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Apigenin Ameliorates Ochratoxin A-Induced Hepatotoxicity in Rats
via Modulation of Nrf2 and Wnt/B-Catenin Signaling Pathways
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Abstract | Ochratoxin A is one of the most prevalent contaminated mycotoxins, found in various foods and cereals,
resulting in serious threats to human and animal health. There is a lack of globally established approaches for
ochratoxin A detoxification. Apigenin is a naturally occurring flavonoid that retains advantages linked to antioxidant,
anti-inflammatory, and tumor suppressive effects. Investigating the possible ameliorative properties of apigenin against
the hepatic toxicity induced by ochratoxin A in experimental rats. Four groups (8 rats each) were randomly assigned:
control, apigenin (APG), ochratoxin A (OCA), and APG+OCA groups. Biochemical, molecular, histopathological,
immunohistochemical and morphometric investigations were assessed. APG administration improved hepatic
function by restoring liver enzymes, albumin level, and hepatic histopathology. APG restored the redox balance as
evidenced by malondialdehyde alleviation and increased hepatic superoxide dismutase and glutathione peroxidase
activities. Moreover, APG mitigated inflammation by restoring hepatic TNF-o and IL6 activities. In addition, APG
moderated Nrf2/HO-1 and Wnt/B-Catenin/Cyclin D1 signaling pathways as indicated by Nrf2/HO-1 upregulation
and Wnt/B-Catenin/Cyclin D1 downregulation. Furthermore, APG upregulated E-Cadherin and downregulated
alpha fetoprotein gene expression. APG alleviated fibrosis and proliferation, as evidenced by Masson trichrome and
immunostaining data of PCNA, respectively. This study provided novel findings highlighting the ameliorative potential
of APG against OCA- induced hepatic oxidative damage, inflammation and hepatocellular proliferative signaling
mediated via Nrf2/HO-1 and Wnt/B-Catenin/Cyclin D1 pathways.
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INTRODUCTION

Ochratoxin A (OCA) is one of the most prevalent
contaminated mycotoxins, detected in a wide range
of foods, including grapes, cereals, coffee, cocoa, dried
fruit, dried herbs, pistachios, and cooked nuts. Dietary

consumption is considered the main route of OCA exposure,
causing serious threats to human and animal health (EFSA,
2020). The main species liable for OCA production are
Aspergillus and Penicillium, which are massively present
in places with high humidity and temperature (Wang ez
al., 2022). OCA was reported to induce nephrotoxicity,
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hepatotoxicity, neurotoxicity, genotoxicity, embryotoxicity,
teratogenicity, immunosuppression, and carcinogenicity
(Wigckowska ez al., 2024). The International Agency for
Research on Cancer categorized OCA as an impending
carcinogen presented in the 2B group (IARC, 1993). The
liver is one of the chief target organs in OCA poisoning.
Reports revealed that even little amounts of OCA initiated
hepatic pathological and functional changes (Yu ez a/,
2018). OCA toxicity results from its ability to resist both
the physical and chemical processing of modern food
preparations without degradation owing to its stability
besides the slowing rates of its decomposition, elimination,
and excretion, resulting in OCA accumulation in organs
and producing fatal health effects (Park ¢z 4/, 2019). The
exact mechanism of OCA poisoning is oxidative stress
resulting in lipid peroxidation, DNA injury, and cancer
promotion (Wieckowska ez al., 2024).

Accordingly, various health organizations have confirmed
guidelines indicating the maximum allowed levels of OCA
in different foods because of its large spread and significant
damaging effects. At 2020, the European Union applied
turther reductions in the maximum permissible levels of
OCA in roasted coffee, dried fruit and herbs, some herbal
infusions, bakery items, and pistachios, these data based
on applied assessments directed by EFSA, and focused
on the toxicological hazards linked with OCA exposure
(EFSA, 2020). At present, there is a lack of globally
established approaches for OCA detoxification. So, one
of the recognized methods for OCA neutralization is
the consumption of several bioactive compounds like
flavonoids known to have dietary antioxidant effects, as
they can neutralize free radicals and maintain the oxidative

balance in the body (Longobardi ez a/., 2022).

Apigenin (APG), a natural flavonoid, was obtained from
Matricaria chamomilla. It is found extensively in different
fruits and vegetables such as celery, parsley, onion, garlic,
chamomile, propolis, honey, oranges, thyme, and spices.
APG has numerous therapeutic effects, antioxidant,
anti-inflammatory, besides anticancer activities, without
having observable harmful effects (Salehi ez a/, 2019).
Previous studies revealed that APG had hepatoprotective,
chemoprotective, and anti-genotoxic effects against several
rat models of liver injury (Ali ez 4/, 2017). APG can
protect against methotrexate (Goudarzi ez a/., 2021) and
acetaminophen-induced hepatic damage in rats through
the antioxidant and anti-inflammatory impacts (Zhao
et al., 2020). The antioxidant effect of APG was related
to Nrf2/HO-1 signaling activation, attenuating oxidative
damage. Also, APG has an anti-inflammatory effect via
inhibiting the proinflammatory mediators (TNF-o, IL-6),
suppressing the inflammatory cascade (Al-Amarat ez al.,
2022). Numerous studies reported the cancer inhibitory
role of APG, as it can moderate the expression of critical

signaling pathways involved in cancer promotion (Pandey
et al., 2023). APG administration has a direct effect on
Wnt/B-catenin network by suppression of Wnt and
B-catenin gene expression in addition to their signaling

effector, Cyclin D1 (Lin ez a/., 2017).

'Through reviewing literature, we observed that the protective
effect of APG on ochratoxin A-induced hepatotoxicity
was still under investigation. Thus, the target of this
research is to determine the role of APG against OCA-
induced hepatotoxicity, focusing on its defensive effects
against oxidative stress, inflammation, and hepatocellular
proliferation through some hepatic biomarkers and
molecular  changes, besides the histopathological,
immunohistochemical, and morphometric analysis in the
rat model.

MATERIALS AND METHODS

CHEMICALS

Ochratoxin A (C, H,,CINO,) was available as a white
crystal clear odorless powder with purity > 97% HPLC.
CAS number: 303-47-9,and molar mass 403.8 g/mol. It was
obtained from Sigma Chemicals Company, Cairo, Egypt.

Apigenin (C,.H, O,) was available as a yellow crystal clear
odorless solid with purity = 95% HPLC. CAS number:
520-36-5, and molar mass 270.2 g/mol. It was obtained
from Sigma Chemical Company, Cairo, Egypt. Dimethyl

sulfoxide (DMSQO) 10% was obtained as a vehicle from
Cairo Pharmaceutical Company, Egypt.

EXPERIMENTAL ANIMALS

This experiment was implemented on mature albino rats,
ethically permitted via the ZU-IACUC Board (Zagazig
Institutional Animal Care and Use Committee), code:
(IACUC3F2192024). The current experiment has been
executed compliant with ARRIVE strategies and fulfilled
the National Institute of Health rules. This research has been
conducted in Forensic Medicine and Clinical Toxicology,
Medical Biochemistry, and Anatomy departments of the
Zagazig Faculty of Medicine, Egypt.

Thirty-two healthy mature male rats, each (180-200 g)
weight and about 12+ 1 weeks old, were obtained from the
Animal House of Zagazig University. Rats were retained
in metallic cages (2 rats/cage) under the regular ambient
conditions (12-hour dark/light phases at a temperature
of 25+2°C and 50-70% moisture). Rats were nourished
regularly on balanced food, ad libitum, and were adapted
for 14 days before the start of this experiment.

EXPERIMENTAL DESIGN AND ANIMAL GROUPING
Thirty-two rats were allocated at random, using computer
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generated randomization, into four groups (eight rats

each), as follows:

*  Group I (Vehicle control group): Received 0.03%
DMSO (1mL/100g BW/day) orally for 8 consecutive
weeks.

*  Group II (Apigenin (APG) group): Received APG
(50 mg/kg/day) orally dissolved in 0.03% DMSO for 8
weeks consecutively. APG dose selection was based on
the hepatoprotective dose-response findings, reported
by Alamri (2024).

*  Group III (Ochratoxin A (OCA) group): Received
OCA (0.5 mg/kg/day) orally dissolved in 0.03% DMSO
for 8 consecutive weeks. This dose corresponds to 1/40
of the oral LD50 for rats (the oral LD50 in male rats is
22 mg/kg) (EFSA, 2020; Purchase and Theron, 1968).
Furthermore, the administered OCA dose was chosen
based on previously published toxicological studies
(Damiano ez al., 2021; Stoev, 2020), demonstrating
that this level induces measurable hepatotoxic changes
without causing overt or lethal toxicity.

*  Group IV (APG+ OCA group): Received APG
concomitantly with OCA with the same doses,
manner, and duration as Groups II and III.

All treatments were administered via oral gavage tube, daily
for a duration of 8 weeks as a time-response relationship
in accordance with Choudhary ez a/. (2025) to assess the
potential sub-chronic toxicity of OCA (OECD, 2018) and
its alleviation by APG in albino rats.

BLOOD SAMPLING AND TISSUE PREPARATION

Upon completion of this experiment and after the last
dose of treatments, rats were anesthetized using sodium
pentobarbital (Kilkenny ez a/., 2010). Blood specimens were
procured and then centrifuged for 15 min at 3000 rpm to
extract the sera. Sequentially, rats were humanely euthanized
via cervical dislocation, then their livers were cautiously
dissected out rinsed with ice-cold 0.9% saline. To eliminate
remaining blood, hepatic tissues were cleaned with cold 50
mM phosphate-buffered saline (PBS, pH 7.4), washed, and
sectioned for further analysis. The right liver lobe was fixed
in 10% neutral-buffered formalin for histopathological
assessment, whereas the left lobe was homogenized in five
mL ice-cold PBS, then centrifuged at 3000 rpm for 15
minutes at 4°C, and then the supernatant was aliquoted and
well-preserved at -80°C for no longer than 4 weeks prior to
subsequent biochemical and molecular analysis.

MATERIALS AND METHODS

BIOCHEMICAL INVESTIGATIONS
HEPATIC FUNCTION BIOMARKERS ASSAY
'The manufacturer’s guidelines were followed to assay the

serum levels of alanine transaminase (ALT, REF: 263002),

aspartate transaminase (AST, REF: 259002), and albumin
(REF: 210001) using a semi-automated biochemical
analyzer (Sunostik, China), the assay kits were supplied by
Biotechnology-Spectrum Diagnostics (Cairo, Egypt).

HEPATIC OXIDATIVE/ANTIOXIDANT ASSAY

After the homogenization of hepatic tissues, the resulting
supernatants were utilized to evaluate superoxide
dismutase (SOD) activity following Misra and Fridovich
(1972) protocol (bio-diagnostic kit, Cat. No. SD 2521),
glutathione peroxidase (GPx) activity according to Tapple
(1978) method (bio-diagnostic kit, Cat. No. GP 2524), and
malondialdehyde (MDA) activity based on the procedure
outlined by Ohkawa ez a/. (1979) (bio-diagnostic kit, Cat.
No. MD2529).

HEPATIC PRO-INFLAMMATORY CYTOKINES ASSAY

The manufacturer’s guidelines were monitored to
assay the levels of tumor necrosis factor alpha (TNF-a,
Cat. N. MBS2507393) and interleukin-6 (IL-6, Cat.
N. MBS012805) in liver tissue homogenates using
commercially available rat-specific ELISA kits from
MyBiosource, Inc., California, USA.

GENE EXPRESSION ASSAY BY QUANTITATIVE REAL-TIME
PCR (QRT-PCR)

Total RNA was extracted from liver tissue homogenates
by using GENEzol™ Reagent (Geneaid, Taiwan). QRT-
PCR of nuclear factor erythroid 2-related factor 2 (Nrf2),
heme oxygenase-1 (HO-1), heat shock protein 70 (HSP70),
wingless-type MMTYV integration site family member
3A (Wnt3a), catenin beta-1(B-Catenin), Cyclin D1,
epithelial cadherin (E-Cadherin), and alpha-fetoprotein
(AFP) were examined. The isolated RNA was evaluated
spectrophotometrically for purity and concentration,
with all samples exhibiting A260/A280 ratios between
1.8 and 2.1. RNA integrity was confirmed by agarose
gel electrophoresis, which revealed distinct ribosomal
bands. Subsequently, cDNA was manufactured using the
TOPscript™ cDNA Synthesis Kit (Enzynomics, South
Korea). Real-time PCR amplification was implemented
with the miScript SYBR Green PCR Kit (Qiagen,
Germany) under definite cycling conditions: Initial
denaturation at 94°C for 2 min, followed by 40 cycles of
95°C (15 sec, denaturation), 60°C (30 sec, annealing), and
72°C (60 sec, extension). All reactions were performed
in triplicate technical replicates. Gene expression levels
were standardized to the housekeeping gene B-actin and
analyzed using the 22T method (Livak and Schmittgen,
2001). Primer sequences were presented in Table 1.

HISTOPATHOLOGICAL INVESTIGATION
Liver specimens from experimental rats were fixed in 10%

neutral buffered formalin for 24 hrs. Ascending grades of
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Table 1: Primers sequences.

Genes Sequences (5'-3") GenBank accession No. Productlength (bp)

Nrf2 F: CTCCTTAGACTCAAATCCCACCTT NM_031789.3 163
R: GGACAGATCACAGCCCTCAAT

HO-1 F: ATGAGGAACTTTCAGAAGGGTC NM_012580.2 130
R: GTGGGGCATAGACTGGGTT

HSP70 F: TGGCTTTCACCGATACCGAG NM_001285703.1 167
R: GTCGTTGATCACGCGGAAAG

Wnt3a F: CATACAGCCCATCTGCCAC NM_001414349.1 226
R: AATCCAGTGGTGGGTGGATA

B-Catenin F: CTGGTGAAAATGCTTGGT TCA NM_001904.4 101
R: ACTGCCATTTTAGCTCCTTCTTGA

Cyclin D1 F: TGGAGCCCCTGAAGAAGAG NM_171992.6 424
R: AAGTGCGTTGTGCGGTAGC

E-Cadberin F: GCAGTTCTGCCAGAGAAACC NM_031334.1 315
R: AATCCTGCTTCCAGGGAGAT

AFP F: TGGAGAAGTGCTCCCAGTCT NM_012493.2 359
R: GCAGTGGTTGATACCGGAGT

B-actin F: GTGCTATGTTGCTCTAGACTTCG NM_031144.3 174

R: ATGCCACAGGATTCCATACC

Nrf2: nuclear factor erythroid 2-related factor 2, HO-1: heme oxygenase-1, HSP70: heat shock protein 70, Wnt3a: wingless-type
MMTYV integration site family member 3A, B-Catenin: catenin beta-1, Cyclin D1, E-Cadherin: epithelial cadherin, AFP: alpha-

fetoprotein, F: forward, R: reverse.

ethanol were used as a dehydrating agent, followed by
xylene as a clearing agent. After that, the tissues were
impregnated in wax to obtain paraffin blocks. Using a
microtome (Leica RM 2155-UK), 5 pm thick paraffin
sections were obtained and then stained with hematoxylin
and eosin. Additional hepatic sections were stained with
Masson’s trichrome for collagen deposit detection (Suvarna
et al., 2018). Photomicrographs from all sections were
captured by using a light microscope fitted with a digital
camera (Leica DM500) to be examined for pathological
alterations.

IMMUNOHISTOCHEMICAL INVESTIGATION

Hepatic ~ paraffin = sections  were  subjected to
immunohistochemical staining according to IHsu es
al. (1981) and manufacturing protocol using mouse
monoclonal anti-proliferating cell nuclear antigen (anti-
PCNA) antibody (PC10, ab29; abcam, UK). Sections were
dewaxed, rehydrated, and stained using DAB chromogenic
agent (Expose mouse and rabbit specific HRP/DAB kit,
abcam, Cat. N. ab80436). Counterstaining by hematoxylin
was performed. Photomicrographs were captured using
a light microscope fitted with a digital camera (Leica
DMS500).

MORPHOMETRIC ANALYSIS

MORPHOMETRIC ANALYSIS OF H AND E SECTIONS
Morphometric investigation of central and portal vein
diameters was estimated by using the open-source Image]
software (version 1.41). Dimensions were taken at 10x

magnifications in eight microscopic fields per section. The
maximum and minimum diameters of central and portal
veins were measured, and the mean values were calculated

for each group (Masyuk ez a/.,2003).

MORPHOMETRIC ANALYSIS OF IMASSON’S TRICHROME AND
IMMUNOHISTOCHEMICAL SECTIONS

Both Masson’s trichrome- and immunohistochemically
stained hepatic sections were evaluated morphometrically
by using an image analyzer computer system. The mean
area percentage of collagen fibers in Masson’s trichrome-
stained sections and the mean area percentage of PCNA
immunoreactivity were estimated in five non-overlapped
high-power fields (400x magnification) per group. These
area percentages were quantitatively measured using
Image] analysis software (Fiji Image], version 1.51n,
NIH, USA). The percentage of areas-stained green color
(positive zones) in Masson’s trichrome-stained slides and
brown color (positive zones) in PCNA-stained slides was
calculated consistent with Varghese ¢z a/. (2014).

STATISTICAL ANALYSIS

Data was analyzed using a one-way analysis of variance
(ANOVA) test followed by post hoc analysis conducted
using Tukey-Kramer methods in GraphPad Prism 8.0
software. Quantitative variables were defined through their
means and standard deviations (SD). If the (p < 0.05), the
result was regarded as statistically significant, whereas (p <
0.001), was regarded as highly significant.
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Table 2: Effects of ochratoxin A and apigenin on hepatic function, oxidative stress and pro-inflammatory cytokines

levels.
Variable Control group  Apigeningroup  Ochratoxin A Apigenin + Ochratoxin A p-value
(n=8) (n=8) group (n=8) group (n=8) (ANOVA)
Mean+SD

ALT (U/L) 45.18+0.92 45.34+0.75 104.17+1.46* 49.60+3.86"¢ <0.001
AST (U/L) 117.03+1.74 116.84+1.85 190.05+2.73* 121.78+1.37>¢ <0.001
Albumin (g/dL) 3.74+0.35 3.81+0.45 2.18+0.13* 3.1220.06"¢ <0.001
SOD (U/g) 7.74+1.04 7.88+0.79 4.65+0.40° 6.67+0.25"¢ <0.001
GPx (U/g) 13.25£1.33 13.45+1.26 6.5920.54 11.3720.41b< <0.001
MDA (nmol/g) 0.39+0.10 0.40+0.08 1.04+0.15¢ 0.53+0.12¢ <0.001
TNF-a (pg/mL) 1216.39+38.45 1207.71+40.24 2170.66+52.93* 1316.61+83.96"¢ <0.001
IL-6 (pg/mL) 47.89+1.07 46.95+1.37 72.12+3.52 50.42+3.81¢ <0.001

Data presented as mean + SD (n= 8 rats). Significant: p<0.05, highly significant: p<0.001 (*»<0.001 and "»<0.05 vs. control; “p<0.001
vs. Ochratoxin A-exposed rats). ALT: alanine transaminase, AST: aspartate transaminase, SOD: superoxide dismutase, GPx:

glutathione peroxidase, MDA: malondialdehyde, TNF-o: tumor necrosis factor alpha, IL-6: interleukin-6.

RESULT'S

B1O0CHEMICAL RESULTS
A highly significant difference was noticed among the
studied groups regarding all the studied parameters. Yet,
no significant difference was distinguished between the
control and APG groups.

HEPATIC FUNCTION BIOMARKERS

OCA exposure induced significant hepatic dysfunction, as
evidenced by 2.3-fold and 1.6-fold increase in ALT and
AST activities, respectively (both p<0.001 vs. control),
accompanied by a 41.7% reduction in serum albumin levels
(p<0.001 vs. control). APG co-treatment demonstrated
remarkable  hepatoprotective  efficacy, significantly
attenuating transaminase elevations (ALT:52.4%reduction;
AST: 35.9% reduction) and markedly improving albumin
levels by 43.1% compared to OCA-exposed animals (all
£<0.001). Notably, despite this significant improvement,
ALT, AST, and albumin levels in the APG+OCA group
remained significantly different from those in the control
group (<0.05), indicating a partial recovery (Table 2).

HEPATIC OXIDATIVE STRESS BIOMARKERS

OCA intoxication significantly compromised the hepatic
antioxidant defense system, reducing SOD and GPx
activities by 39.9% and 50.3%, respectively (both p<0.001
vs. control). APG co-treatment substantially ameliorated
the OCA-induced deficit in these antioxidant enzymes,
achieving 43.4% and 72.5% of SOD and GPx activities,
respectively compared to OCA-exposed animals (both
<0.001). Concurrently, OCA exposure induced a 2.7-
fold increase in MDA levels (p<0.001) vs. control, which
was attenuated by 49% with APG intervention (p<0.001)
compared to OCA-exposed animals (Table 2). Our
outcomes supported the hepatoprotective efficacy and

anti-oxidative influence of APG against OCA-triggered
oxidative damage in hepatic tissues.

HEPATIC PRO-INFLAMMATORY BIOMARKERS

OCA exposure triggered a robust inflammatory response,
elevating hepatic TNF-a and IL-6 concentrations by
78.5% and 50.6% respectively, compared to controls (both
<0.001). APG co-treatment effectively suppressed this
cytokine storm, reducing TNF-a by 39.3% and reducing
IL-6 to levels that were not statistically different from the
control (p>0.05) (30.1% reduction vs. OCA group, both
<0.001) (Table 2). Our outcomes supported the anti-
inflammatory influence of APG against OCA-triggered

inflammation in hepatic tissues.

REAL-TIME PCR GENE EXPRESSION RESULTS

Our gene expression analysis revealed that OCA
significantly suppressed the hepatic antioxidant, Nrf2
expression by 38.24% (0.63+0.07-fold vs. control,
£<0.001)."This suppression impaired downstream signaling,
evidenced by 58.83% lowered HO-1 levels (0.39+0.03-
fold) and 72.81% decreased HSP70 (0.25+0.04-fold)
vs. control (p<0.001), indicating compromised cellular
defenses against oxidative and proteotoxic stress. APG
co-treatment effectively counteracted these effects,
significantly elevated Nrf2 to (0.92+0.09-fold) (46%
increase vs. OCA group, p<0.001), which subsequently
reactivated the pathway. This was evidenced by significant
increase in HO-1 to 0.77+0.12-fold (97.4% improvement
vs. OCA group) and marked induction of HSP70 by 3.4-
fold (0.86x0.06 vs. OCA group) (p<0.001) (Figure 1A-C).
While Nrf2 and HSP70 values in the APG+OCA group
were not statistically different from control (p>0.05),
HO-1 expression remained statistically different (p<0.05),
demonstrating a strong but partial restoration of this
specific antioxidant pathway.
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Figure 1: The effect of Ochratoxin A and Apigenin on
hepatic Nrf2 (A), HO-1 (B), HSP70 (C) relative mRNA
expressions across experimental groups in adult albino
rats. Results expressed as mean = SD (n=8), (*$<0.001 and
*p<0.05 vs. control; ©$<0.001 vs. Ochratoxin A-exposed
rats), (ANOVA with Tukeys post hoc test). Nrf2:
nuclear factor erythroid 2-related factor 2, HO-1: Heme
oxygenase-1, HSP70: Heat shock protein 70.

Also, quantitative analysis of liver homogenates revealed
that OCA exposure significantly increased Wnt3a ligand
expression (4.32+0.06-fold vs. control, p<0.001), indicating
activation of the Whnt signaling pathway. This induction
was markedly attenuated by APG co-treatment, which
reduced Wnt3a levels by 60.4% (1.71+0.17-fold, p<0.001
vs. OCA group) (Figure 2A). Consistent with Wnt pathway
activation, OCA exposure led to a 3.1 +0.34-fold increase in
downstream of Wt signaling, B-catenin mRNA (p<0.001
vs. control). APG co-treatment significantly reduced
p-catenin mRNA by 52.7% (1.51x0.43-fold, p<0.001
vs. OCA group) (Figure 2B). Associated with B-catenin
upregulation, we observed transcriptional activation of
cell cycle regulator Cyclin D1 (3.82+0.16-fold, p<0.001
vs. control) concurrent with suppression of adhesion
molecule E-cadherin (0.54+0.09-fold, p<0.001 vs. control).
APG intervention effectively counteracted these changes,
reducing Cyclin D1 expression by 56.8% (1.65+0.33-fold)
and significantly increased E-cadherin to 0.90+0.12-fold
(66.7% recovery, both p<0.001 vs. OCA group) (Figure
2C, D). The Wnt/B-catenin activation cascade ultimately
elevated expression of hepatic AFP, a diagnostic marker
for hepatocellular carcinoma, by 2.45+0.23-fold (p<0.001
vs. control). APG co-treatment significantly attenuated
the OCA-induced elevation of AFP, reducing AFP
levels by 46% (1.32+0.16-fold, p<0.001 vs. OCA group)

(Figure 2E). Collectively, these findings demonstrate that
APG provides a strong, multi-target protective effect by
significantly ameliorating OCA-induced dysregulation of
oncogenic signaling pathways. For the key genes (Wnt3a,
B-catenin, Cyclin D1, and AFP), APG co-treatment
brought expression levels much closer to the healthy
control baseline but did not fully normalize them, as values
in the APG+OCA group remained statistically different
from the control group (p<0.05).
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Figure 2: The effect of Ochratoxin A and Apigenin
on hepatic Wnt3a (A), p-Catenin (B), Cyclin D1 (C),
E-Cadherin (D), AFP (E) relative mRNA expressions
across experimental groups in adult albino rats. Results
expressed as mean + SD (n=8), (*<0.001 and *»<0.05 vs.
control; p<0.001 vs. Ochratoxin A-exposed rats), (ANOVA
with Tukey’s post hoc test). Wnt3a: wingless-type MMTV
integration site family member 3A, B-Catenin: catenin
beta-1, E-Cadherin: epithelial cadherin, AFP: alpha-

fetoprotein.

HisTOPATHOLOGICAL RESULTS OF H AND E-STAINED
HEPATIC SECTIONS

Hepatic tissues of control (Figure 3A, F) and APG (Figure
3B, G) groups revealed normal histological structures of
hepatic lobules which formed from plates of hepatocytes
radiating from central vein and bordered by portal triad.
The latter contained a branch of the hepatic artery, portal
vein, and bile duct. The hepatocytes were polyhedral in
shape with centrally located rounded vesicular nuclei. The
hepatic sinusoids were located in between hepatocytes that
lined by flat endothelial cells with Kupffer cells. While
hepatic sections from OCA group (Figure 3C, D, H, I)

exhibited loss of normal arrangement of hepatocytes with
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multiple necrotic foci, inflamed portal areas, and intense
congestion of portal vein. Also, focal areas of high degree of
degenerated hepatocytes admixed with individual necrotic
hepatocytes were observed. Mono nuclear inflammatory
cell's infiltrations with dilated bile ducts were noticed.
In contrast, the APG+OCA group demonstrated partial
restoration with moderate histological improvement
of hepatic parenchyma with few inflammatory cell’s
infiltration within portal area and slightly dilated congested
portal vein were noticed (Figure 3E, J).

Figure 3: Photomicrographs of H&E-stained sections
of rat liver in all experimental groups. (A and F) control
and (B and G) apigenin groups showed normal histology
of hepatocytes (black arrow), central vein (CV), sinusoids
(double arrows), Kupffer cells (arrowhead) and portal triad
(circle). The latter had branch of hepatic artery (HA),
portal vein (PV), and bile duct (BD). (C, D, H and I)
ochratoxin A group showed intense congestion of portal
vein (PV*) (bifid arrow) and central vein (CV*). Focal
areas of high degree of degenerated hepatocytes (arrow)
admixed with unicellular necrotic hepatocytes and mono
nuclear inflammatory cell infiltrates (curved arrow) and
dilated bile duct (BD*) with loss of normal arrangement
of hepatocytes and multiple necrotic foci (zigzag arrow)
were also noted. (E and J) apigenin+ ochratoxin A group
showed apparently normal hepatic parenchyma (arrow)
with few inflammatory cell’s infiltrations within portal
area (curved arrow) and slightly dilated congested portal
vein (bifid arrow). (H and E x 100, 400), Scale bar (500,
50pm).

HISTOPATHOLOGICAL ~ RESULTS OF  IMASSON’S
TRICHROME STAINED HEPATIC SECTIONS

Hepatic tissues of control (Figure 4A) and APG (Figure
4B) groups revealed few amounts of blue coloration for
collagen fibres within vascular walls and portal areas.
While the OCA group (Figure 4C) showed abundant
areas of strong positive blue staining for collagen fibres.
On the other hand, the APG+OCA group demonstrated
moderate improvement with reasonable amount of blue
staining of collagen bundles (Figure 4D).

trichrome stained sections of of rat liver showed blue

stained areas for collagen fibres (arrows) within portal
areas, and vascular walls in all experimental groups. (A)
control and (B) apigenin groups showed low stainability
for collagen fibres. (C) ochratoxin A group exhibited high
stainability. (D) apigenin+ ochratoxin A group showed
moderate stainability. (Masson trichrome x400, Scale bar,
50pm).
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Figure 5: Demonstrative photomicrographs of immune-
stained rat liver sections for PCNA expression. (A)
control and (B) apigenin groups exhibited negative PCNA
expressions in the cytoplasm of hepatocytes. (C) ochratoxin
A group exhibited strong positive PCNA expression in
the cytoplasm of hepatocytes with intense numbers of
positive stained cells. (D) apigenin+ ochratoxin A group
showed weak positive PCNA expression in the cytoplasm
of hepatocytes with moderate numbers of labelled cells
(the positive expressed cells revealed golden brown color).

(PCNA immunostaining x400, Scale bar 50pm).

IMMUNOHISTOCHEMICAL RESULTS

Regarding PCNA immuno-stained hepatic sections,
the control (Figure 5A) and APG (Figure 5B) groups
exhibited a negative PCNA immuno-expression in the
nuclei of hepatocytes. However, in the OCA group, a

strong positive PCNA immuno-expression was observed
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in the nuclei of hepatocytes (Figure 5C). In contrast, the
APG+OCA group exhibited moderate improvement with
a weak positive PCNA immuno-expression in the nuclei

of hepatocytes (Figure 5D).

MORPHOMETRIC RESULTS

MORPHOMETRIC RESULTS OF H AND E SECTIONS

A highly considerable difference was identified among
the examined groups with respect to diameters of central
and portal veins (p<0.001). Post hoc analysis exhibited
no significant difference between the control and APG
group (p>0.05). In the OCA group, a highly significant
rise in both central and portal vein diameters was
detected comparative to control (p<0.001). However, the
APG+OCA group showed a highly significant reduction
in these parameters relative to OCA group (p<0.001)
but still there was a significant difference between the
APG+OCA group and control group (p<0.05) (Table 3).

MORPHOMETRIC RESULTS OF MASSON’S TRICHROME
SECTIONS

A highly significant difference was observed among the
examined groups in the mean area percentage of Masson
trichrome expression within the hepatic tissue (p<0.001).
Post hoc analysis exposed no remarkable differences
between the control and APG group (p>0.05). In the
OCA group, a dramatic upsurge in area percentage of
Masson trichrome expression was evident versus control
(p<0.001). Conversely, the APG+OCA group revealed a

highly significant decline in this parameter when compared

to OCA group (p<0.001) but still there was considerable
difference between the APG+OCA group and control
group (p<0.05) (Table 4).

MORPHOMETRIC RESULTS OF IMMUNOHISTOCHEMICAL
SECTIONS

A highly significant difference among the examined groups
in the mean area percentage of PCNA expression within
the hepatic tissue (p<0.001). Post hoc analysis displayed
no remarkable differences between the control and APG
group (p>0.05). In the OCA group, a highly significant
increase in area percentage of PCNA expression was
detected when compared to control (p<0.001). On the
contrary, the APG+OCA revealed a highly significant
decrease in this parameter when compared to OCA group
(p<0.001) but still there was significant difference between
the APG+OCA group and control group (p<0.05) Table 5.

DISCUSSION

Ochratoxin A, a mycotoxin produced by numerous
Penicillium and Aspergillus species, signifies a considerable
hazard to human health and animals due to its severe
hepatotoxicity (Gao ez al., 2022). OCA contaminates
foodstuff and beverages, resulting in animal and human
health issues. OCA poisoning can cause hepatic damage.
Studies focused on the use of potentially protective
compounds against OCA are insufficient (Wigckowska ez
al., 2023). To further fill the gap in the search for potential

Table 3: Effects of ochratoxin A and apigenin on diameters of central and portal veins.

Variable

(n=8) (n=8)
Diameters of central veins (pm) 43.80+1.92 41.23+1.41
Diameters of portal veins (pm) 16.00+4.47 17.00 £6.16

Control group Apigenin group Ochratoxin A group Apigenin+ Ochratoxin p-value

(n=8) A group (n=8) (ANOVA)
MeanzSD

105+£13.7° 69.426.8>¢ >0.001

243.20£63.59* 75.40 £19.92b¢ >0.001

Significant: p<0.05, highly significant: p<0.001, *p<0.001 and "»<0.05 vs. control; ©p<0.001 vs. Ochratoxin A-exposed rats.

Table 4: Effects of ochratoxin A and apigenin on area % of Masson trichrome expression in hepatic tissues.

Variable Control group Apigeningroup  Ochratoxin A Apigenin+ Ochratoxin p-value
(n=8) (n=8) group (n=8) A group (n=8) (ANOVA)
Mean+SD
Area percentage of Masson 1.20 £ 0.447 1.60 £ 0.548 38.0£3.53¢ 11.4 £2.3>¢ > 0.001

trichrome expression

Significant: p<0.05, highly significant: p<0.001, *»<0.001 and "»<0.05 vs. control; ©p<0.001 vs. Ochratoxin A-exposed rats.

Table 5: Effects of ochratoxin A and apigenin on area % of PCNA expression in hepatic tissue.

Variable

(n=8) (n=8)
Area percentage of PCNA  1.0x 0.707 0.60+0.548
expression

Control group Apigenin group Ochratoxin A group  Apigenin+ Ochratoxin p-value

(n=8) A group (n=8) (ANOVA)
Mean+SD
37.20+7.12¢ 26.20% 6.87>¢ > 0.001

Significant: p<0.05, highly significant: p<0.001, *»<0.001 and *»<0.05 vs. control; “<0.001 vs. Ochratoxin A-exposed rats.
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drug therapies that can efficiently diminish the negative
effects linked with OCA. This research was considered to
examine the ameliorative efficacy of APG against OCA-
induced hepatotoxicity in rats for the first time, with an
emphasis on the molecular mechanisms by which APG
exerts its beneficial effects.

Our findings revealed that OCA exposure markedly
increased liver enzymes (ALT and AST) and reduced
albumin levels, indicating substantial hepatic damage,
consistent with Virk ez a/. (2020) and Damiano ez a/. (2021).
'This impairment of liver function is closely triggered by
oxidative stress, a major cause of OCA toxicity (Liao e#
al., 2024). Additionally, our study exhibited that OCA
significantly elevated the lipid peroxidation biomarker
(MDA) while simultaneously decreasing the antioxidant
enzyme activity (SOD and GPx), hence corroborating
the prooxidant influences of OCA. These data supported
the accepted knowledge that OCA induced ROS release,
resulting in hepatocyte damage as documented in the
study performed by Alkuwayti (2025). Lipid peroxidation
plays a major role in the carcinogenesis of variable
hepatotoxic xenobiotics, recognized by marked upsurge
in lipid peroxide level with a simultaneous decline in the
enzymatic antioxidant level (Liu ez a/., 2009). Opposing
to our results, Marin ez a/. (2017a, b) observed that, in
pigs, lower doses of OCA (50 pg/kg) augmented the
SOD activity in the liver and kidney. This discrepancy may
be caused by, species differences, as pigs and rats exhibit
distinct metabolic rates and enzyme expression profiles. In
addition, the OCA dose used by Marin e al. was lower
than in our study. Also, exposure duration diftered, with
their study involving shorter-term treatment compared
to our 8-week sub-chronic design, which could affect the
antioxidant responses. Lastly, methodological differences
in SOD estimation and tissue processing may contribute
to this variation.

In a previous study, OCA induced renal oxidative stress,
including the exhaustion of cellular antioxidant defenses.
This oxidative stress has a crucial effect in provoking
OCA-induced proliferative ~signaling linked with
carcinogenic risk (Marin-Kuan ez a/., 2011). In this study,
gene expression analysis revealed that OCA significantly
suppressed hepatic Nrf2 expression, impairing downstream
antioxidant signaling as evidenced by reduced HO-1
levels. This result supported the previous studies by Shin
et al. (2019) and Alkuwayti (2025), which recorded that
OCA-induced oxidative stress was concomitant with the
downregulation of Nrf2 and its downstream markers.
The transcriptional factor Nrf2 obtains a crucial role in
the cellular defense system against oxidative damage.
Normally, it is sequestered in the cytoplasm by Keapl and
targeted for degradation. Conversely, upon exposure to free
radicals or toxins, Nrf2 dissociates from Keapl, migrates

to the nucleus, and binds to antioxidant response elements
(ARE) in the specific target genes, stimulating the
expression of various antioxidants, such as HO-1 (Liu e#
al., 2022). The Nrf2/HO-1 pathway delivers multi-organ
protection against numerous insults, mostly oxidative
stress. It has an essential impact in regulating antioxidant,
anti-inflammatory, and anti-proliferative mechanisms.
Furthermore, multiple studies indicated that stimulation
of the Nrf2/HO-1 axis might alleviate the progression
of hepatic disorders (Li ez a/., 2024). However, the results
of Shin ez al. showed that Nrf2 expression increased with
extended OCA concentration. Additionally, enhanced
expression of Nrf2 was observed in the nucleus rather than
in the cytoplasm. This suggested that OCA might facilitate
the migration of Nrf2 from the cytoplasm to the nucleus
(Shin ez al., 2019). In the liver, OCA alters Nrf2 signaling
in a time-and dose-dependent mode (Cavin ¢z 4/, 2007).

HSP70 is one of the heat shock proteins; it functions as a
cell protein chaperon and acts as a sensor of redox changes.
HSP70 contributed to protein refolding besides recovery
of some proteins and elimination of irreversibly broken
proteins. HSP70 could be considered as a biomarker of
oxidative injury induced by mycotoxins (El-Golli Bennour
and Bacha, 2011). In the current research, gene expression
analysis revealed that OCA significantly suppressed
hepatic HSP70 expression. This agrees with earlier studies
of Barisi¢ e al. (2002) and Klaric ez a/. (2014). On the
contrary, an earlier study by Li ez a/. (2023) noticed the
early upregulation of HSP70 expression in renal tissue after
OCA exposure as a compensatory mechanism, and this may
be a protective approach against biofunction impairment.
HSP70 alleviated kidney injury via suppression of the
JNK/MAPK cascade. However, prolonged OCA exposure
with high doses could trigger HSP70 suppression (Li ¢z a/.,
2023).'The liver is the target organ of numerous xenobiotics
owing to its anatomical and physiological nature besides
its crucial role in xenobiotic metabolism (Sturgill and
Lambert, 1997). Free radicals cause hepatic structural and
functional aberrations via the interaction with the hepatic

cellular structures (Cichoz-Lach and Michalak, 2014).

In addition, OCA exposure caused a robust inflammatory
response, elevating hepatic TNF-a and IL-6 levels, like
the outcomes of Marin e a/. (2018) and Alkuwayti (2025).
During liver injury, inflammatory cells activate and release
cytokines (TNF-a,IL-1f and IL-6), that cause neutrophils
to accumulate in the liver and boost cytokine expression
(Xu et al.,2019). Furthermore, the development of hepatic
neoplasms is an inflammation-based process such as
chronic liver damage (Nakagawa and Maeda, 2012).
Literature showed that mycotoxins, together with OCA,
could trigger the release of pro-inflammatory marker
TNF-a in rats (Xu ¢z 4/, 2019), and mild OCA poisoning

caused severe systemic inflammatory reaction in pigs
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(Bernardini ez al., 2014).

In the existing study, gene expression analysis displayed
that OCA significantly upregulated hepatic Wnt3a ligand
expression, indicating activation of the Wnt signaling
pathway. Consistent with this activation, OCA exposure
also resulted in augmented expression of the downstream
effector B-catenin mRNA, a finding comparable to that
reported by Pyo ez a/. (2020) in renal tissues. Moreover,
associated with P-catenin upregulation, we observed
transcriptional activation of the cell cycle regulator Cyclin
D1. Upregulation of Cyclin D1 enhanced abnormal
proliferative signaling, which matched with the study of
Chiu ez al. (2003) on the acetaminophen hepatotoxicity
model, and contributed to pre-neoplastic transformation,
as also supported by Deane e¢s a/. (2001). Conversely,
Asct Celik er al. (2020) reported that OCA-induced
downregulation of Cyclin D1 triggered cell cycle arrest,
thereby preventing the propagation of damaged cells.
Aberrant Wnt/B-catenin signaling deregulation has
been related to several types of carcinogenic potentials.
B-catenin is a main supplier of the Wnt pathway that stores
in the cytoplasm then translocates to the nucleus, where
it triggers downstream target genes to initiate cellular
proliferation (Jia et al., 2016). In addition, in this work, we
noticed suppression of the adhesion molecule E-cadherin.
E-cadherin is an essential cellular adhesion protein that
has crucial role in the maintenance of epithelial tissues
(Xie et al., 2022). OCA induced endoplasmic reticulum
stress and fibrosis observed by E-cadherin depletion
in renal tissues (Yang ez al., 2023). Moreover, deficits in
E-cadherin adhesion are concomitant with the metastasis
of invasive malignancies (Xie et al., 2022).

Our findings revealed raised expression of the hepatic
AFP gene. An earlier study reported the increased levels
of AFP in rats following consumption of aflatoxins
(Hassaneen e al., 2023). AFP is a specific indicator for
liver cancer. Aflatoxins increase the production of ROS,
which damage DNA and result in carcinogenesis (Huang
et al., 2020). In humans, Ibrahim ez /. (2013) analyzed
hepatocellular carcinoma (HCC) patients’ serum to
detect and quantify OCA. They reported that elevated
OCA levels were frequently observed in the HCC group,
with a five-fold elevation compared to the control group.
Similarly, Rossi (2016) observed a higher incidence of
HCC among cirrhotic patients who tested positive for
OCA than in those with negative results. OCA may
represent a major risk factor for tumors development in
individuals with liver damage, which was consistent with
experimental evidence that showed that OCA provoked
ROS generation, activated the Wnt/B-catenin signaling
network, and elicited tumorigenic propensity (Jia et al.,
2016).

Thus, the observed activation of Wnt3a, B-catenin, and
Cyclin D1, besides suppression of E-cadherin, in response
to OCA exposure, suggests that OCA may promote liver
injury not only through oxidative and fibrogenic pathways
but also by engaging proliferative Wnt/B-catenin/Cyclin
D1 signaling, thereby predisposing hepatocytes to

molecular signatures indicative of early malignant risk.

Regarding the histopathological investigation in this
study, OCA exposure provoked hepatic disarrangement
with multiple necrotic foci, inflamed portal areas, and
intense congestion of portal vein with dilated bile ducts
were noticed, signifying obvious liver injury. Furthermore,
collagen deposition was detected via Massons trichrome
staining, signifying pronounced liver fibrosis. OCA
increased PCNA immune expression in liver tissues
indicating induction of cell proliferation. In an earlier
study, Stoev (2020) described different types of hepatic
neoplasia. The researcher mentioned one adenocarcinoma
and one adenoma in the OCA group, while no neoplastic
changes were detected in the control group.

Interestingly, our findings revealed that APG co-
administration to rats exposed to OCA, significantly
mitigated the adverse effects of OCA. APG markedly
diminished the increased hepatic enzyme markers
(ALT and AST), enhanced liver function, and mitigated
oxidative stress. This is consistent with the results of Owui
et al. (2023). Moreover, APG therapy augmented Nrf2
activation and the overexpression of HO-1 and enhanced
HSP70 expression. These findings indicated that APG
can help protect against OCA-induced hepatic damage
by increasing the antioxidant capacity of the liver via
activation of the Nrf2/HO-1 axis. This is attributed to the
antioxidant behavior of APG, observed in the study of Al-
Amarat e al. (2022). Many studies also highlighted that
APG can display a protecting role against hepatic toxicity
through boosting the ROS scavenging mechanisms
(Goudarzi et al., 2021). APG co-treatment minimized
the release of inflammatory cytokines, which is consistent
with the results by Owumi e a/. (2022).

In our findings, the co-administered APG appear to
regulate cellular proliferation and tumor promoting signals
by inhibiting Wnt/B-catenin expression and lowering the
levels of cyclin D1 and AFP. In HCC, APG might inhibit
tumor growth, promote tumor cells necrosis, and inhibit
the expression of downstream linked genes by modulating
miRNA expression (Peng e7 a/., 2024). Similarly, APG
inhibited the growth of hepatic cancer by modulation
of Wnt/B-catenin signaling (Pan ¢z a/., 2021). APG was
documented to target multiple pathways, such as Wnt/B-
catenin, implicated in the progression of cancer (Fossatelli

et al.,2023). APG inhibited HCC migration and invasion,
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demonstrating that it could be a viable alternative therapy
for intractable malignancies and offered potential as an
anti-metastatic agent (Wang ez o/, 2024). Furthermore,
in osteosarcoma, APG inhibited cellular proliferation
by deactivation of Wnt/B-catenin cascade, thereby
suppression of cell migration and invasion (Liu ez 2/.,2015).
'The restoration of E-cadherin expression with APG co-
treatment advocates stabilization of epithelial architecture.
While these changes occur in pathways concomitant with
metastatic inhibition in other studies (Oh ez al., 2024),
metastasis was not assessed in our 8-week sub- chronic
toxicity model. Regarding AFP, a research implemented by
Seydi ez al. (2016) on liver cancer in a rat model reported
the declined AFP levels following APG therapy, proposing
the eligibility of the flavonoid APG as a complementary
therapy for HCC patients.

In our study, the APG+OCA group revealed nearly normal
liver architecture associated with a marked reduction of
fibrous tissue deposition plus reduced cellular proliferation.
'This aligns with the research by Ji eza/.(2021) and Melaibari
et al. (2023). Furthermore, in prostate cancer xenograft
models, APG inhibited PCNA expression, indicating
suppression of the abnormal cellular proliferation, which
was consistent with its anti-cancer and anti-fibrotic actions
(Liezal.,2025). APG, a natural flavonoid, is thought to be
effective in the prevention of human diseases triggered by
oxidative stress and free radicals. APG is an antioxidant
for the prevention of toxin-induced hepatic fibrosis (Xiang
et al., 2018). APG has relatively potent anti-proliferative
and anti-tumor effects on human cancer cell lines. The
molecular mechanisms of action have been indicated as
induction of apoptosis, DNA damage, and suppression
of epithelial-mesenchymal transition (Li es a/, 2025).
APG therapy significantly reduced collagen accumulation,
illustrating its capacity to inhibit OCA-induced fibrosis.
This finding was consistent with research that showed
that Nrf2 activation could alleviate fibrosis by inhibiting
oxidative stress damage and preventing the activation of
hepatic stellate cells (Hao ez a/, 2022). Although APG
co-administration significantly attenuated OCA-induced
molecular and histopathological changes, some parameters
remained altered compared to controls. Therefore, it may
reflect partial mitigation of toxicity rather than complete
prevention of hepatotoxicity.

LIMITATION OF THE STUDY

The present study provides strong correlative evidence
for the involvement of Nrf2/HO-1 and Wnt/B-catenin
pathways in the ameliorative effects of APG against
OCA-induced hepatotoxicity. It is important to note that
the established associations, while robust, are based on a
model of co-administration and gene expression analysis.
Confirming a direct causal relationship would require

turther investigative approaches, such as the use of specific
pathway inhibitors or genetic modulations. Additionally,
the 8-week sub-chronic design was instrumental in
identifying early proliferative and pre-neoplastic molecular
signatures; however, a longer-term study would be
necessary to observe the full progression to carcinogenesis.

CONCLUSION

Briefly, the findings of this work provide convincing
evidence that APG ameliorates OCA-induced hepatic
injury in albino rats. These ameliorative benefits are
associated with modulating the Nrf2/HO-1 and Wnt/
B-catenin/Cyclin D1 signaling pathways, leading to
reduction in oxidative stress, inflammation, hepatocellular
proliferative signaling, and hepatic fibrosis. These
outcomes suggest that APG may be a promising therapy
for ameliorating hepatotoxicity induced by OCA exposure.

RECOMMENDATION

The clinical efficacy of APG against OCA should be
investigated in various doses to explore the safety profile
and optimal APG dosage as a potential adjuvant therapy
in patients at risk of hepatotoxicity. Additionally, pathway
perturbation experiments and long-term studies are
warranted to determine whether the early protective
effects of APG translate into significant prevention of liver
injury or malignant progression.
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