression (p
< 0.001 vs CN) conforms to the activation of cellular
coping mechanisms against apoptotic signals triggered by
JNK and cytokine storm. Treatment with NAC and TAE
improved cellular survival which resulted in substantial
downregulation of AKT signaling (p < 0.001 vs CP), but a
lesser decrease in AKT signaling was seen in the NAC
group which was deemed statistically non-significant (p >
0.05 = ns).
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Fig. 5: Hepatic gene expression profiles of key UPR and
survival signaling molecules in experimental groups.

(A) ERK, (B) JNK, (C) PPAR-a, (D) AKT. Statistical
significance is denoted as *p<0.05, **p<0.01, ***p<0.001,
*¥*¥En<0.0001, ns=p>0.05 (not significant)

Histopathology

Histopathological examination of liver sections was
conducted using routine Hematoxylin and Eosin (H&E)
staining. The photomicrographs were acquired at 400x
magnification to assess hepatic architecture, inflammatory
cell infiltration (neutrophil load) and overall cellular
integrity.
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Panel (A) shows the liver tissue section obtained from the
CN group and represents a healthy baseline of hepatic
tissue. Overall tissue organization in the CN group shows
well-organized centrilobular structures with clearly visible
sinusoids lined by endothelial cells and no cellular
congestion or nuclear degeneration. Hepatocytic
morphology shows polygonal hepatocytes with round,
central nuclei and intact cytoplasm with minimal to no
inflammatory infiltrate. In fig. 6-A, the black arrow points
to the central vein, the blue arrow highlights a normal
sinusoid through which blood flows through capillary
cords and the pink arrow indicates morphologically intact
hepatocytes in a typically polygonal shape and centrally
placed nuclei with clear cytoplasm.

Panel (B) shows the liver tissue section from the CP group.
There is evidence of architectural disruption where the
regular hepatocytic arrangement is lost in the centrilobular
region with focal necrotic areas and degeneration of
hepatocytes. Marked inflammatory cell infiltrate is visible
with sinusoidal congestion, which reflects an acute
inflammatory response. Some hepatocytes appear
strikingly eosinophilic with pyknotic (condensed or
dissolved) nuclei, indicating cell death. In fig. 6-B, the
black arrow shows a congested sinusoid reflecting vascular
hemorrhage consistent with APAP toxicity. The blue arrow
points to vacuolated hepatocytes indicating cellular
swelling and onset of apoptosis. The pink arrow shows
necrotic hepatocytes characterized by disoriented or
dissolved cellular structure.

Panel (C) shows the liver tissue section from the NAC
group, where a decrease in necrotic foci is visible
compared to the CP group and liver architecture is
improved, though not entirely normal. Fewer inflammatory
cells infiltrate the tissue and better hepatocytic viability is
observed, although some residual signs of injury persist.
Such hepatocytic repair depicts the restorative ability of N-
acetylcysteine in replenishing GSH stores and decreasing
oxidative damage, thereby reducing hepatocellular injury.
In fig. 6-C, the black arrow points to the residual area of
hepatocellular damage, indicating mild necrosis and
ongoing but reduced injury. The blue arrow highlights a
region of improved hepatocytes with better nuclear
morphology suggestive of partial restoration of liver
architecture. The pink arrow points to a sinusoidal space
with mild inflammatory focus showing some evidence of
congestion.

Panel (D) shows the liver tissue section from the TAE
group. The hepatocytes in this section appear more orderly
and closer in appearance to the radial arrangement as in the
CN group. Central vein and hepatic sinusoids are defined
with minimal congestion. The inflammatory infiltrates are
substantially reduced and a majority of hepatocytes exhibit
normal nuclear morphology with fewer signs of nuclear
necrosis. Notable restoration of liver histoarchitecture is
observed, which is suggestive of effective hepatoprotection

offered by T arjuna extract, likely through antioxidant and
anti-inflammatory mechanisms associated with the herbal
extract constituents. In fig. 6-D, the black arrow signifies a
focal region of well-organized liver parenchyma, which is
indicative of the overall recovery of liver tissue compared
to the untreated toxic group. The blue arrow points to a
sinusoidal space with minimal inflammatory infiltrate,
suggestive of cellular clearance. The pink arrow indicates
healthy hepatocytes with round nuclei and clear, well-
preserved cytoplasm.
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Fig. 6: Histopathological assessment of liver tissue across
experimental groups. (A) CN, (B) CP, (C) NAC, (D) TAE.
Histological analysis of liver sections was performed using

routine Hematoxylin and Eosin (H&E) staining.
Representative micrographs were taken at 400x%
magnification to evaluate hepatic  architecture,

inflammatory infiltration, and cellular integrity. The black,
blue, and pink arrows show key hepatic tissue structures
that show substantial architectural changes after toxic
induction and treatment.

DISCUSSION

Acetaminophen-induced  hepatotoxicity —remains a
significant concern due to its potential to cause acute liver
injury by initializing oxidative stress pathways,
mitochondrial dysfunction and endoplasmic reticulum
stress-mediated apoptosis (Zhang et al., 2022). The liver,
being the major site for most drug biotransformation that
goes through first-pass hepatic metabolism, remains a
target for drug-induced injury and a site of initiation for
cellular stress (Luo ef al., 2023). In this study, the
protective effects of 7. arjuna extract against APAP-
induced liver injury were evaluated using serological,
histopathological and molecular analyses.

Acetaminophen overdose is widely recognized as a major
cause of liver damage, with its hepatotoxic effects well
documented in both clinical and experimental studies (Yan
et al., 2018). The current study's findings regarding
increased levels of liver function markers such as ALT,
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AST and bilirubin are consistent with those of Ullah et al.,
(2022), who reported similar elevations in these markers as
indicators of paracetamol-induced liver injury. Comparable
results were also observed by Khan ez al., (2023), where
ALT and AST levels significantly increased following
paracetamol induction. Histologically, the observed
necrotic changes in hepatic tissues align with the findings
of Islam et al., (2021), who reported coagulative necrosis
and inflammatory residues in the acetaminophen-toxic
group.

Oxidative stress and antioxidant defense

The initial biological response to metabolic or pathological
threats involves the production of reactive oxygen and
nitrogen species (ROS and RNS) to facilitate pathogen
destruction and initiate inflammation for immune cell
recruitment (Zhang and Kaufman, 2008). However, when
the stressor persists, this response becomes pathological,
leading to excessive ROS/RNS production that damages
host cells and tissues (Yang et al., 2016). In
acetaminophen-induced hepatotoxicity, ROS generation
depletes endogenous antioxidants like GSH, disrupts
mitochondrial function and triggers ER stress due to the
accumulation of misfolded proteins (Wu and Kaufman,
2006; Xiao ef al., 2020). In the current study, elevated TOS
and decreased SOD levels in the APAP-treated group
confirmed excessive ROS generation and oxidative
imbalance (Du ef al., 2025). These findings are consistent
with Jaeschke and Ramachandran (2020), who reported
P450-mediated ROS overproduction in APAP toxicity
leading to lipid peroxidation and necrosis. The decrease in
SOD, consistent with Du et al. (2017), reflects an
overwhelmed antioxidant defense system. Increased
TBARS levels further support the initiation of apoptotic
pathways, aligning with Jaeschke ef al. (2019).
Importantly, both NAC and T. arjuna bark extract (TAE)
treatments reversed these effects, but TAE showed superior
efficacy in restoring antioxidant activity. While NAC is the
standard treatment for APAP overdose (Teschke and
Danan, 2020), its limitations such as delayed hepatocyte
regeneration and reduced bioavailability over time (Yang
et al., 2009) highlight the novelty of TAE treatment. The
current findings suggest that TAE’s polyphenolic content
may confer additional antioxidant mechanisms beyond
GSH replenishment offered by NAC (El-Serafi et al., 2018;
Manna et al., 2006). This positions 7. arjuna as a promising
alternative or complementary therapy for APAP-induced
liver injury, with potential advantages in efficacy and
sustained antioxidant response.

Effects on critical regulators of cellular stress response

The Keap1-Nrf2 pathway is a critical regulator of cellular
oxidative stress response. Keapl interacts with Nrf2 as a
master regulator of cellular redox equilibrium and under
physiological conditions, Keapl-Nrf2 complex signaling
induces ubiquitination of Nrf2 to activate ARE, which
scavenges free radicals and regulates the oxidant load of
the cells (Ke et al.,, 2013). In this study, Keapl was
significantly upregulated in the CP group likely due to

Wania Nasir et al.

oxidative stress-induced feedback regulation. Elevated
Keapl restricts Nrf2 activation, which is shown by
decreased Nrf2 expression in the CP group, leading to
diminished antioxidant defense. Conversely, both NAC
and TAE-treated experimental units showed elevated levels
of Nrf2 and decreased genetic expression of Keap1, which
suggests the relapse of cellular defense mechanisms. TAE
treatment in particular decreased Keapl level to near-
normal boundary, suggesting that the bioactive elements of
whole extract possess oxidant inhibition properties which
enhance Nrf2-driven antioxidant responses, thus
mitigating liver injury due to oxidative stress. The
upregulation of Nrf2 in the TAE group suggests direct
activation of cytoprotective pathways and inhibition of
Keapl, thereby enhancing cellular resilience. Similar
effects were seen in a study by Im et al., (2012) where
thioredoxin 1 expression was correlated with Nrf2
pathways in cell survival mechanisms of cancer cells.

Involvement of UPR signaling molecules in different
facets of stress response

Mitogen-Activated Protein Kinases (MAPK) are a class of
special proteins which are directly involved and activated
during ER stress and facilitate the signaling of UPR
(Altarjami, 2025). When unfolded proteins accumulate in
the ER, IRE1, which is an ER stressor, binds to second
messenger proteins, which subsequently activate JNK
(Zhang et al., 2022). Once JNK is activated, the cellular
survival threshold is tilted towards cell death when ERS is
severe. In the current study, the APAP toxic group (CP)
showed upregulated JNK levels due to increased ROS,
glutathione depletion and accumulation of reactive
metabolites that led to the activation of necrotic pathways
in hepatocytes, exacerbating liver injury. A similar
upregulation as seen in ERK levels in the CP group, which
correlated to UPR signaling through a different pathway
but provides a cell survival and repair output. Treatment
with 7. arjuna substantially decreased the upsurge of
apoptotic signals by downregulating ERK and JNK
expression levels, which were backed by reduced oxidative
stress due to the anti-oxidant powers of the herbal extract.
PPAR-a is a classical sensor of lipid peroxidation due to
ROS generation and its upregulation is directly related to
ROS-mediated fatty-acid oxidation of hepatocytic
membrane (Zhao et al., 2017). In the CP group, PPAR-a
levels were upregulated, which indicated severe lipid
peroxidation due to NAPQI. ER stress altered lipid
metabolism of cells and upregulated PPAR-a levels
assisted in coping with lipid by-product overload, plausibly
by regulating genes involved in [-oxidation as a
compensatory mechanism (Lin ef al., 2022). The key active
ingredient of 7. arjuna extract is Arjunolic acid, which is a
triterpenoid saponin and is reported as a PPAR-a agonist
(Bansal et al., 2017). The specific effects of 7. arjuna on
basal metabolic activity of PPAR-a in hepatocytes of toxic
group treated with TAE were thus evaluated and the
observations showed promising results in ameliorating
APAP-toxicity in hepatocytes along with vital antioxidant
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and anti-inflammatory properties. Similarly, AKT is a
crucial kinase in the PI3K/AKT pathway, also a
subdivision of the UPR signaling cascade, which is
responsible for regulating cell survival and proliferation
(He et al., 2021). AKT upregulation in the APAP-toxic
group may be explained as an initial pro-survival response
of the cell to counteract oxidative damage and apoptotic
signals. Excessive AKT upregulation had a resultant
aberrance in cell survival signals which put the hepatocytes
in a fibrotic cycle, as is evident from histopathological
findings where necrotic mass and liquefaction of cell
membrane with irregular cytoplasmic contents were seen
in the CP group. This finding is also supported by Liu et
al., (2020) in their study to investigate the PI3K/AKT
pathway modulation in multidrug resistance of cancers.
The TAE group in the current study shows AKT
downregulation, which can be explained by the close
linkage of AKT signaling with inflammatory signaling
pathways through NF-kB activation and cytokine
recruitment (Liu et al., 2020), hence the anti-inflammatory
effects of 7. arjuna also modulate this key genetic
interplay.

The findings of the current study demonstrate that TAE
effectively modulates these pathways, restoring cellular
homeostasis and offering hepatoprotective effects
comparable to the standard treatment, N-acetylcysteine.
Notably, the effect of TAE on the expression level of cell
proliferation markers and UPR signaling molecules
suggests a novel role in liver regeneration and restoration
of cellular equilibrium after the accumulation of toxic
metabolites, warranting further investigation. While these
results provide promising evidence for 7. arjuna as a
potential therapeutic agent, additional studies are needed to
elucidate its precise molecular mechanisms, optimize
dosing strategies and validate its efficacy in clinical
settings. Future research should also explore its long-term
safety profile and potential synergistic effects with existing
hepatoprotective agents.
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