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Abstract

Purpose: Paraquat (PQ) is a highly toxic herbicide that induces hepatic injury through oxidative stress,
inflammasome activation, and progressive fibrosis, contributing to chronic liver disease. Drug repurposing offers a
promising strategy for accelerating therapeutic development. This study evaluated the hepatoprotective and

antifibrotic potential of disulfiram (DSF), a clinically approved drug with emerging antioxidant and anti-



inflammatory properties, against PQ-induced hepatic injury, including its association with NLRP3 inflammasome

activation and PGC-1a expression.

Methods: Thirty-five male Wistar rats were randomly assigned to seven groups: Control, Vehicle, DSF20, PQ (1.5
mg/kg), and PQ co-treated with DSF (5, 10, or 20 mg/kg). PQ and DSF were administered via intraperitoneal
injection for 4 weeks (5 consecutive days per week, with 2-day intervals). Hepatic injury was evaluated using
histopathology (H&E and Masson's trichrome staining), serum biomarkers (ALT, AST, and ALP), oxidative stress
parameters (malondialdehyde [MDA], catalase [CAT], and glutathione peroxidase [GPx]), NLRP3 and PGC-1la
gene expression determined by qRT-PCR, and quantitative fibrosis assessment (fibrosis score and fibrotic area

percentage).

Results: PQ exposure caused marked hepatic histopathological injury, increased oxidative stress, elevated liver
enzymes, increased NLRP3 expression, decreased PGC-1a expression, and elevated fibrosis. DSF co-treatment,
particularly at 20 mg/kg, significantly ameliorated these changes by reducing tissue injury, lowering lipid
peroxidation, restoring antioxidant enzyme activity, suppressing NLRP3 expression, restoring PGC-1a expression,
and decreasing fibrosis score and fibrotic area. Notably, NLRP3 suppression was effective at both 10 and 20 mg/kg,

whereas a significant reduction in fibrosis required 20 mg/kg.

Conclusion: Disulfiram, particularly at 20 mg/kg, significantly attenuated PQ-induced hepatic injury and fibrotic
remodeling, accompanied by reduced oxidative stress, suppression of NLRP3 expression, and restoration of PGC-1a

expression.
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Introduction

The liver is a central organ responsible for metabolic homeostasis, xenobiotic metabolism, detoxification, and
immune regulation, making it particularly vulnerable to environmental and chemical toxicants. Persistent
hepatocellular injury can initiate oxidative and inflammatory responses that, when sustained, promote tissue

remodeling and excessive extracellular matrix deposition, ultimately contributing to hepatic fibrosis and progression



of chronic liver disease. Oxidative stress and inflammation are therefore closely interconnected processes in the

initiation and progression of hepatic injury and fibrotic remodeling [1, 2].

Paraquat (PQ) is a widely used bipyridyl herbicide and potent environmental toxicant capable of causing injury to
multiple organs, including the liver. Experimental evidence indicates that PQ exposure induces biochemical and
histopathological abnormalities accompanied by substantial oxidative stress. A major mechanism underlying PQ
toxicity is redox cycling, which promotes excessive generation of reactive oxygen species (ROS), lipid peroxidation,
and disruption of cellular antioxidant defenses. In a rat model of PQ-induced acute liver injury, PQ exposure
increased hepatic malondialdehyde (MDA) levels and produced biochemical and histopathological evidence of liver
damage. Importantly, PQ exposure was also associated with activation of the NOD-LRR-pyrin domain-containing
protein 3 (NLRP3) inflammasome, supporting a mechanistic link between oxidative stress and inflammatory

signaling in PQ-induced hepatic injury [3].

The NLRP3 inflammasome is a key component of innate immune signaling that responds to cellular stress and
damage-associated signals, including excessive ROS production and lysosomal dysfunction. Upon activation,
NLRP3 promotes caspase-1 activation and maturation of pro-inflammatory cytokines, particularly interleukin (IL)-
1B and IL-18, thereby amplifying inflammatory responses and, under certain conditions, promoting pyroptotic cell
death. Increasing evidence also implicates NLRP3-associated signaling in hepatic fibrotic remodeling. In
experimental liver fibrosis, inhibition of NLRP3 activation has been associated with attenuation of inflammatory
responses and reduction of fibrotic changes, highlighting the potential relevance of this pathway to the progression

of hepatic injury and fibrosis [4].

Mitochondrial homeostasis represents another critical determinant of hepatic responses to oxidative and metabolic
stress. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) is a transcriptional
coactivator that regulates mitochondrial biogenesis, oxidative metabolism, and cellular energy homeostasis.
Impaired PGC-1a signaling has been associated with mitochondrial dysfunction, oxidative stress, and hepatic
fibrotic remodeling, whereas preservation of PGC-1a activity may contribute to maintaining mitochondrial function
during chronic liver injury [5, 6]. Thus, assessment of PGC-1a alongside oxidative and inflammatory markers may

provide complementary insight into the cellular responses associated with toxicant-induced hepatic damage.



Disulfiram (DSF) is an established pharmacological treatment for alcohol use disorder that has attracted increasing
interest because of biological activities extending beyond its classical therapeutic indication. Experimental studies
have demonstrated anti-inflammatory and anti-pyroptotic effects of DSF and its metabolites, including modulation
of intracellular ROS production and NLRP3 inflammasome activation [7, 8]. In particular, DSF has been shown to
suppress NLRP3 inflammasome activation and pyroptotic cell death, with inhibition of lysosomal cathepsin B
release and reduction of ROS production proposed as contributing mechanisms [9]. These findings provide a
mechanistic rationale for investigating DSF as a potential modulator of oxidative stress-associated inflammatory

injury.

Importantly, however, the hepatic effects of DSF are not uniformly protective. Disulfiram is a well-established cause
of clinically apparent drug-induced liver injury, with reported manifestations ranging from asymptomatic
aminotransferase elevations to acute hepatitis, jaundice, and, in severe cases, acute liver failure and death [10].
Histopathological findings in reported cases include portal inflammation, eosinophilic infiltration, and hepatocellular
necrosis, supporting a clinically relevant hepatotoxic potential of DSF [11]. The mechanism of DSF hepatotoxicity is
considered predominantly idiosyncratic and may involve immune-mediated responses and toxic metabolites. These
observations are particularly important when evaluating DSF in experimental models of liver injury, because a

protective effect cannot be assumed solely from its anti-inflammatory properties [12].

Conversely, experimental studies have demonstrated hepatoprotective and antifibrotic effects of DSF under specific
pathological conditions. DSF encapsulated in polymer nanoparticles ameliorated thioacetamide-induced liver injury
and reduced inflammatory responses [13]. Similarly, low-dose DSF (4 mg/kg) attenuated CCls- and bile duct
ligation-induced liver fibrosis in rats, accompanied by suppression of hepatic stellate cell activation and viability
[14]. DSF has also been reported to attenuate acetaminophen-induced acute liver injury by modulating the gut
microbiota and PI3K/Akt signaling [15]. More recently, a rat study using CCls-induced liver fibrosis found that DSF
at 25 mg/kg reduced ALT, AST, and MDA levels and improved hepatocyte morphology. In contrast, neither 25 nor
50 mg/kg significantly reduced collagen deposition [16]. Together, these findings indicate that the hepatic effects of
DSF may vary according to the underlying toxicant, dose, duration, and biological context, with both hepatotoxic

and hepatoprotective outcomes reported.



This apparent context dependence highlights an important unresolved question regarding the effects of DSF in
toxicant-induced hepatic injury. Although DSF has been reported to exert anti-inflammatory and hepatoprotective
effects in some experimental models, its effects may vary depending on the underlying pathological context.
Whether DSF can protect against PQ-induced hepatic injury and fibrotic remodeling, and whether such effects are
associated with modulation of oxidative stress, NLRP3-associated inflammation, and PGC-1a-related mitochondrial
homeostasis, remains unclear. Therefore, the present study aimed to investigate the potential hepatoprotective effects

of DSF in PQ-induced liver injury and to clarify the molecular pathways that may underlie its effects.

2- Methods and Materials

2.1. Animal Care and Experimental Design

2.1.1. Animal Care and Housing

All animal procedures in the present study were approved by the Institutional Animal Care and Use Committee of
Babol University of Medical Sciences (Approval code: IRRMUBABOL.AEC.1403.021) and were conducted in
accordance with institutional guidelines for the care and use of laboratory animals. A total of 35 healthy male Wistar
rats (8 £ 1 weeks old, 200 + 20 g) were obtained from the Laboratory Animal Center. The animals were housed
under controlled environmental conditions (22 + 3 °C, 55 = 10% humidity, and a 12-h light/dark cycle), with free
access to standard rodent chow (Pars Animal Feed Co., Tehran, Iran) and tap water. All efforts were made to

minimize animal suffering and reduce the number of animals used.

2.1.2. Experimental Design and Treatment Protocol

The 35 rats were randomly allocated into seven groups (n =5 per group): (1) Control, receiving no treatment; (2)
Vehicle, receiving olive oil (200 pL/day, i.p.); (3) DSF20, receiving disulfiram alone (20 mg/kg/day, i.p.); (4) PQ,
receiving paraquat (1.5 mg/kg/day, p.o.); (5) PQ+DSFS5, receiving paraquat (1.5 mg/kg/day, p.o.) plus disulfiram (5
mg/kg/day, i.p.); (6) PQ+DSF10, receiving paraquat (1.5 mg/kg/day, p.o.) plus disulfiram (10 mg/kg/day, i.p.); and
(7) PQ+DSF20, receiving paraquat (1.5 mg/kg/day, p.o.) plus disulfiram (20 mg/kg/day, i.p.). The paraquat dose of

1.5 mg/kg/day was selected based on previous experimental studies demonstrating that repeated exposure to this



dose induces hepatic injury in rats [17, 18]. All treatments were administered once daily, 5 consecutive days per

week, with 2-day intervals, for a total experimental period of 4 weeks [19].

Following completion of the 4-week treatment period, rats were anesthetized with ketamine (80 mg/kg) and xylazine
(10 mg/kg), and blood was collected by cardiac puncture. Euthanasia was completed by exsanguination and
confirmed by bilateral thoracotomy. Blood samples were allowed to clot for 30 min at room temperature and
centrifuged at 3000 rpm for 15 min, and the separated serum was stored at —80 °C until biochemical analysis. The
liver was then immediately excised, with representative portions fixed in 10% neutral-buffered formalin for
histopathological and fibrotic assessments, while additional samples were snap-frozen in liquid nitrogen and stored

at —80 °C for biochemical and molecular analyses.

2.2. Histopathological Assessments

2.2.1: Tissue Processing and Staining

Fixed liver tissues were processed through graded ethanol solutions (70%, 80%, 90%, 96%, and 100%), cleared in
xylene, and embedded in paraffin wax. Serial sections (4 um) were cut using a rotary microtome (Leica RM2245,

Germany) and mounted on glass slides.

For histopathological assessment, sections were stained with:

2.2.2: Hematoxylin and Eosin (H&E): Following deparaffinization and rehydration, sections were stained with

Mayer's hematoxylin and eosin Y (Asiapajouhesh, Iran) according to standard protocols [16].

2.2.3: Masson’s Trichrome: Collagen deposition was assessed using a commercial kit (Asiapajouhesh, Iran; Cat.

No. 140011) as per the manufacturer’s instructions [16].

2.2.4: Liver Histology Evaluation

Histopathological factors, including lobular structure deformation, cytoplasmic vacuolation, presence of necrotic cells,
vascular congestion, and inflammatory cells, were graded based on the severity of liver tissue damage (0, absent; 1,
mild intensity; 2, moderate intensity; 3, high intensity) [16, 20, 21]. Liver fibrosis was graded according to the Ishak

fibrosis scoring system (0-6 grades) [22].

2.2.5: Quantification of hepatic necrosis and fibrosis



Liver sections stained with hematoxylin and eosin (H&E) and Masson’s trichrome were used for quantification. For
assessment of necrotic nuclei, H&E-stained liver sections were imaged at 18x magnification and analyzed using Fiji
(ImageJ, NIH, Bethesda, MD, USA). The hematoxylin channel was isolated through color deconvolution (H&E
vector) to enhance nuclear staining specifically. The deconvolved hematoxylin channel was then subjected to fixed
thresholding uniformly applied to all sections to segment areas of nuclear loss, which are characteristic of necrotic
regions. The necrotic-positive area fraction (%Area) was calculated for five randomly selected hepatic fields per

animal.

For hepatic fibrosis, Masson’s trichrome—stained liver sections were used. Collagen was isolated through color
deconvolution (Masson’s Trichrome vector), and the collagen channel was subjected to fixed thresholding uniformly
applied to all sections. The collagen-positive area fraction (%oArea) was calculated for five randomly selected

hepatic fields per animal.

2.3. Molecular Analyses

2.3.1. Gene Expression Analysis of NLRP3 and PGC-1a

Approximately 30 mg of frozen liver tissue was homogenized, and total RNA was extracted using lysis buffer
(ParsTous, Mashhad, Iran) according to the manufacturer's instructions. RNA concentration and purity were assessed
spectrophotometrically using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA), and RNA integrity

was evaluated by agarose gel electrophoresis.

First-strand cDNA was synthesized from 1 pg of total RNA using a commercial reverse transcription kit (YTA, Iran)
in a final reaction volume of 20 pL, according to the manufacturer's protocol. Quantitative real-time PCR (qRT-
PCR) was performed in triplicate using SYBR Green Master Mix (Ampliqon, Denmark) in a final volume of 20 pL.
Each reaction contained 2 pL of cDNA template and 0.5 pM of each primer. Amplification was performed using a
Mic qPCR Cycler (Bio Molecular Systems, Australia). The cycling conditions consisted of an initial denaturation
step at 95 °C for 15 min, followed by 40 cycles of denaturation at 95 °C for 30 s, primer-specific annealing at 64 °C

for NLRP3, 61 °C for PGC-1a, and 58 °C for GAPDH for 30 s, and extension at 72 °C for 30 s.



A melting-curve analysis was performed at the end of amplification to confirm the specificity of the PCR products.
GAPDH was used as the reference gene, and relative gene expression was calculated using the 2*—AACt method.

The primer sequences used for NLRP3, PGC-10, and GAPDH are presented in Table 1.

Table 1. Primer sequences used for quantitative real-time PCR

Gene Forward (5'-3’) Reverse (5'-3")

NLRP-3 | CAGGATCTCGCATTGGTTCT AGCAGCACAGTGAAGTAAGG

PGC-1a | CAACACTCAGCTCAGCTACAA | GCTCCATGAATTCTCGGTCTT

GAPDH | GACAGCCGCATCTTCTTGTG GGTAACCAGGCGTCCGATAC

2.4. Biochemical Analyses

2.4.1. Measurement of Liver Enzymes

Blood samples (from cardiac) were centrifuged at 3000 rpm to separate the serum, which was aliquoted and stored at
—80 °C until analysis. Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline
phosphatase (ALP) levels were determined using commercial diagnostic kits (Pars Azmoon Co., Iran) according to

the manufacturer’s instructions. Enzyme activities were measured spectrophotometrically.

2.4.2. Oxidative Stress Markers

Liver tissue samples were homogenized at a 10% (w/v) concentration in ice-cold phosphate-buffered saline (PBS;
pH 7.4) using a glass—Teflon homogenizer. The homogenates were centrifuged at 12,000 rpm for 15 min at 4 °C, and

the resulting supernatants were collected for biochemical analyses.

Catalase (CAT) activity was determined using a commercial kit (Kiazist, Hamedan, Iran) based on the
decomposition of hydrogen peroxide (H20:), with absorbance measured at 240 nm. Malondialdehyde (MDA), as an
indicator of lipid peroxidation, was measured using the thiobarbituric acid-reactive substances (TBARS) method

with a commercial kit (Kiazist, Hamedan, Iran). Glutathione peroxidase (GPx) activity was measured using a



commercial kit (Navand Salamat, Urmia, Iran), based on the reduction of cumene hydroperoxide coupled with

NADPH oxidation, according to the manufacturer’s instructions.

2.5. Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 10.4.1 (GraphPad Software, USA).
Histopathological lesion scores were analyzed using the Kruskal-Wallis test, followed by Dunn’s multiple-

comparisons test for pairwise comparisons.

Continuous variables, including serum biochemical parameters, oxidative stress markers, and relative gene-
expression levels, were analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s multiple-
comparisons test. The percentages of fibrotic and necrotic areas were analyzed using nested one-way ANOVA to
account for measurements obtained from multiple microscopic fields within individual animals. Data are presented

as mean = standard error of the mean (SEM). A two-sided P value <0.05 was considered statistically significant.

3-Result

3-1: Histopathological findings

Histopathological evaluation demonstrated marked hepatic injury in the PQ group compared with the control group.
PQ exposure significantly increased the scores of all assessed histopathological parameters, including lobular
destruction, hepatocyte vacuolation, hepatocyte hyalinization, necrotic hepatocytes, central vein congestion, portal
congestion, sinusoidal congestion, total congestion, sinusoidal collapse, and macrophage accumulation in the

sinusoids, as well as the percentage of necrotic nuclei area (all P<0.0001).

DSF treatment significantly attenuated several PQ-induced cellular alterations. Lobular destruction was
significantly reduced in the PQ+DSF5, PQ+DSF10, and PQ+DSF20 groups compared with the PQ group
(P=0.0402, P=0.0074, and P<0.0001, respectively). The score was lowest in the PQ+DSF20 group (0.7586 +
0.1460), which also differed significantly from the PQ+DSF5 group (P=0.0320). Hepatocyte vacuolation was
significantly reduced in the PQ+DSF10 and PQ+DSF20 groups compared with the PQ group (both P<0.0001);

significant differences were also observed between PQ+DSF5 and both PQ+DSF10 and PQ+DSF20 (both



P<0.0001). Similarly, hepatocyte hyalinization was significantly lower in the PQ+DSF10 and PQ+DSF20 groups
than in the PQ group (P=0.0018 and P<0.0001, respectively), with a significant difference between PQ+DSF5 and
PQ+DSF20 (P=0.0472). Necrotic hepatocyte scores were also significantly reduced in the PQ+DSF10 and
PQ+DSF20 groups compared with the PQ group (both P<0.0001), while significant differences were observed
between PQ+DSF5 and PQ+DSF10 (P=0.0009) and between PQ+DSF5 and PQ+DSF20 (P<0.0001). The
percentage of necrotic nuclei area was significantly lower in the PQ+DSF10 and PQ+DSF20 groups than in the
PQ group (2.146 + 0.2218% and 1.599 + 0.1141% vs. 6.539 + 0.2978%; both P<0.0001). Significant differences
were also observed between PQ+DSF5 and PQ+DSF10 and between PQ+DSF5 and PQ+DSF20 (both P<0.0001)

(Fig. 1, 2).

DSF treatment also attenuated PQ-induced vascular and sinusoidal alterations. Central vein congestion was
significantly reduced by DSF5, DSF10, and DSF20 compared with PQ (P=0.0003, P<0.0001, and P<0.0001,
respectively), as was portal congestion (P=0.0018, P=0.0042, and P<0.0001, respectively). Sinusoidal congestion
was significantly reduced in all three DSF-treated groups compared with PQ (P=0.0397, P<0.0001, and P<0.0001,
respectively), with significant differences between PQ+DSF5 and PQ+DSF20 (P<0.0001) and between PQ+DSF10
and PQ+DSF20 (P=0.0011). Total congestion was also significantly lower in all DSF-treated groups than in the PQ
group (all P<0.0001), with significant differences between PQ+DSF5 and PQ+DSF10 (P=0.0001) and between
PQ+DSF10 and PQ+DSF20 (P=0.0225). Sinusoidal collapse was significantly reduced in the PQ+DSF10 and
PQ+DSF20 groups compared with PQ (P=0.0025 and P<0.0001, respectively); significant differences were also
observed between PQ+DSF5 and PQ+DSF20 (P<0.0001) and between PQ+DSF10 and PQ+DSF20 (P=0.0211).
Finally, macrophage accumulation in the sinusoids was significantly reduced only in the PQ+DSF20 group

compared with the PQ group (P=0.0039). (Fig. 2, 3).

3-2: Hepatic fibrosis

PQ exposure significantly increased hepatic fibrosis compared with the control group, as demonstrated by both the
fibrosis score and the percentage of fibrotic area. The fibrosis score increased from 0.06000 + 0.03393 in the control
group to 3.717 = 0.1090 in the PQ group (P<0.0001). Similarly, the percentage of fibrotic area increased from

3.221 + 0.2279% in the control group to 17.08 &+ 0.7621% in the PQ group (P<0.0001).



Treatment with DSF20 significantly reduced both measures of hepatic fibrosis compared with the PQ group. The
fibrosis score decreased to 0.6269 + 0.1038 in the PQ+DSF20 group (P<0.0001), while the percentage of fibrotic
area decreased to 10.41 £ 0.5816% (P<0.0001). Significant differences were also observed between the PQ+DSF5
and PQ+DSF20 groups and between the PQ+DSF10 and PQ+DSF20 groups for both the fibrosis score and the

percentage of fibrotic area (all P<0.0001). (Fig. 4, 5).

3-3: Gene Expressions

3.3.1: NLRP3 gene expression

In contrast, PQ exposure significantly increased NLRP3 gene expression compared with the Control group (5.836 +
0.5855 vs. 1.050 £ 0.1696, P<0.0001; Fig. X). NLRP3 expression was significantly lower in the PQ+DSF10 and
PQ+DSF20 groups than in the PQ group (2.297 + 0.2803, P=0.0004; and 1.584 + 0.3673, P<0.0001, respectively).
Among the DSF-treated groups, NLRP3 expression was significantly lower in the PQ+DSF10 and PQ+DSF20

groups than in the PQ+DSF5 group (P=0.0103 and P=0.0007, respectively). (Fig. 6 a).

3.3.2: PGC-1a gene expression

PQ exposure significantly reduced PGC-1a gene expression compared with the Control group (1.337 + 0.2668 vs.
5.008 + 0.4231, P<0.0001; Fig. X). PGC-1a expression was significantly higher in the PQ+DSF20 group than in the
PQ group (3.785 + 0.3755, P=0.0017). Among the DSF-treated groups, PGC-1a expression was significantly higher

in the PQ+DSF20 group than in the PQ+DSF5 group (P=0.0018). (Fig. 6 b).

3-4: Biochemical assessment of liver injury

Serum liver enzyme levels were significantly elevated following PQ exposure compared with the control group.
ALT increased from 17.00 £ 1.817 in the control group to 56.80 + 2.083 in the PQ group (P<0.0001). DSF treatment
significantly reduced ALT levels in the PQ+DSF10 and PQ+DSF20 groups compared with PQ alone (P=0.0172 and
P=0.0002, respectively). A significant difference was also observed between the PQ+DSF5 and PQ+DSF20 groups

(P=0.0254). (Fig. 7 a)

Similarly, AST levels were significantly higher in the PQ group than in the control group (290.0 + 10.84 vs. 100.0 =

2.739, P<0.0001). AST was significantly reduced in the PQ+DSF20 group compared with PQ (114.0 = 4.000,



P<0.0001). Significant differences were also observed between PQ+DSF5 and PQ+DSF20 and between PQ+DSF10

and PQ+DSF20 (both P<0.0001). (Fig. 7 b)

ALP levels were also significantly increased by PQ exposure compared with the control group (687.0 &+ 34.34 vs.
420.0 + 17.10, P=0.0003). DSF20 significantly reduced ALP levels compared with PQ (501.0 + 45.56, P=0.0183).

(Fig. 7 ¢)

3-5: Oxidative stress and antioxidant enzyme activity

PQ exposure significantly impaired antioxidant enzyme activity compared with the control group. GPx activity was
markedly reduced in the PQ group compared with the control group (6.138 + 0.6407 vs. 42.25 + 1.174, P<0.0001).
DSF treatment group, CAT activity was significantly lower in the PQ group than in the control group (422.1 +26.42
vs. 1042 £+ 32.46, P<0.0001). CAT activity was significantly increased in the PQ+DSF10 and PQ+DSF20 groups
compared with PQ (775.5 £ 30.88 and 931.9 + 37.56, respectively; both P<0.0001). Significant differences were
observed between PQ+DSF5 and PQ+DSF10 (P=0.0002), PQ+DSF5 and PQ+DSF20 (P<0.0001), and PQ+DSF10

and PQ+DSF20 (P=0.0230). (Fig. 7 d-e)

In contrast, MDA levels were significantly elevated in the PQ group compared with the control group (34.89 +
0.9085 vs. 9.118 + 0.4653, P<0.0001). DSF treatment significantly reduced MDA levels in the PQ+DSF10 and
PQ+DSF20 groups compared with PQ (28.85 = 0.9416, P=0.0029; and 21.33 £ 0.9631, P<0.0001, respectively).
Among the DSF-treated groups, MDA levels differed significantly between PQ+DSF5 and PQ+DSF20 (P<0.0001)
and between PQ+DSF10 and PQ+DSF20 (P=0.0002), whereas the difference between PQ+DSF5 and PQ+DSF10
was borderline (P=0.0500).ignificantly increased GPx activity in the PQ+DSF10 and PQ+DSF20 groups compared
with PQ alone (21.78 £2.210 and 25.69 + 3.616, respectively; both P<0.0001). Significant differences were also

observed between PQ+DSF5 and PQ. (Fig. 7 g)

4. Discussion

Paraquat (PQ) remains one of the most widely used herbicides worldwide despite its well-recognized toxicity and
restrictions in several countries. In the present study, DSF attenuated PQ-induced hepatic injury and fibrotic

remodeling, as demonstrated by improved histopathological findings, reduced lipid peroxidation, restoration of



antioxidant enzyme activities, suppression of NLRP3 gene expression, restoration of PGC-1a expression, and
reduced fibrosis scores and fibrotic area. Among the tested doses, 20 mg/kg showed the most consistent protective
effects across most outcomes, although 10 mg/kg produced comparable effects on NLRP3 suppression, several
histopathological parameters, oxidative stress markers (MDA, GPx, and CAT), and ALT reduction. However, these

findings do not establish a definitive optimal therapeutic dose.

4.1 Histopathological findings and hepatic injury

Histopathological examination confirmed that PQ induced severe hepatic injury characterized by lobular destruction,
hepatocyte vacuolation, hyalinization, necrotic hepatocytes, central vein and sinusoidal congestion, sinusoidal
collapse, and macrophage accumulation, consistent with previous reports describing PQ-induced hepatic injury as a
consequence of oxidative stress and inflammatory responses [23, 24]. DSF treatment substantially ameliorated these
pathological alterations, particularly at 10 and 20 mg/kg. These doses were associated with reduced lobular
destruction, less hepatocyte vacuolation and hyalinization, fewer necrotic hepatocytes, and decreased congestion and
macrophage accumulation. Although 5 mg/kg also exerted some protective effects, its efficacy was less consistent

across different histological indices.

Similar hepatoprotective effects of DSF have been reported in other experimental models, where it reduced
hepatocellular necrosis, inflammatory infiltration, and tissue remodeling [13, 14]. The attenuation of macrophage
accumulation in hepatic sinusoids observed at 20 mg/kg is particularly noteworthy, as Kupffer cells and infiltrating
macrophages are principal contributors to inflammatory cytokine production and subsequent hepatocellular injury
[13, 25]. Together, these findings support the protective effects of DSF against PQ-induced hepatic structural
damage. However, the extent to which these histological improvements translate into sustained functional benefits

requires further investigation.

In contrast to these protective findings, experimental and clinical evidence indicates that DSF can also induce
hepatotoxicity under certain conditions, particularly at higher concentrations, with chronic administration, or in the
presence of pre-existing liver disease. A comprehensive review of DSF in liver diseases concluded that while DSF
holds promise for broader application, its clinical use is hindered by the risk of inducing pharmacologic liver injury,
necessitating careful patient selection and monitoring [12]. This hepatotoxic potential is supported by clinical data:

in the DILIN prospective study, DSF was the leading cause of drug-induced liver injury (DILI) among medications



for alcohol use disorder, with 3 of 11 cases being fatal or near-fatal, and severe outcomes were most common in
patients with underlying liver disease [10]. A recent case report further illustrated that DSF-induced DILI can
manifest as life-threatening acute liver failure even at standard doses (250 mg/day) within the first month of therapy,
particularly when initiated in patients with pre-existing alcohol-related liver disease [26]. Mechanistically, the
hepatotoxicity of DSF has been linked to its capacity to deplete intracellular glutathione and ATP at higher
concentrations, although recent in vivo evidence suggests that at clinically relevant doses, DSF does not exacerbate
liver toxicity in healthy rats treated with morphine, but may pose a risk in subjects with pre-existing liver
impairment [27]. These observations highlight a narrow therapeutic window for DSF and suggest that the
hepatoprotective effects observed in our PQ model may be specific to the dose, duration, and the nature of the toxic
insult (i.e., acute oxidative stress). The absence of hepatotoxicity in our study, as reflected by the lack of worsening
in histopathological scores even at 20 mg/kg, does not rule out the potential for adverse hepatic reactions in other
contexts, with higher doses, or with chronic administration. This duality underscores the need for careful dose

selection and hepatic monitoring in any translational application of DSF.

4.2 Oxidative stress

Oxidative stress is a major contributor to PQ-induced hepatic injury. PQ undergoes redox cycling in the
mitochondrial respiratory chain, generating superoxide anions and other reactive oxygen species (ROS) that
overwhelm cellular antioxidant defenses and initiate lipid peroxidation [23]. In the present study, PQ exposure
significantly increased hepatic MDA levels, indicating enhanced lipid peroxidation, and markedly reduced GPx and
CAT activities. These findings are consistent with previous evidence showing impaired antioxidant defense and
increased lipid peroxidation following PQ exposure, supporting the role of oxidative damage in PQ-induced
hepatotoxicity [24]. DSF treatment significantly reduced MDA levels and restored GPx and CAT activities toward
the control range, particularly at 10 and 20 mg/kg. The reduction in MDA levels following DSF treatment suggests
that decreased lipid peroxidation may contribute to its hepatoprotective effects. However, the interpretation of
antioxidant enzyme activities requires caution. In the PQ group, the profound reduction in GPx and CAT activities
likely reflects depletion of antioxidant capacity under severe oxidative burden rather than a compensatory response.
Following DSF treatment, the restoration of these activities may reflect either recovery of antioxidant capacity or a

reduced oxidative burden secondary to other protective mechanisms. Whether DSF directly upregulates GPx and



CAT expression (e.g., via Nrf2-dependent pathways) or indirectly preserves their activity by reducing the oxidative
burden remains to be determined. Because antioxidant enzyme activities can reflect both adaptive responses and
antioxidant capacity, these findings should not be interpreted as direct evidence of a specific molecular antioxidant

mechanism.

Moreover, previous studies have indicated that the effects of DSF on ROS are not uniformly antioxidant and may
vary according to cellular context and dose. DSF has been reported to reduce total ROS production primarily
through NADPH oxidase-dependent pathways without affecting mitochondrial ROS in some models, whereas in
other contexts it may promote ROS accumulation [2, 9]. In the present study, total ROS were not directly measured;
therefore, the relative contribution of mitochondrial versus non-mitochondrial ROS to the observed changes in MDA
and antioxidant enzyme activities remains to be determined. Therefore, the observed improvement in redox status in
our model should be interpreted in conjunction with the histopathological and biochemical findings rather than as
evidence of a direct antioxidant action of DSF. The restoration of PGC-1a expression (Section 4.4) may provide a
more plausible mechanism by which DSF could enhance mitochondrial antioxidant capacity and reduce ROS
production at its source. This possibility is explored in Section 4.4, where the role of PGC-1a in mitochondrial

biogenesis and antioxidant defense is discussed.

4.3 NLRP3 inflammasome activation

PQ exposure significantly increased NLRP3 gene expression compared with the control group. DSF treatment
significantly reduced NLRP3 expression at 10 and 20 mg/kg, with the lowest expression observed at 20 mg/kg
(1.584 £0.3673 vs. 5.836 + 0.5855 in the PQ group; P<0.0001). These findings are consistent with the well-
established role of ROS as a critical mediator of NLRP3 inflammasome activation [28]. and with the growing body

of evidence indicating that DSF inhibits NLRP3 inflammasome activation in hepatic tissue [7, 9, 29].

The mechanistic link between NLRP3 and hepatic fibrosis is now well established. NLRP3 activation promotes
hepatocyte pyroptosis and the release of pro-inflammatory cytokines, which in turn drive hepatic stellate cell (HSC)
activation and extracellular matrix deposition. Direct evidence for this link comes from studies showing that NLRP3
inflammasome activation within HSCs themselves directly triggers their activation and fibrotic phenotype. In CClas-
induced liver fibrosis, genetic ablation of NLRP3 abolished the pro-fibrotic effects of PROM2, demonstrating that

NLRP3 signaling is a required mediator of fibrotic remodeling in the liver. Pharmacological inhibition of NLRP3



with MCC950 similarly alleviated liver injury and fibrosis in tumor-bearing mice. These observations position
NLRP3 not merely as a marker of inflammation, but as a causal driver of the fibrotic cascade, providing a rationale

for targeting NLRP3 in PQ-induced hepatic injury [30, 31].

The mechanism by which DSF inhibits NLRP3 has been investigated in several studies. Xu et al. (2024)
demonstrated that DSF interferes with NLRP3 palmitoylation at Cys126, thereby preventing its localization to the
trans-Golgi network and inflammasome assembly, and showed that DSF inhibits NLRP3 but not NLRC4 in vivo [7].
Deng et al. (2020) proposed an alternative or complementary mechanism involving lysosomal membrane protection
and reduced cathepsin B release, which limits a key upstream signal for NLRP3 assembly [9]. In our model, the
DSF-associated reduction in NLRP3 expression may reflect either direct interference with NLRP3 activation or an
indirect consequence of reduced oxidative stress and hepatocellular injury. The observation that NLRP3 suppression
was effective at both 10 and 20 mg/kg, whereas fibrosis reduction required 20 mg/kg, suggests that NLRP3
suppression alone may be necessary but not sufficient for reversing fibrotic remodeling, and that additional
mechanisms—such as PGC-1a-mediated mitochondrial protection—may be required for measurable antifibrotic

effects

4.4 PGC-1a and mitochondrial biogenesis

PGC-1la is a master transcriptional regulator of mitochondrial biogenesis, coordinating the activity of nuclear
respiratory factors, activating genes involved in the respiratory chain and fatty acid oxidation, and augmenting
mitochondrial respiratory capacity. Beyond its metabolic role, PGC-1a also regulates antioxidant enzyme
expression, including Cat, Sod1, Gpx1, and Ucp2, thereby reducing mitochondrial ROS production [32]. In the
present study, PQ exposure significantly reduced PGC-1a gene expression (P<0.0001), whereas DSF treatment

restored PGC-1a expression, with a significant increase observed at 20 mg/kg (P=0.0017).

These findings are consistent with previous studies demonstrating that reduced PGC-1a is associated with
exacerbated mitochondrial dysfunction, oxidative stress, inflammation, and fibrosis in the liver. Hepatocyte-specific
PGC-1a knockout mice develop exacerbated fibrosis following CCla challenge, and PGC-1a silencing aggravates
hepatocyte EMT, whereas PGC-1a overexpression mitigates oxidative stress-induced EMT and fibrosis [5].
Moreover, hepatic PGC-1a ablation has been shown to impair oxidative phosphorylation, reduce respiratory

capacity, and increase inflammation and fibrosis in MASH models [6]. Conversely, agents that upregulate PGC-



la—such as neohesperidin via AMPK activation [32] or astaxanthin via FGF21 [33] —improve mitochondrial

biogenesis, restore antioxidant defense, and reduce hepatic inflammation and fibrosis.

The DSF-associated restoration of PGC-1a in our model may therefore contribute to the observed reduction in
oxidative stress and NLRP3 expression, and to the attenuation of fibrotic remodeling. This interpretation is
supported by the observation that PGC-1a can interact with phosphorylated NF-kB p65 and limit IL-6 transcription,
thereby reducing M2 macrophage polarization and HSC activation [34]. The restoration of PGC-1a may thus
constitute a mechanism by which DSF reduces oxidative stress at its mitochondrial source, complementing the direct
inhibition of NLRP3 palmitoylation proposed by Xu et al. (2024) [7] and the lysosomal protection proposed by

Deng et al. (2020) [9].

4.5 Fibrotic remodeling

PQ exposure significantly increased hepatic fibrosis, as demonstrated by both the fibrosis score (from 0.06000 +
0.03393 to 3.717 + 0.1090; P<0.0001) and the percentage of fibrotic area (from 3.221 + 0.2279% to 17.08 +
0.7621%; P<0.0001). DSF treatment significantly reduced both measures of hepatic fibrosis only at 20 mg/kg
(fibrosis score: 0.6269 + 0.1038; fibrotic area: 10.41 = 0.5816%; both P<0.0001), whereas 5 and 10 mg/kg did not

produce statistically significant reductions.

The literature on DSF and fibrosis is notably inconsistent, and this inconsistency directly informs the interpretation
of our findings. On the one hand, several studies support antifibrotic efficacy. Yang et al. (2022) demonstrated that
low-dose DSF (4 mg/kg) attenuated liver fibrosis in CCls and BDL models by inhibiting HSC activation and
proliferation and inducing apoptosis of activated HSCs [14]. In Graves' orbitopathy models, DSF dose-dependently
inhibited fibrosis and extracellular matrix production markers (FN1, COL1A1, a-SMA, CTGF) in orbital fibroblasts,
partially through the ERK—Snail signaling pathway [35, 36]. In pulmonary fibrosis, DSF exerted antifibrotic effects
through reactivation of COX-2-mediated PGE2 biosynthesis (Pei et al., 2023). On the other hand, other studies
report conflicting results. Rostami et al. (2025) reported that neither 25 nor 50 mg/kg DSF produced any significant
anti-fibrotic effects in a CCla model, despite improvements in hepatocyte morphology and serum enzymes; the
authors explicitly concluded that "liver fibrosis didn't change" at these doses [16]. A recent comprehensive review
concluded that DSF holds promise for liver disease treatment, but its clinical use is hindered by a narrow therapeutic

window and the risk of pharmacologic liver injury at higher doses [12]. Systematic reviews further highlight the



methodological heterogeneity and lack of standardized formulations across preclinical studies, which complicates
direct comparisons [1]. These discrepancies highlight the context-dependent nature of DSF's antifibrotic effects and

suggest that hepatocellular protection may precede measurable fibrosis regression.

Notably, dose- and tissue-specificity appear to be critical determinants of DSF's antifibrotic efficacy. In a PQ-
induced pulmonary fibrosis model, DSF at 10 mg/kg provided the most effective protection, whereas the 100 mg/kg
dose had limited benefits, suggesting dose-dependent toxicity [37]. In our own parallel PQ-induced renal injury
model, 10 mg/kg was identified as the optimal antifibrotic dose in the kidney [19]. In contrast, the present hepatic
study required 20 mg/kg for measurable fibrosis reduction. This discrepancy between renal, pulmonary, and hepatic
optimal doses strongly suggests that the therapeutic window of DSF for antifibrotic effects is not only narrow but
also tissue-specific, likely reflecting differences in drug distribution, local redox environment, and the relative
contribution of distinct fibrogenic cell populations (myofibroblasts in the kidney and lung versus HSCs in the liver).
These observations collectively suggest that the reduction in fibrosis observed in our hepatic model at 20 mg/kg is
consistent with a tissue-dependent and dose-dependent effect, rather than a uniform antifibrotic action of DSF across

organs.

In our study, the reduction in fibrosis at 20 mg/kg was accompanied by the most consistent improvements in
histopathology, PGC-1a expression, MDA levels, and AST/ALP, suggesting that the antifibrotic effect of DSF may
be secondary to reduced hepatocellular injury, oxidative stress, and inflammation, rather than a direct effect on
collagen deposition. This interpretation is further supported by the dissociation between NLRP3 suppression
(effective at 10 and 20 mg/kg) and fibrosis reduction (effective only at 20 mg/kg). This dissociation suggests that
attenuation of inflammation and inflammasome activation alone may be insufficient to reverse fibrotic remodeling,
and that additional mechanisms—such as PGC-1a-mediated improvement of mitochondrial function and reduction
of oxidative stress—may be required for measurable antifibrotic effects. The observation that only the 20 mg/kg

dose restored PGC-1a expression to a statistically significant extent is consistent with this hypothesis.

The observed reduction in fibrosis could reflect attenuation of fibrotic remodeling during active injury rather than
definitive regression of established fibrosis. This distinction is important because the term "fibrotic remodeling"
encompasses both the attenuation of ongoing fibrogenic processes and the reversal of established fibrosis, and our

data support the former rather than the latter. Although Yang et al. (2022) reported direct antifibrotic effects of DSF



[14], the model, dose, and treatment duration in that study differed from ours, and the possibility that DSF primarily
targets hepatocellular viability and inflammatory pathways during established injury—rather than directly affecting

collagen deposition—remains consistent with our findings and with those of Rostami et al. (2025) [16].

5. Strengths and Limitations

The present study has several methodological strengths. It integrated histopathological evaluation, serum liver
enzyme measurement, oxidative stress assessment, NLRP3 and PGC-1a gene expression analysis, and quantitative
fibrosis assessment, providing a broader assessment of DSF-associated hepatic protection than reliance on a single
outcome measure. The dose-response design (5, 10, and 20 mg/kg) allowed identification of 20 mg/kg as the most
consistent protective dose and revealed that NLRP3 suppression occurred at lower doses (10 mg/kg) than fibrosis
reduction (20 mg/kg), a dissociation that provides mechanistic insight into the hierarchy of DSF's effects.
Furthermore, comparison with our parallel renal study (Esmaeili et al., 2026) highlights the tissue-specific nature of

DSF's antifibrotic window.

Several limitations should be acknowledged. NLRP3 and PGC-1a were assessed at the mRNA level only; definitive
markers of inflammasome activation (cleaved caspase-1 p20, mature IL-1B/IL-18, ASC speck) and PGC-1a protein,
mitochondrial biogenesis markers, and respiratory capacity were not measured, so causal roles cannot be concluded
and the observed changes may be secondary to reduced oxidative stress or hepatocellular injury. GSH, total or
mitochondrial ROS, a-SMA, and Nrf2 were not assessed, limiting comprehensive evaluation of redox status and
HSC activation. The PQ model represents toxin-induced injury under specific exposure conditions and does not
fully reproduce chronic human liver disease, and the durability of protection after treatment cessation was not
evaluated. No mechanistic intervention (e.g., NLRP3 or PGC-1a inhibition, hepatocyte-specific knockout) was
included in the present study. Future studies should incorporate protein-level assessments—including Western blot
analysis of NLRP3, cleaved caspase-1, mature IL-1B/IL-18, PGC-1a, NRF-1, and TFAM—as well as functional
mitochondrial assays to establish the causal mechanisms and validate the proposed PGC-1o—mitochondria—NLRP3

axis



6. Conclusion

In conclusion, DSF attenuated PQ-induced hepatic injury and fibrotic remodeling in rats. Its protective effects were
associated with reduced lipid peroxidation, restoration of GPx and CAT activities, suppression of NLRP3 gene
expression, restoration of PGC-1a expression, and reduced fibrosis scores and fibrotic area, particularly at 20 mg/kg.
Among the tested doses, 20 mg/kg showed the most consistent overall protective effects; however, whether this
represents the true optimal dose requires confirmation in a wider dose-response study. Because NLRP3 and PGC-1a
were assessed only at the gene-expression level, and mitochondrial biogenesis and inflammasome activation
markers were not directly measured, the proposed PGC-10—mitochondria—NLRP3 axis remains a working
hypothesis. The dissociation between the dose-response for NLRP3 suppression (effective at 10 and 20 mg/kg) and
that for fibrosis reduction (effective only at 20 mg/kg) suggests that attenuation of inflammasome activation alone
may be insufficient to reverse fibrotic remodeling, and that PGC-10-mediated improvement of mitochondrial
function and antioxidant capacity may be required for measurable antifibrotic effects. Notably, the optimal
antifibrotic dose in the present hepatic study (20 mg/kg) differed from that in our parallel renal study (10 mg/kg),
highlighting the tissue-specific nature of DSF's therapeutic window (Esmaeili et al., 2026). Given the narrow
therapeutic window of DSF and its potential for rare but severe hepatotoxicity in humans, careful dose selection and
hepatic monitoring will be essential for any translational application. Further studies incorporating protein-level
assessments (e.g., NLRP3, cleaved caspase-1, mature IL-1p, PGC-1a, NRF-1, TFAM), functional mitochondrial
assays, hepatocyte-specific PGC-1a knockout models, and long-term follow-up are required to establish the causal

mechanisms and determine whether these effects translate into sustained hepatic protection.
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Figure 1: Histopathological assessment of the protective effects of DSF against PQ-induced hepatic injury in a

rodent model.

(a—e) Bar graphs showing the histopathological scoring of liver injury across experimental groups: Control, Oil,

DSF20, PQ, and combination treatment groups (5-PQ+DSF5, PQ+DSF10, and PQ+DSF20). Evaluated parameters

include lobular destruction (a), hepatocyte vacuolation (b), hepatocyte hyalinization (c), necrotic hepatocytes (d),

and macrophage infiltration in sinusoids (e). (f) Box-and-whisker plot quantifying the percentage of necrotic nuclei

area across Control, Oil, DSF, PQ, and combination treatment groups (DSF+D5, DSF+D10, and DSF+D20).

Data are presented as mean = SEM for bar graphs and median with interquartile range for the box plot. Statistical

significance is indicated by asterisks (*p < 0.05, **p < 0.01, ****p < 0.0001).



Figure 2. Representative histopathological features of liver tissue following paraquat exposure and disulfiram

treatment.

Representative hematoxylin and eosin (H&E)-stained liver sections from the Control (a), Vehicle (b), DSF20 (¢), PQ
(d), PQ+DSFS5 (e), PQ+DSF10 (f), and PQ+DSF20 (g) groups. Panels al—gl show the overall hepatic architecture at
18% magnification. Blue arrows indicate areas of vascular congestion. Panels a2—g2 show hepatocytes at 180x
magnification. Yellow circles indicate hepatocellular vacuolation, and yellow arrows indicate hepatocytes with

pyknotic/necrotic nuclei. Scale bars = 100 pm.
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Figure 3. Histopathological evaluation of the ameliorative effects of DSF on Paraquat-induced hepatic vascular

congestion.

(a—e) Bar graphs showing the histopathological scoring across experimental groups: Control, Oil, DSF20, PQ, and
combination treatment groups (5-PQ+DSF5, PQ+DSF10, and PQ+DSF20). Evaluated parameters include Central
vein congestion (a), Portal congestion (b), Sinusoidal congestion (c), Sinusoidal collapse (d), and Total congestion
(e). Data are presented as mean = SEM. Statistical significance between groups is indicated by asterisks (*p < 0.05,

#%p < 0.01, ***p < 0.001, and ****p < 0.0001).
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Figure 4. Ameliorative effects of DSF on PQ-induced hepatic fibrosis in a rodent model.

(a) Bar graph showing the Scoring of Fibrosis across experimental groups: Control, Oil, DSF20, PQ, and
combination treatment groups (5-PQ+DSF5, PQ+DSF10, and PQ+DSF20).

(b) Box-and-whisker plot displaying the % Fibrotic Area across Control (Con), Oil, DSF, PQ, and combination
treatment groups (DSF+D5, DSF+D10, and DSF+D20).

Data are presented as mean + SEM for panel (a) and median with interquartile range for panel (b). Statistical

significance is indicated by asterisks (****p < 0.0001).



Figure 5. Representative Masson’s trichrome-stained liver sections showing hepatic fibrosis.

Representative liver sections from the Control (a), Vehicle (b), DSF20 (¢), PQ (d), PQ+DSF5 (e), PQ+DSF10 (f),
and PQ+DSF20 (g) groups. Blue-stained areas indicate collagen deposition, and yellow arrows indicate areas of

hepatic fibrosis. All images were obtained at 4x magnification. Scale bars = 100 pm.
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Figure 6: Modulatory effects of DSF on hepatic NLRP3 and PGC-1a gene expression in PQ-induced toxicity.

(a) Bar graph showing the relative mRNA expression of the NLRP3 gene (inflammatory marker) across
experimental groups. Paraquat (PQ) exposure significantly upregulated NLRP3 expression compared to the Control
group, whereas Dexamethasone treatment (particularly at PQ+DSF20) significantly downregulated its expression.
(b) Bar graph displaying the relative mRNA expression of the PGC-1a gene (mitochondrial biogenesis and
antioxidant marker). PQ significantly downregulated PGC-1a expression, while Dexamethasone treatment
(especially at PQ+DSF20) significantly restored its expression to levels comparable to the Control group.

Data are presented as mean + SEM. Statistical significance between groups is indicated by asterisks (¥*p < 0.05, **p

<0.01, ***p < 0.001, and ****p < 0.0001).
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Figure 7: Ameliorative effects of DSF on PQ-induced hepatic dysfunction and oxidative stress in a rodent model.
(a—c) Serum levels of liver function enzymes, including ALT, AST, and ALP, across experimental groups. PQ
exposure significantly elevated these enzymes compared to the Control group, whereas DSF treatment significantly
attenuated their levels.

(d—e) Hepatic antioxidant enzyme activities, including GPx and Catalase. PQ significantly depleted the activities of
these enzymes, while DSF treatment significantly restored their activities.

(f) MDA levels, as an indicator of lipid peroxidation. PQ exposure significantly increased MDA levels, whereas
Dexamethasone treatment significantly reduced them.

Data are presented as mean + SEM. Statistical significance between groups is indicated by asterisks (*p < 0.05, **p

<0.01, ***p <0.001, and ****p < 0.0001).
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