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Introduction: Liver tissue malfunction is a severe worldwide health concern that arises from 
various chronic liver conditions. The goal of this investigation was to look into the anti-
fibrotic effect of apigenin (APG), an antioxidant found in various plants, versus thioacetamide 
(TAA)-triggered hepatic scarring in rats and the potential mechanisms behind it. 
Methods: TAA was administered thrice weekly (100 mg/kg, i.p.) for two weeks to produce 
hepatic scarring. APG was administered after TAA for 14 days (5 or 10 mg/kg, orally). 
Thereafter, hepatic liver enzymes, inflammatory markers, fibrotic indicators, and 
histopathological changes were evaluated.
Results: TAA increased the activities of aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT), reduced albumin and total protein, elevated hepatic level of lipid 
peroxidation, focal adhesion kinase (FAK), hypoxia-inducible factor-1α (HIF-1α), and 
inflammatory cytokines, decreased interleukin-10 (IL-10), reduced hepatic expression of 
peroxisome proliferator-activated receptor gamma (PPARγ) and nuclear factor-erythroid 
factor 2-related factor 2 (Nrf2), and elevated serine-threonine protein kinase (AKT) 
expression. Furthermore, TAA increased hepatic contents of collagen I, connective tissue 
growth factor (CTGF), hydroxyproline, and alpha-smooth muscle actin. On the other hand, 
APG evaded these changes and mitigated the harmful effects of TAA in a dose-dependent 
way. Histopathological and immunohistochemical observations reinforced these biochemical 
outcomes. 
Conclusion: APG can potentially alleviate liver fibrosis mediated via FAK and HIF1 inhibiting 
signaling pathways.
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Introduction
Liver illnesses are a prominent reason for fatality and co-
morbidity worldwide, accounting for two million fatalities 
(2.4% of all deaths) and 1.5% of disability-adjusted life 
yearly. Most cases of chronic liver disease are brought on 
by one of three things: viral hepatitis B or C infection, 
liquor-related hepatic disease, or non-liquor lipidemic 
hepatic disease (1). These disorders implicate the 

destruction and regeneration of liver parenchyma leading 
to hepatic fibrosis and cirrhosis. Cirrhosis can be fatal as 
a result of complications related to portal hypertension, 
hepatocellular carcinoma (HCC), and liver failure, leaving 
a liver transplant as the only therapy (2). New hepatitis C 
drugs may slow the progression of fibrosis, but there is still 
no definite treatment for fibrosis (3). Egypt is the country 
with the highest hepatitis C virus prevalence worldwide. 
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As per the information from the Egyptian Health Issues 
Survey “14.7% of the people aged 15–59 years had an 
active hepatitis infection, which decreased to 7% in 2015 
and was noticeably higher than global levels” (4).

Liver fibrosis is a progressive process of repetitive and 
prolonged liver damage that occurs when hepatic stellate 
cells (HSCs) are activated and changed into expansive 
and contractile myofibroblasts (5). The production 
of myofibroblasts is enhanced, and the breakdown of 
extracellular matrix components is slowed, which results 
in fibrogenesis (6). However, research from both human 
trials and animal models clearly shows that liver fibrosis is 
a progressive response that may be controlled by slowing 
or speeding up its advancement. As a result, knowing the 
molecular processes behind these events is critical for 
developing antifibrotic drugs (7).

New studies have shown that a collection of transcription 
factors known as hypoxia-inducible factors (HIFs) may be 
important in the advancement of liver fibrosis (8). HIFs are 
a group of transcriptional regulators that have evolved to 
have a physiological sensitivity to low oxygen levels. HIFs 
comprise an oxygen-reliant α component, “HIF-1α, HIF-
2α, or HIF-3α”, and a fundamental formed β component. 
The HIF-1 α is responsible for cellular responses to hypoxia 
(9). In response to hypoxia, HIF-1 α transfers from the cell 
cytoplasm to the nucleus, where it binds to the nuclear 
protein HIF1 β and then triggers the activation of target 
genes involving matrix metalloproteinases, platelet-
derived growth factor, transforming growth factor (TGF), 
and pro-inflammatory/fibrotic genes like VEGF (10). 
HIF-1α promotes hepatic steatosis, necroinflammation, 
and fibrogenesis by controlling the genes responsible for 
the production of lipids within the hepatocyte, activation 
of HSCs, initiation of free fatty acid oxidation, and 
activating Kupffer cell. Overexpression of HIF-1α has 
been connected to non-liquor lipidemic hepatic disease, 
hepatic inflammatory disease, and scarring in several 
animal models  (11).

Focal adhesion kinase (FAK) is a tyrosine kinase in 
the cytoplasm that is involved in various cellular events, 
including cell proliferation, survival, migration, and 
invasion (12). Multiple profibrotic stimuli can activate the 
FAK pathway. Its downstream signalling is implicated in 
two key pathways, mTOR/P70S6K and ERK1/2, which 
can trigger alpha-smooth muscle actin (α-SMA)-positive 
myofibroblast differentiation in addition to collagen 
synthesis, reflecting liver fibrosis development (13). 
Consequently, the pharmacological inhibition of HIF-
1α and FAK pathways could be an effective therapeutic 
strategy against liver fibrosis. 

Apigenin, 4′,5,7-trihydroxyflavone (APG), is an 
antioxidant found in many fresh foods, such as parsley, 
celery, onions, apples, and spices. APG’s sedative, 
antihypertensive, anti-inflammatory, antioxidant, and 
anticancer properties have gotten a lot of recognition. 
APG has also been shown to reduce cell viability in 

prostate cancer, breast cancer, melanoma, and leukemia 
cells. Its antitumor effect has been linked to a number 
of mechanisms, comprising cell cycle arrest due to the 
alteration of cell cycle proteins, apoptotic induction, 
fatty acid synthesis inhibition, reactive oxygen species 
generation, and survival signalling inactivation (14). 
FAK kinase activity was proved to be suppressed by 
APG via phosphorylation, resulting in a substantial 
downregulation of the FAK-dependent downstream 
pathway (15). APG has also been demonstrated to inhibit 
the production of HIF-1α in human pancreatic cancer cells 
(16). APG’s low intrinsic toxicity has sparked interest as a 
health-promoting drug. APG’s potential as an anti-fibrotic 
medication that targets HCSs has only been established in 
one in vitro study (17).

Therefore, we postulate that APG may be repositioned 
as an anti-fibrotic therapeutic option against liver fibrosis 
through modulation of HIF-1α and FAK pathways. Here, 
we employed a rat model of hepatic fibrosis produced in 
the lab to assess APG’s anti-fibrotic effects and clarify the 
potential involvement of downregulation of HIF-1α and 
FAK pathways in mediating these effects.

Materials and Methods
Animals
Albino male rats weighing between 180 and 210 g were 
brought from the “Animal House at the National Research 
Centre, Cairo, Egypt”. Rats were preserved under normal 
circumstances of ambient conditions with equal day and 
night intervals. All tests and methods were approved by 
“the Ethics Committee of Animal Care and Use of the 
National Research Centre (NRC) with approval number 
MREC-19-214”. 

Chemicals
Sigma-Aldrich in the United States provided thioacetamide 
(TAA). APG was obtained from Swanson, North Dakota, 
USA, and all other substances used during the study were 
of the uppermost diagnostic level accessible.

Experimental design
The rats were split up into four different groups randomly 
(6 animals per group) after a one-week acclimatization 
period, as per the following system:
•	 Group 1: The negative control group: Rats received 

i.p. 1% Tween 80 in distilled water (DW), thrice 
weekly for two weeks, and daily received the vehicle 
orally for another two weeks. 

•	 Group 2: The TAA intoxicated group: Rats received 
TAA (100 mg/kg, i.p.) three times weekly for 2 
consecutive weeks, and daily received the vehicle 
orally for another two weeks. 

•	 Groups 3 and 4: Rats orally received APG (5 and 10 
mg/kg, respectively; dissolved in DW daily) (18) for 
14 days subsequent to the 2 weeks of TAA injection.
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Blood and tissue samples
After 4 weeks, blood specimens were taken from every 
rat’s tail vein under anesthesia with mild midazolam (10 
mg/kg). The acquired blood samples were processed to get 
the serum, frozen at -20°C until additional biochemical 
analysis. Under the influence of IP ketamine-xylazine (K, 
100 mg/kg; X, 10 mg/kg), each animal was euthanized 
by cervical dislocation, and its hepatic tissue was swiftly 
detached, washed in iced saline, dried, and weighed 
immediately after blood was drawn. Specimens from the 
left segment of the rats were separated and deposited in 
10% formol for histological and immunohistochemical 
analyses. At the same time, the other portion of the 
liver with a known weight was stored at -80°C for future 
analysis.

Examining the biochemical profile of the blood
Serum activities of aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), albumin, and total 
protein were estimated by colorimetric method with the 
aid of Biodiagnostic kits.

Homogenization of hepatic tissue
According to Mansour et al (19), liver homogenate of 
20% w/v was prepared. Hepatic tissue was homogenized 
with ice-cooled saline using a homogenizer; “Medical 
equipment, MPW-120, Poland”. In order to get rid of cellular 
waste, the homogenate was centrifuged at 3000 rpm/10 
minutes at 4°C in a cooling centrifuge; “Laborzentrifugen, 
2k15, Sigma, Germany”. For subsequent biochemical 
examination, the aliquot was stored at -80°C.

Analysis of oxidative stress markers
Substances of reduced glutathione in the liver (GSH) and 
malondialdehyde (MDA) were performed chemically.

Assessment of fibrotic markers and proinflammatory indicators
Liver contents of hypoxia-inducible factor 1-alpha 
(HIF1-α), FAK, tumour necrosis factor-alpha (TNF-α), 
nuclear factor-kappa B (NF-κB), interleukin-10 (IL-10), 
interleukin 1 beta (IL-1β), TGF-β1, α-SMA, collagen 1 
(Col 1), hydroxyproline (Hyp), and connective tissue 
growth factor (CTGF) were determined with the aid of 
ELISA kits as per to the pamphlet of “Sunlong Biotec Co. 
LTD, Zhejiang, China”.

Histological examination
According to Bancroft & Gamble methodology (20), liver 
specimens collected from various groups were fixed for 24 
hours in 10% buffered neutral formalin. Next, the fixed 
specimens were subjected to a routine processing for 
obtaining paraffin blocks. The later blocks were sectioned 
serially into 4–5 μm thick sections to be evaluated 
histologically and immunohistochemically. H&E and 
Van Gieson’s stains were used to examine tissue sections 
from each group. Additionally, the Ishak scoring system 

was used for the evaluation of fibrosis and the extension 
of the necro-inflammatory lesions. For fibrosis it ranged 
from F0 = no fibrosis to F6 = cirrhosis and for necro-
inflammatory lesions, focal lytic necrosis, apoptosis, 
and focal inflammation it ranged from F0 (absent) to 
F4 (severe). The positive red area of Van Gieson’s stain, 
fibrosis indicator was quantified using “image analysis 
software ImageJ, 1.46a, NIH, USA” with optical density in 
seven different high-magnification microscopical regions.

Immunohistochemical examination
Immunohistochemical detection of the expression of Akt 
and Nrf2 was carried out on paraffin (21). Hepatic sections 
were preserved with antibodies for Akt Abcam (ab32038) 
as well as Nrf2 (ab92946) (Abcam, Cambridge, USA) at 
dilutions of 1:200 and 1:100 respectively. Then avidin-
biotin peroxidase, Vectastain ABC peroxidase kit (Vector 
Laboratories reagents for detection of antigen-antibody 
complex) were used for the analysis of Akt overexpression 
by Chromagen 3, 3-diaminobenzidine tetrahydrochloride 
(DAB, Sigma Chemical Co). The positive brown area of 
each marker’s expression was quantified using image 
analysis software (ImageJ, 1.46a, NIH, USA), and the 
optical density in seven different high-magnification 
microscopical regions was performed.

qRT-PCR analysis for Nrf2, PPAR-α, and NF-κB expression 
in the liver tissues
TRIzol™ Reagent supplied by Invitrogen, USA (Cat. No. 
74104) was used for total RNA extraction from frozen liver 
samples. A UV spectrophotometer was used to measure 
the concentration and purity of the isolated RNA. Then, 
using a SuperScript IV VILO kit supplied by Invitrogen, 
reverse transcription of the extracted RNA was done to 
produce complementary DNA (cDNA). Nrf2 and PPAR-α 
genes were amplified from cDNA using Luminaries Color 
HiGreen Low ROX Real-Time PCR System supplied by 
Thermo Scientific and the following primers sets: 

Nrf2 forward CACATCCAGACAGACACCAGT; 
Nrf2 reverse CTACAAATGGGAATGTCTCTGC 
(XM_006234398.3); PPARα forward TTCGGAAACT-
GCAGACCT; PPARα reverse TTAGGAACTCTC-
GGGTGAT (NM_013196.1); NF-κB forward CTG-
GCAGCTCTTCTCAAAGC; NF-κB reverse CCAGGT-
CATAGAGAGGCTCAA (XM_006233360.3); β-actin 
forward AT GGTGGGTATGGGTCAG; and β-actin re-
verse CAATGCCGTGTTCAATGG (NM_031144.3) (22). 
All were used following the manufacturer’s instructions. 
Expression levels were normalized to β-actin as the 
endogenous control gene in each examined sample. 
Relative mRNA expression was calculated using the 
comparative cycle threshold (Ct) (2−ΔΔCt) equation 
according to Schmittgen and Livak. Melting curves were 
checked to confirm the specificity of PCR-amplified 
products.
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Statistical analysis
As per the procedure of Elbaset et al, before proceeding 
with the statistical analysis, data values were checked 
for normality using the Shapiro test. The results were 
displayed as means ± SD. The data analysis operation was 
performed by One-way ANOVA followed by the Tukey 
post hoc test. GraphPad Prism software (version 9, USA) 
was employed to perform the statistical analysis and to 
establish the represented graphs. The significance level 
was set to (P ≤ 0.05) for all statistical tests (23).

Results
Effect of APG on liver weight and liver injury markers 
Relative liver weight was appreciably increased in the TAA 
group related to the normal rats. Meanwhile, treatment 
with APG significantly alleviated the increase in the 
relative liver weight of TAA rats during the treatment 
course (data not shown). 

After TAA administration, the hepatic enzymes (ALT 
and AST) leaked into the blood from the damaged 
hepatic cells, manifested by a significant elevation of their 
activities versus the negative control group. Similarly, the 

intraperitoneal injection of TAA considerably reduced 
the concentrations of serum albumin and total protein, 
as well as the albumin/globulins (A/G) ratio, compared to 
the negative control group. Treatment with APG (5 and 
10 mg/kg) significantly reduced hepatic enzymes levels 
(ALT and AST). It restored the concentrations of serum 
albumin, total protein, and A/G ratio to almost normal 
levels versus the TAA group (Figure 1). 

Liver oxidative stress indicators and their impact on APG 
treatment
A substantial elevation in hepatic MDA was shown in the 
TAA-treated rats versus the control group. An influential 
diminution accompanied this elevation in the liver’s GSH 
content in comparison to the control group. These changes 
were successively restored in APG-treated groups, where 
APG prominent enhanced GSH content and reduced 
MDA, versus the TAA group, as shown in Table 1.

Effect of APG on inflammatory markers status in liver
The pro-inflammatory markers, TNF-α, IL-1β, NF-κB, 
and TGF-β, were discovered to be appreciably amplified 

Figure 1. Effect of APG on liver injury markers. Values are expressed as mean ± SD (n = 6 rats). Statistical analysis was carried out by one way ANOVA 
followed by Tukey’s multiple comparisons test. a vs control group, b vs TAA group (P≤0.05). TAA (Positive control), APG-5 (Apigenin 5 mg/kg), APG-10 
(Apigenin 10 mg/kg).
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in TAA-intoxicated rats versus the normal group (Table 
2). In addition, TAA caused a significant decrease in the 
anti-inflammatory cytokine IL-10, related to the normal 
group. The treatment with both doses of APG significantly 
decreased the pro-inflammatory marker levels. It 
significantly increased the anti-inflammatory cytokine 
versus the normal rats, representing the mitigation of liver 
inflammation with APG treatment (Table 2).

Effect of APG on α-SMA, COL1, CTGF, and Hyp
Our present study observed a remarkable increase in 
collagen 1, CTGF, hydroxyproline, and alpha-smooth 
muscle deposition in the TAA-treated rats related to the 

normal control. Meanwhile, APG-treated rats presented 
minimal collagen 1, CTGF, and α-SMA expression levels 
throughout the experiment compared with TAA-treated 
rats (Figure 2). 

Impact of APG on HIF1-α and FAK pathways in liver
TAA appreciably upregulated HIF1 and FAK above the 
normal control. Relative to the sole TAA-treated group, 
APG-treated groups depicted a substantial downregulation 
in HIF1 and FAK expression (Table 3).

Effect of APG on histological and immunohistochemical 
examination
Livers of the control rats exhibited normal histological 
architecture with normal hepatic parenchymal cells, 
central veins, and portal areas (Figure 3A), while livers 
of rats administrated TAA (Figure 3B) revealed extensive 
portal fibrosis and inflammation with a marked expansion 
of portal areas by fibrous proliferation, inflammatory 
cells, and multiple proliferated bile ductules. The hepatic 
architecture was divided into multiple pseudo-lobules 
by extended fibrous tracts from the portal areas as 
bridging fibrous tracts dissecting the bordered hepatic 
cells. Those fibrous tracts contained proliferated bile 
ductules, inflammatory cells (lymphocytes, plasma 
cells, and a few macrophages), oval cells, and scattered 
hepatocytes. Within the pseudo-lobules, the hepatic cells 
showed macro and some microvesicular vacuolation, 

Figure 2. Effect of APG on α-SMA, COL1, CTGF, and Hyp. Values are expressed as mean ± SD (n = 6 rats). Statistical analysis was carried out by one way 
ANOVA followed by Tukey’s multiple comparisons test. a vs control group, b vs TAA group (P≤0.05). TAA (Positive control), APG-5 (Apigenin 5 mg/kg), APG-
10 (Apigenin 10 mg/kg).  α-SMA: alpha smooth muscle actin, COL1: collagen 1, CTGF: connective tissue growth factor, Hyp: hydroxyproline.

Table 1. Effect of APG on oxidative stress markers in a rat model of TAA-
triggered liver fibrosis

Group Hepatic GSH 
(μMol/g tissue)

Hepatic MDA 
(nMol/g tissue)

Control 23.2±0.48b 47.2 ±1.87b

TAA 10.3±0.42a 111.7 ±6.95a

APG-5 20.1±0.67b 44.2 ±1.35b

APG-10 22.0±1.44b 45.2 ±0.65b

Values are expressed as mean ± SD (n = 6 rats). Statistics was carried out 
by one way ANOVA followed by Tukey’s multiple comparisons test. a vs 
control group, b vs TAA group (P ≤ 0.05). TAA (Positive control), APG-5 
(Apigenin 5 mg/kg), APG-10 (Apigenin 10 mg/kg).
GSH: reduced glutathione, MDA: malondialdehyde.

Table 2. Effect of APG on inflammatory markers status in a rat model of TAA-triggered liver fibrosis

Group IL-10 (pg/mL) TNF-α (ng/L) IL-1β (pg/mL) NF-κβ (pg/mL) TGF-β (pg/mL)

Control 313.7 ± 18.63b 259.3 ± 14.43b 282.7 ± 22.58b 4170.6 ± 287.94b 4077.1 ± 285.58b

TAA 185.6 ± 15.10a 863.6 ± 63.09a 797.9 ± 37.40a 22633.3 ± 2073.37a 8293.5 ± 633.81a

APG-5 283.7 ± 19.06b 314.0 ± 11.38b 355.7 ± 29.60b 5726.8 ± 510.01b 5863.3 ± 242.27ab

APG-10 292.0  ± 21.91b 296.2 ± 25.04b 307.8 ± 20.71b 3929.8 ± 549.45b 5641.3 ± 495.56b

Values are expressed as mean  ±  SD (n = 6 rats). Statistics was carried out by one way ANOVA followed by Tukey’s multiple comparisons test. a vs 
control group, b vs TAA group (P ≤ 0.05). TAA (Positive control), APG-5 (Apigenin 5 mg/kg), APG-10 (Apigenin 10 mg/kg).
IL-10: interleukin-10, TNF-α: tumour necrosis factor-alpha, IL-1β: interleukin 1 beta, NF-κβ: nuclear factor-kappa B, TGF-β: transforming growth factor 
β.
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few cells with ballooning degeneration with cytoplasmic 
reticulation and eccentric nuclei, necrosis, and along 
the fibrous septa, there is apoptosis and infiltrate of 
granulocytes inflammatory cells. Occasionally, portal 
veins and lymphatics were markedly dilated.

Regarding the livers of the APG-treated groups at 5 mg/
kg (Figure 3C) and 10 mg/kg (Figure 3D) showed marked 
retraction of portal ad parenchymal fibroplasia with a 
moderate degree of fibrosis limited to the portal areas 
with sometimes a peripheral extension of incomplete 
septa particularly in some rats from the low dose group. 
The low-dose group had mild portal tracts fibroplasia 
with a sometimes peripheral extension of incomplete 
septa and minor propagation of biliary epithelium and 
infiltration of very limited granulocytes. Hepatocellular 
degeneration, dispersed necrosis, and apoptosis were of a 
lower magnitude. At the same time, the livers of the high-

Table 3. Effect of APG on HIF1-α and FAK in a rat model of TAA-triggered 
liver fibrosis

Group Hepatic HIF1-α (pg/mL) Hepatic FAK (pg/mL)

Control 7411.6 ± 336.97b 10038.7 ± 297.30b

TAA 9791.1 ± 334.38a 14498.9 ± 249.64a

APG-5 7754.1 ± 238.36b 13111.9 ± 264.24ab

APG-10 7436.6 ± 125.73b 10234.8 ± 372.61b

Values are expressed as mean  ±  SD (n = 6 rats). Statistics was carried 
out by one way ANOVA followed by Tukey’s multiple comparisons test. 
a vs control group, b vs TAA group (P≤0.05). TAA (Positive control), APG-
5 (Apigenin 5 mg/kg), APG-10 (Apigenin 10 mg/kg). HIF1-α: hypoxia-
inducible factor-1α, FAK: focal adhesion kinase.

Figure 3. H&E-stained micrographs of liver sections; (A) Liver of control rat showing normal histological structure of portal areas (arrow) and hepatic cells 
(HCs). (B) Liver of TAA-administrated rat showing expansion of the portal areas (PA) with fibrous proliferation, inflammatory cells, and proliferated bile duct 
with peripheral extension of fibrous tracts (square) with bridging fibrosis (dotted arrow) and parenchymal pseudo-lobulation (PL), hepatocellular vacuolar 
degeneration, ballooning degeneration (arrow), and apoptosis (arrowhead). (C and D) Livers of APG (5 and 10 mg/kg respectively) treated rats showing 
marked retraction of the fibrous tissue proliferation with its limitation to the portal areas (arrow), absence of parenchymal pseudo-lobulation, and restoration 
of the hepatic cells (HP). TAA (Positive control), APG-5 (Apigenin 5 mg/kg), APG-10 (Apigenin 10 mg/kg).

dose group showed minimal fibrous proliferation with 
minimal changes in the hepatic cells. 

Modified Ishak scoring for the degree of fibrosis showed 
the highest degree of liver fibrosis substantially in TAA-
treated rats (Figure 3E). At the same time, the APG-
treated groups, particularly the high-dose group, showed 
a lower fibrosis score than the TAA group. Figure 4 shows 
the histomorphometric analysis of Van Gieson’s staining 
presented as an area percent corresponding to the results 
of H&E.

Immunohistochemistry analysis 
Decreased expression of Akt was seen in the livers of 
normal rats (Figure 5) and mild diffuse expression of Nrf2 
(Figure 6). Livers of TAA-administrated rats revealed 
marked expression of Akt with noticeably decreased 
expression of Nrf2 compared to the control ad treated 
groups. In comparison, deceased expression of Akt and 
noteworthy increased expression of Nrf2 were observed 
in APG-administrated groups, particularly at 10 mg/kg 
dose administration. The optical density represented a 
quantification of brown staining of Akt and Nrf2 and was 
expressed as area %.

Effect of APG on Nrf2, PPAR-α5 and NF-kB mRNA 
expression levels
In the current study, the transcriptional levels of 
Nrf2, PPAR-α, and NF-κB protein expression in the 
hepatic tissue were estimated by qRT-PCR. The relative 
expression of PPAR-α and Nrf2 mRNAs was significantly 
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reduced in the liver tissue of the TAA-exposed group to 
approximately 31% and 27% of their normal control levels, 
respectively (P ≤ 0.001). Compared to the TAA group, APG 
administration in the TAA group appreciably boosted the 
gene activity of PPAR-α (48% and 49%) and Nrf2 (65% 
and 80%) (Figure 7). On the other hand, TAA induced a 
significant elevation in the NF-κβ mRNA level to 292% of 
its normal control level. Administration of APG (5 mg/
kg and 10 mg/kg) caused a substantial downregulation 
in hepatic NF-κβ mRNA level to 182% and 147% of their 
normal control levels, respectively.

Discussion
Liver fibrosis is a long-term liver injury that causes a 
persistent wounding-healing response. Despite liver 
fibrosis having few outward signs in its early stages, the 
mortality risk increases rapidly as it progresses to cirrhosis 
and HCC (24). APG is a type of dietary flavonoid found 
in celery, thyme, parsley, onions, and chamomile. APG 
has several biological benefits, include anti-inflammatory, 
antioxidant, and anticancer actions (15). Accordingly, the 

present investigation aimed to discover the antifibrotic 
activity of APG versus liver fibrosis triggered via TAA. 

APG has been reviewed for its ability to suppress 
inflammation, oxidation, apoptosis, and tumor properties. 
Nevertheless, the probable inhibition of the HIF-1α and 
FAK pathways by APG in TAA-mediated liver fibrosis 
in rats is unidentified. Here, we explored the role of 
APG against TAA-induced liver fibrosis, particularly its 
effect on oxidative stress, inflammation, HIF-1α, and 
FAK pathways to clarify the mechanism by which APG 
exerts its effects. The obtained results confirmed that 
the antifibrotic effects of APG were correlated with the 
down-regulation of TGF-β1, HIF-1α, and FAK pathways, 
respectively, which mediate the progression of liver 
fibrosis.

Toxins and xenobiotics detoxification is one of the 
liver’s main functions. In the current work, liver fibrosis 
was induced in rats using the TAA method. TAA, a 
potent hepatotoxic agent, is metabolized by Cytochrome 
450 enzyme in the liver and is transformed into toxic 
compounds, TAAS-oxide and TAAS-dioxide, via oxidative 

Figure 4. Photomicrographs Van Gieson’s stained liver sections; Control group, showing the average amount of fibrous tissue at the portal areas. TAA group 
shows the distortion of the hepatic architecture with extensive bridging fibrosis (notice red fibrous tissue) connecting portal areas with pseudo-lobulation. 
APG-treated groups showed conspicuously limited portal fibroplasia and parenchymal fibrosis. TAA (Positive control), APG-5 (Apigenin 5 mg/kg), APG-10 
(Apigenin 10 mg/kg).

Figure 5. Immunohistochemical photomicrographs of serine-threonine protein kinase (Akt) expression in liver sections. Control rat showing negative 
expression. TAA group showing marked Akt expression among the hepatic cells. APG low and high doses treated groups showed marked dose-related 
decreased hepatocellular Akt expression. Quantitative image analysis of the area percent of the positive brown color of Akt presented as the optical density. 
TAA (Positive control), APG-5 (Apigenin 5 mg/kg), APG-10 (Apigenin 10 mg/kg).
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chains (25). Liver necrosis, fibrosis, cirrhosis, and finally, 
HCC were induced upon TAA administration which is 
caused by free radical-mediated lipid peroxidation (25). 
TAA’s highly toxic reactive intermediate (TAA S-dioxide) 
affects the integrity and stability of cellular membranes, 
increasing permeability and causing enzymes like AST 
and ALT to leak out (26). Our findings disclosed that 
serum ALT and AST activities were markedly increased, 
while serum albumin, total protein concentrations, and 
albumin/globulins (A/G) ratio were markedly reduced 
after TAA administration. Treatment with APG notably 
conserved hepatocyte integrity in a dose-dependent 
manner, as indicated by the reduced enzyme activities, 

and restored serum albumin concentrations, total protein, 
and A/G ratio. These findings demonstrated that APG 
protects hepatic damage triggered by TAA. 

Due to its high concentration of mitochondria, the liver 
is the body’s primary source of reactive oxygen species 
(27). An imbalance between pro-oxidants and antioxidants 
produces oxidative stress in hepatocytes, resulting in 
antioxidant depletion or inactivation, ultimately causing 
a variety of liver disorders to emerge (28). The Nrf2 
pathway, regarded as the master regulator of a cellular 
defense system against toxic assaults, is activated by 
oxidative stress. By activating the antioxidative response, 
Nrf2 controls the cellular response to oxidative stress (26). 

Figure 6. Immunohistochemical Photomicrographs of Nrf2 (Nuclear factor-erythroid 2 related factor 2) expression in liver sections. The Control group 
showed mild expression in hepatic parenchymal cells. TAA group showed moderately increased expression of Nrf2 amongst the hepatic cells in the pseudo- 
lobules.  APG low and high doses treated groups showed marked dose-related increased Nrf2 expression in the hepatic cells. Quantitative image analysis 
of the area percent of the positive brown color of Nrf2 presented as the optical density. TAA (Positive control), APG-5 (Apigenin 5 mg/kg), APG-10 (Apigenin 
10 mg/kg).

Figure 7. Effects of APG on mRNA expression of Nrf2 (A), PPARα (B), and NF-κB (C) in the liver tissues. TAA (Positive control), APG-5 (Apigenin 5 mg/kg), 
APG-10 (Apigenin 10 mg/kg), Nrf2: nuclear factor-erythroid factor 2 related factor 2, PPARα: peroxisome proliferator-activated receptor gamma, and NF-κB: 
nuclear factor-kappa B. a vs control group, b vs TAA group (P≤0.05). 
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Nrf2 dissociates from Kelch-like ECH-associated protein 
1 (Keap1) under oxidative stress. It translocates to the 
nucleus, activating the expression of downstream factors, 
such as HO-1, NQO1, and other antioxidant enzymes 
(29). In the present study, TAA decreased hepatic Nrf2 
expression and GSH content which was associated with the 
elevation of MDA level. Excessive free radicals formation 
after TAA intoxication caused a substantial upsurge in 
lipid peroxidation with the resultant formation of MDA 
and malfunction of the hepatic cells to counter ROS 
(5). Remarkably, APG treatment upregulated the gene 
activity of Nrf2 and GSH content linked with MDA level 
diminution. Our study agrees with another study, which 
showed that APG could alleviate the liver oxidative stress 
induced by acetaminophen (30). Additionally, previous 
studies have shown that APG exerted potent antioxidant 
properties via the activation of Nrf2 signaling (31). The 
results exhibited the protective properties of APG against 
TAA-induced liver oxidative stress.

The peroxisome proliferator-activated receptor gamma 
(PPARγ) has been confirmed to regulate adipocyte 
differentiation. PPARγ acts by inhibiting the NFB 
pathway, lowering the expression of proinflammatory 
cytokines, including TGF-β1, TNF-α, and IL-6, alleviating 
liver damage. Downregulation of the PPAR gene has also 
been linked to hepatic disease progression (32).

In the same context, TAA caused a marked down-
regulation of liver PPAR gene expression, which was 
restored by APG therapy. Our finding is parallel with 
those of Feng et al (33) who indicated that APG could 
ameliorate nonalcoholic fatty liver disease by regulating 
Nrf2 and PPARγ in inhibiting oxidative stress.

Inflammation is a key pathogenic process contributing 
to liver damage and fibrogenesis (30). The upregulation 
of inflammatory mediators TNF-α, IL-8, IL-1β, and IL-6 
resulted in the activation of HSCs and the synthesis of 
ECM. Our results showed a prominent surge in TNF-α as 
well as IL-1β, and the level of IL-10 was markedly reduced 
in the TAA model group. Our findings are in accordance 
with a previous study (26). TNF-α, a cytokine with broad 
effects, mediates inflammation and apoptosis and has a role 
in the pathophysiology of chronic liver inflammation and 
liver fibrosis by activating local HSCs into myofibroblasts 
(34). IL-10 acts as an anti-inflammatory and antifibrotic 
mediator. In order to delve deeper into the mechanism by 
which APG inhibits inflammation, we similarly inspected 
the levels of the NF-κB and TGF-β1, which are important 
for the expression of numerous pro-inflammatory 
cytokines. NF-κB is a key regulator transcription factor 
that stimulates the transcription of proinflammatory 
genes, such as TNF-α and IL-10, after its translocation 
to the nucleus. Inhibiting liver fibrosis via NF-κB and its 
cascade is seen as a viable strategy (35). TGF-β1 is also 
one of the most essential cytokines for activating and 
promoting HSC transformation by triggering a cascade 
of intracellular signaling events, aggravating the fibrosis 

process in the liver (36). TGF-β promotes HSCs to express 
markers of HSC activation such as α-smooth muscle 
actin (α-SMA), fibronectin, and CTGF (37). Our findings 
demonstrated that TAA significantly increased the levels of 
NF-κB and TGF-β1. TAA triggers the transcription of NF-
κB, which activates the production of proinflammatory 
cytokines, such as TNFα and IL-1β, and the modulation 
of IL-10 anti-inflammatory cytokine (38). The anti-
inflammatory activity of APG was demonstrated by lower 
levels of TNF-α, IL-1β, NF-κB, and TGF-β1, as well as 
higher levels of IL-10, implying that APG reduces liver 
fibrosis by limiting the levels of inflammatory cytokines 
and exerting its protective effect by inhibiting the NF-κB 
and TGF-β1 pathways. The results of a previous study are 
parallel with our results (39).

Makino et al defined that CTGF is a type of matrix 
protein that is typically up-regulated in liver fibrosis and 
plays an important role in the disease (40). CTGF protein is 
expressed and secreted by hepatocytes, bile duct cells, and 
HSCs in the fibrotic liver, according to previous studies 
(41). CTGF is highly elevated and possesses a serious role 
in hepatic scarring. It is also a subsequent controller of 
TGF-β1, guiding the ECM buildup to reach its ultimate 
stage (42). Activated HSCs cause increased proliferation 
and overexpression of α-SMA in liver fibrosis. They are a 
preliminary sign of liver fibrosis progression because they 
indicate the stimulation of HSCs to myofibroblast-like 
cells prior to collagen deposition. Furthermore, Col I  is 
the most essential type of collagen, which play a critical 
role in the progression of liver fibrosis (43).

In this study, TAA intoxication caused a remarkable 
upsurge in Col I, CTGF, hydroxyproline, and α-SMA 
expression. These fibrotic markers were significantly 
ameliorated by APG treatment in a dose-dependent 
manner. Ricupero et al reported that the antifibrotic 
ability of APG might be credited to the repression of 
TGF-β1. In lung fibroblasts, Ricupero et al found that 
APG suppressed myofibroblast proliferation, Col I and 
SMA expression, and decreased TGF-β-induced α-SMA 
expression (44).

Activation of HIF-1α, a hypoxic transcription factor, 
promotes liver fibrosis. HIF-1α activation is usually caused 
by blocking ubiquitination and proteasomal degradation 
via inhibiting O2-dependent prolyl hydroxylation. 
In animal models, many researchers have shown the 
connection between HIF-1α and liver fibrosis. Hypoxia 
activates HIF-1α in isolated hepatocytes, according to 
Copple et al, and this leads to an increase in numerous 
profibrotic mediators. Hypoxia was shown to activate HIF-
1α in isolated HSCs, resulting in increased profibrotic gene 
expression (45). In a bile duct ligation model of cholestatic 
liver damage, the deletion of HIF-1 resulted in reduced 
liver fibrosis via dysregulation of comparable profibrotic 
mediators. TAA, the hepatotoxic agent, has been shown to 
trigger the HIF-1α– mTOR pathway in several preclinical 
studies of hepatic disorders as well as in vitro studies (46). 
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This parallels our results; the expression of HIF1-α was 
significantly upregulated in the TAA group. Furthermore, 
the inflammation was found to be associated with the 
elevated expression of HIF-1α in preclinical studies of 
hepatic fibrosis (1). These results are compliant with our 
discoveries of elevated HIF-1α levels and inflammatory 
biomarkers such as TNF-α, IL-1β, NF-κB, and TGF-β1 
in the hepatic fibrosis model. Treatment with APG 
significantly down-regulated the expression of HIF-1α in 
hepatic tissue, indicating that APG’s anti-scarring activity 
may result from the repression of the HIF-1α pathway 
in a certain manner. Parallel with our findings, Semenza 
revealed that APG could target HIFs by increasing HIF-1α 
degradation (47).

The protein tyrosine kinase superfamily includes FAK 
and nonreceptor cytosolic tyrosine kinases. FAK is involved 
in cellular signaling and promotes biological processes in 
cells and tissues, such as proliferation, migration, wound 
healing, and angiogenesis (15). FAK is a free signaling 
molecule in the cytoplasm of fibroblasts involved in TGF-
β-mediated intracellular signal transduction. It has been 
shown that FAK regulates the proliferation, activation and 
apoptosis of HSCs. In addition, several studies suggested 
that substance suppression of the FAK/Akt pathway may 
be a possible inhibitor of hepatic fibrosis. In our study, 
FAK was significantly upregulated in the TAA group. 
Significant downregulation of FAK expression was 
observed in APG-treated groups, which is parallel with a 
previous study conducted by Wang et al, which showed 
that APG markedly decreased FAK kinase activity, 
resulting in a marked reduction in FAK phosphorylation 
(activation) (15). Additionally, APG was shown to inhibit 
TGF-β-mediated VEGF levels and prevent prostate cancer 
by controlling the FAK/Akt pathway, as demonstrated by 
Mirzoeva et al (48).

There is evidence indicating the role of hepatic PPAR-α 
as etiologic transcription factor in the molecular control 
of fibrogenesis. PPAR-α controls lipid physiology and 
energy balance  (49). PPAR-α activation has reversed 
fibrosis by downregulating TGF-β1, suppressing ECM 
remodeling genes and HSCs activation. Fenofibrate 
and Wy-14643, PPAR-α agonists, have been reported 
to mitigate hepatic fibrosis in TAA and methionine 
choline-deficient models (50). Moreover, Chen et al 
demonstrated that oleoylethanolamide, a PPAR-α agonist 
(51), effectively ameliorated hepatic fibrosis via a PPAR-α 
associated mechanism. An earlier investigation (52) 
illustrated that APG alleviated hepatic fibrosis in carbon 
CCl4 as well as biliary obstruction model in rodents by 
activating p38/PPARα pathways. Our findings found that 
APG significantly restored TAA-induced downregulated 
PPAR-α mRNA expression.

Conclusion
Taken together, it could be concluded that APG hinders 
TAA-triggered liver fibrosis in rats by, at least partly, 

suppressing oxidative stress and profibrogenic and 
pro-inflammatory biomarkers. In addition, our results 
established a recent approach associating the anti-fibrotic 
mechanism of APG through inhibiting HIF1-α and FAK 
pathways. Overall, our research showed that APG has 
the potential to be a therapeutic medication for hepatic 
fibrosis. However, further studies are needed to establish 
the clinical applicability of APG treatment in active liver 
fibrogenesis human cases. 
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