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Abstract

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer‐related death

globally. Chemoprevention is the most effective technique for reducing HCC

incidence. Thymoquinone (TQ), the main bioactive constituent of Nigella sativa,

exhibits anti‐inflammatory and antineoplastic activities against various cancers.

Therefore, TQ was tested as an inhibitor of the initial phase of diethylnitrosamine

(DEN)‐induced HCC in rats. Twenty‐four male Wistar albino rats were randomly

placed into four equal groups. Group 1 received saline and acted as the negative

control; Group 2 received TQ; Group 3 received DEN; and Group 4 received TQ for

7 days and DEN on the 8th day. After 24 h of fasting, blood samples were taken from

the slaughtered rats. Additionally, each rat's liver was dissected and separated into

two halves for histological and biochemical investigation. DEN‐induced hepatotox-

icity was detected by elevated hepatic enzymes and HCC biomarkers reduced

antioxidant and proapoptotic statuses. DEN administration caused a significant

increase in the levels of glutathione, superoxide dismutase, malondialdehyde,

caspase‐3, alpha‐fetoprotein (AFP), AFPL3, glypican 3, and the expression of BAX.

However, DEN significantly decreased glutathione peroxidase, catalase, and CYP2E1

and the expression of BCl‐2. Furthermore, it caused histological changes and

showed a strong positive GSH S‐transferase P expression in the hepatic parenchyma.

Pretreatment with TQ prevented the histopathological and most of the biochemical

changes and improved the antioxidant status. TQ supplementation appears to

suppress the development of DEN‐initiated liver cancer by reducing oxidative stress,

activating the intrinsic mitotic apoptosis pathway, and retaining the antioxidant

enzymes.
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is a fatal illness responsible for

75%–85% of primary liver malignancies. It is considered the fourth

most common cause of cancer‐related death.[1] There is an increase

in chronic liver disorders and incidence of this neoplasia, with the

trend predicted to continue in the future.[2] Hepatocarcinogenesis

has been linked to several risk factors, including alcohol intake,

obesity, iron overload, environmental contaminants, and dietary

carcinogens.[3] Patients with hepatocarcinogenesis have a high

mortality rate due to a lack of appropriate treatment and significant

postsurgery recurrence rates. Only 30%–40% of HCC patients can

be treated with curative methods, while most are treated with

palliative methods.[4] Chemoprevention has been indicated as a
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suitable method for reducing hepatocarcinogenesis‐related

morbidity and mortality. Natural medications have also recently

been shown to have significant protective effects against this

malignancy and have proven to be less hazardous than conventional

therapy.[5]

Diethylnitrosamine (DEN) is commonly used to investigate HCC

in experimental animal models influencing the initiation stage of

carcinogenesis, probably through the induction of oxidative stress

that attacks the cell membrane and DNA, resulting in liver damage

with increased formation of harmful free radicals. Antioxidants have

been used to prevent tissue damage in various clinical situations and

experimental models.[6,7]

Thymoquinone (2‐methyl‐5‐isopropyl‐1,4‐benzoquinone, TQ) is

a natural compound derived from the black seeds of Nigella sativa.[8]

For thousands of years, the black seeds of Nigella sativa have

been used as a food preservative, spice, and traditional medicine

for various conditions.[9,10] There is an increasing interest in

the therapeutic effects of TQ due to its antioxidant, anti‐

inflammatory, chemotherapeutic, and hepatoprotective actions,

among other pharmacological properties.[11–13] Additionally, it has

anticancer properties.[14] Toxicity tests have shown that N. sativa oil

and TQ are safe.[15]

Conclusively, these potentials encouraged us to perform this

study to understand the possibility of mechanism‐based protection

from TQ supplementation against DEN‐induced HCC onset.

2 | MATERIALS AND METHODS

2.1 | Chemicals

Both DEN and TQ were purchased from Sigma‐Aldrich. TQ was

freshly prepared by dissolving it in drinking water (5 mg/kg/day).[16]

DEN was dissolved in normal saline at a 200mg/kg dosage.[11]

Biodiagnostic provided the assay kits, whereas primers were obtained

from Bioline Inc.

2.2 | Animals

Twenty‐four adult male Wistar rats (150–170 g) were obtained from

the animal house of Ahram Canadian University. All experimental

techniques followed the guidelines of the Ethical Committee of the

Faculty of Pharmacy, Ahram Canadian University (P0221). Before

starting the experiment, rats were placed in metallic cages with three

rats per cage at room temperature for 1 week to acclimate. All

animals were given ad libitum access to standard laboratory chow

pellets and tap water.

2.3 | Experimental design

Animals were randomly divided into four groups of six each:

Group 1: As a negative control, the rats were fed a regular diet

and received saline intraperitoneally (ip) on Day 8 of the experiment.

Group 2 (TQ group): Received TQ (5mg/kg/day) in their drinking

water for 7 days.

Group 3 (DEN control): Received a standard diet for 7 days,

and on the 8th day, received DEN (200mg/kg ip).

Group 4 (DEN + TQ): Received TQ (5mg/kg/day) in their drinking

water for 7 days and on the 8th day received DEN (200mg/kg ip).

Blood samples were taken by retro‐orbital venous plexus

bleeding. After 24 h of fasting, rats were killed by decapitation. The

liver from each rat was dissected, washed with normal saline, and cut

into two parts. The first part was for histological examination, and the

second part was used to prepare tissue homogenate for biochemical

analysis.

2.4 | Methods

2.4.1 | Determination of liver function

The serum was separated after blood collection by centrifugation at

3000g for 15min at room temperature and kept at −80°C for

biochemical analysis. Colorimetric diagnostic kits were used to

measure serum levels of aspartate aminotransferase (AST) and

alanine aminotransferase (ALT) as directed by the manufac-

turer.[17] The total protein level was determined using commercially

available kits.[18]

2.4.2 | HCC biomarkers

Determination of alpha‐fetoprotein (AFP) and AFP‐L3: The serum

AFP and AFP‐L3 levels were estimated quantitatively using an

enzyme‐linked immunosorbent assay by Elabscience (catalog no.

E‐EL‐R0153) and LifeSpan BioSciences (catalog no. LS‐F40468),

respectively, according to the manufacturer's instructions.[19]

Western blotting of GPC3: Liver tissue samples were homogenized

in a buffer (50 mM Tris pH 7.4, 10 mM NaF, 2 mM EDTA, 10 mM

β‐glycerol phosphate, 1 mM Na3VO4, 0.2% wt/vol sodium deox-

ycholate, 1 mM phenylmethylsulfonyl fluoride and protease inhibi-

tor cocktail [Sigma‐Aldrich; P8340]). Samples were centrifuged at

4°C for 15 min at 10,000g. Bradford Protein Assay Kit (Biobasic

Inc.; Cat #BDE641) was used to determine the quantity of protein.

Proteins were separated from whole‐cell lysate in a 12% sodium

dodecyl‐sulfate polyacrylamide gel electrophoresis (Bio‐Rad

Laboratories Inc.; Cat #161‐0181) and then transferred to

polyvinylidene fluoride membrane (Sigma‐Aldrich; Cat

#GE10600021). The blots were blocked in 5% nonfat milk and

0.1% Tween‐20 in Tris‐buffered saline for 2 h at room temperature

before being incubated in a rabbit monoclonal antiserum against

GPC3 (MyBioSource; Cat #MBS710143) and mouse anti‐actin

(1:1000; Cell Signaling; Cat #3700) at 4°C overnight. Finally,

secondary antibodies were used to incubate blots with anti‐mouse
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immunoglobulin G labeled with horseradish peroxidase (Cell

Signaling; Cat #7076). The protein bands were visualized using

enhanced chemiluminescence (Clarity™ Western ECL Substrate;

Bio‐Rad; Cat #170‐5060). A charge‐coupled device camera‐based

imager was used to capture the chemiluminescent signals. On the

ChemiDoc MP imager, image analysis software was used to

compare the band intensity of the target proteins to the control

sample beta‐actin (by protein normalization).

2.4.3 | Estimation of hepatic antioxidant capacity

For tissue homogenate preparation, the liver was homogenized in an

ice‐cold phosphate buffer (20% wt/vol homogenate). The resulting

homogenates were then centrifuged at 3000 rpm for 15min. Finally,

the supernatants were obtained for estimating the oxidative stress

parameters.

Reduced glutathione (GSH) level was estimated by 5,5′‐

dithiobis (2‐nitrobenzoic acid), and the product was detected

colorimetrically at 405 nm (Beckman DU‐64 UV/VIS spectro-

photometer).[20] Superoxide dismutase (SOD) level was deter-

mined spectrophotometrically by suppressing superoxide‐driven

NADH oxidation.[21] The rate of breakdown of H2O2 at 510 nm

was used to measure catalase (CAT) activity in tissue homoge-

nate.[22] Glutathione peroxidase (GPx) activity was measured

according to the method of Gross.[23] Tissue content of mal-

ondialdehyde (MDA), lipid peroxidation (LPO) marker, and MDA

was measured using a spectrophotometric measurement of

thiobarbituric acid at 535 nm.[24]

2.4.4 | Liver histopathology and
immunohistochemical study

Liver specimens were fixed in 10% neutral formalin, dried in

alcohol, cleaned in xylene, and paraffin‐embedded. Cross‐sections

of 4 μm were stained on a glass slide with hematoxylin and eosin,

and optical light microscopy was used to examine it.[25] Immuno-

histochemical staining was used to detect glutathione

S‐transferase P (GST‐P) protein expression in liver tissue samples.

It was performed by the streptavidin–biotin–peroxidase complex

method. First, the anti‐GST‐P antibody (Biogenex) was incubated

overnight at 47°C on histology slides, washed with phosphate‐

buffered saline (PBS), followed by the biotinylated anti‐rabbit

antibody for 10 min, and streptavidin–alkaline phosphatase for

5 min. After that, horseradish peroxidase‐conjugated with strepta-

vidin counterstaining was performed by hematoxylin, where the

liver tissue appeared blue. Finally, control experiments were

carried out by replacing the primary antibody with PBS according

to the method of Mancini.[26] On the slides, the number of GST‐P

stained foci was counted.

2.4.5 | Molecular investigation of BCl‐2, BAX,
caspase‐3, and CYP2E1 genes

According to the manufacturer's instructions, total RNA was

isolated using Direct‐zol RNA Miniprep Plus (Cat #R2072; Zymo

Research Corp). The SuperScript IV One‐Step RT‐PCR Kit

(Cat #12594100; Thermo Fisher Scientific) was used to perform

quantitative real‐time polymerase chain reaction (RT‐PCR). Ther-

mal cycling conditions were: incubation at 94°C for 15 min then

94°C for 15 s (40 cycles) followed by 60°C for 30 s and 70°C for

30 s. All complementary DNAs were generated in duplicate and

contained BCL‐2, BAX, miR‐1‐3p, CYP2E1, and caspase‐3 that had

previously been prepared (Table 1). The data were expressed as

relative quantification (RQ) of each target gene and calculated and

normalized to a housekeeping gene using the ∆∆Ct method. RQ

was estimated by taking ∆∆2 .C‐ t

2.5 | Statistical analysis

The Kolmogorov–Smirnov and Shapiro–Wilk tests were used to

determine the normality of the data (p > 0.05), and therefore, we used

one‐way analysis of variance (parametric test). Due to the homoge-

neity of the variances, we used the Tukey honestly significant

difference as a post hoc test. Continuous variables were expressed as

mean ± SD. Statistical analyses were executed using IBM SPSS

Statistics software version 26. p < 0.05 was used as the cutoff value

for statistical significance, and GraphPad Prism Software version

9.1.1 was used to plot the graphs.

TABLE 1 Primers’ sequence of all studied genes

Forward sequence Reverse sequence

Bax ACTCCCATTCTTCCACCTTTG CCCTGTTGCTGTAGCCATATT

BCL2 AGTTCGGTGGGGTCATGTGTG CCAGGTATGCACCCAGAGTG

Caspase‐3 ATGGAGAACAACAAAACCTCAGT TTGCTCCCATGTATGGTCTTTAC

GAPDH TGGATTTGGACGCATTGGTC TTTGCACTGGTACGTGTTGAT

CYP2E1 GTCTTTAACCAAGTTGGCAA CCAATCAGAAAGGTAGGGTC
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3 | RESULTS

3.1 | Determination of liver functions

The effect of DEN TQ and their combination on serum liver

function, ALT (Figure 1A), AST (Figure 1B), and total proteins

(Figure 1C) is shown in Figure 1. Compared with the negative

control group, DEN led to a significant elevation of ALT and AST

and a significant decrease in total proteins by 448%, 514%, and

42%, respectively. TQ administration alone had no significant

difference compared with the negative control group. Compared

with the DEN group, pretreatment with TQ prevented liver

enzymes and serum protein changes.

3.2 | Determination of HCC biomarkers;
AFP, AFPL3, and GPC3

As shown in Figure 2, DEN administration produced a significant

increase in serum AFP (Figure 2A), AFP‐L3 (Figure 2B), and GPC3

(Figure 2C) levels by 318%, 251%, and 246%, respectively, compared

with the negative control group. These elevations were attenuated

after TQ administration to the DEN intoxicated rats by 71%, 62%,

and 58% for AFP, AFP‐L3, and GPC3, respectively, compared with

DEN‐intoxicated rats.

3.3 | LPO and antioxidant activity

Figure 3 illustrates the effect of DEN on the activity of the

antioxidant enzymes GSH (Figure 3A), CAT (Figure 3B), GPx

(Figure 3C), SOD (Figure 3D), and LPO levels measured as MDA

(Figure 3E). The injection of DEN significantly decreased hepatic

activities of GSH, CAT, GPx, and SOD by 40%, 78%, 72%, and 40%

compared with the negative control group. However, the tissue

content of MDA and CYP2E1 were significantly increased by 324%

and 166%, respectively. It was found that TQ greatly enhanced the

hepatic contents of GSH, CAT, GPx, and SOD by 43%, 211%, 189%,

and 50% when administered 1 week before DEN injection. However,

MDA tissue content and CYP2E1 were significantly decreased by

69% and 37%, respectively, compared with the DEN group (Figure 3).

3.4 | Effects of DEN and/or TQ on apoptotic
biomarkers Bcl‐2, BAX, and caspase‐3 gene
expression

Figure 4 depicts the antiapoptotic BCL‐2 (Figure 4A), proapoptotic

BAX (Figure 4B), BAX:BCL‐2 ratio (Figure 4C), and caspase‐3

(Figure 4D) gene expression. DEN therapy enhanced the gene

expression level of the antiapoptotic protein BCL‐2 by 24%.

Interestingly, it lowered the gene expression levels of the proapop-

totic proteins BAX and caspase‐3 by 49% and 50%, respectively,

compared with the negative control group. However, TQ before DEN

injection significantly lowered BCL‐2 expression and elevated the

BAX, caspase‐3 gene expression by 12%, 71%, and 81%, respectively,

compared with DEN‐intoxicated rats. Compared with the DEN‐

injected group, the BAX:BCL‐2 ratio was significantly increased by

49% at TQ administration before the DEN injection.

F IGURE 1 Effects of DEN, TQ, and their combination on serum
liver function, ALT (A), AST (B), and total proteins (C). aStatistically
significant from negative controls. bStatistically significant from DEN
control. *p < 0.05 significant differences. ***p < 0.0001 significant
differences. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; DEN, diethylnitrosamine; TQ, thymoquinone
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3.5 | Liver histopathology

The histological alterations in liver tissue samples caused by

DEN in normal and TQ‐supplemented rats are shown in Figure 5.

Microscopic examination of the liver from the negative control

(Figure 5A) and TQ control (Figure 5B) revealed normal histology

of the hepatic parenchyma where the polygonal hepatocytes were

arranged in hepatic cords radiating from the central vein toward

the portal area.

Several histopathological changes were detected in the affected

hepatic parenchyma, considering the DEN group. Additionally, the

multifocal areas of mononuclear inflammatory cell infiltration were

commonly noticed in the hepatic parenchyma accompanied by

necrosis and karyorrhectic debris (Figure 5C). However, TQ before

DEN injection showed a few mononuclear inflammatory cell

infiltration in the hepatic lobules. Additionally, moderate vacuolated

hepatocytes were noticed in some circumstances (Figure 5D).

3.6 | Immunohistochemical study

Immunohistochemical investigations of the expression of GST‐P are

shown in Figure 6. GST‐P was not detected in the negative control

and TQ control groups. GST‐P staining was strongly positive in the

DEN‐treated group only. However, TQ treatment before DEN

injection decreased the GST‐P‐positive foci in hepatic tissue.

4 | DISCUSSION

This study aims to understand how TQ pretreatment affects hepatic

damage caused by DEN and investigate the mechanisms that could

be involved. One of the best indications of hepatocellular injury is the

release of ALT and ALP into the bloodstream and a decrease in total

protein.[27] After DEN administration in this study, a significant

increase in serum indicators of liver function and a reduction in total

protein levels were observed. Several models of DEN‐induced

hepatocellular degeneration have previously shown higher levels of

serum indicators of hepatocellular damage.[28,29] This impact could be

secondary to DEN‐induced hepatocyte membrane LPO.[30]

This investigation demonstrated that DEN increased MDA while

decreasing GSH, GPx, SOD, and CAT in liver tissue samples,

indicating that the liver's antioxidant defense mechanism was

completely disrupted. Since membrane lipids are more vulnerable

to reactive oxygen species (ROS), the LPO state has been employed

as a diagnostic marker of oxidative stress.[31] The interaction of ROS

with essential macromolecules such as DNA, DNA repair mecha-

nisms, and other enzymes play a key role in tumor promotion.[32]

F IGURE 2 Effects of DEN, TQ, and their combination on liver biomarkers, AFP (A), AFP‐L3 (B), and GPC3 (FC). aStatistically significant from
negative controls (NC). bStatistically significant from DEN control. *p < 0.05 significant differences. ***p < 0.0001 significant differences.
AFP, alpha‐fetoprotein; DEN, diethylnitrosamine; TQ, thymoquinone
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F IGURE 3 Effects of DEN, TQ, and their combination on the activity of the antioxidant enzymes GSH (A), CAT (B), GPx (C), and SOD
(D), levels of lipid peroxidation measured as MDA (E) and CYP2E1 (F). aStatistically significant from negative controls. bStatistically significant
from DEN control. *p < 0.05 significant differences. ***p < 0.0001 significant differences. CAT, catalase; DEN, diethylnitrosamine;
GPx, glutathione peroxidase; GSH, glutathione; MDA, malondialdehyde; SOD, superoxide dismutase; TQ, thymoquinone
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When ROS production surpasses the cell's antioxidant capacity,

oxidative damage results[29]; in this regard, the loss in enzyme

activities could be attributed to the decrease in their production or

their overuse in scavenging the free radicals produced. Many DEN‐

induced hepatocellular cancer models have shown increased ROS

production and reduced antioxidant enzymes in liver tissue sam-

ples.[30,33] This also agrees with Erbaş et al.,[34] who found that the

administration of DEN led to an increase in the levels of LPO.

TQ showed strong antioxidant activity by reversing the MDA

increase and decrease in GSH, CAT, SOD, and GPx produced by DEN

in liver tissue. Also, TQ acts by overcoming the exogenous

antioxidants scavengers of ROS and preventing additional perox-

idative damage to the hepatocytes,[35–38] possibly due to the TQ

treatment's recovery of MDA levels and the enzymic and nonenzymic

antioxidants.[39,40] Therefore, TQ treatment prevented the increase

in hepatic enzymes and a drop in total protein levels, which could

protect against DEN‐induced liver damage. Additionally, this benefit

could be related to TQ antioxidant activity, which reduces ROS

generation and lipid peroxidation, resulting in the stability of

hepatocyte membranes and a reduction in liver enzyme leakage.

Cytochrome P450s are the main enzymes in the development

and treatment of cancer.[41] CYP2E1 is a cytochrome P450 mono‐

oxygenase activated during drug metabolism, creating electrophilic

metabolites and oxidative stress.[42] Additionally, it is involved in the

metabolic activation of many low molecular mass procarcinogens.[43]

In this study, the liver of DEN‐treated rats produced an over-

expression of the CYP2E1 gene compared with the control group.

DEN is metabolized by CYP2E1 to its active ethyl radical metabolite,

which can interact with DNA causing mutation and carcinogenesis.

TQ pretreated animals showed significant downregulation in the

F IGURE 4 Effects of DEN, TQ, and their
combination on the gene expression of
antiapoptotic Bcl‐2 (A), proapoptotic BAX
(B), BAX: Bcl‐2 ratio (C), and caspase‐3 (D)
proteins. aStatistically significant from negative
controls. bStatistically significant from DEN
control. *p < 0.05 significant differences.
***p < 0.0001. DEN, diethylnitrosamine;
TQ, thymoquinone
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CYP2E1 gene expression compared with the DEN‐treated group.

Also, TQ was reported to interact with the CYP450 isozymes acting

as a potent inhibitor of CYP isoforms.[44,45]

Histopathological investigations of the liver confirmed the

biochemical findings. Histopathological injury in liver tissue caused

by DEN indicated oxidative stress and hepatocellular damage

resulting in HCC formation. This result agreed with Santos et al.,[46]

who reported that DEN‐induced HCC has a histological and genetic

resemblance to human tumors. In contrast, hepatocytes in liver

sections of rats pretreated with TQ restored normal organization and

architecture with signs of recovery. Therefore, the result suggests

that TQ provided significant protection, indicated by a significant

decrease in hepatic vacuolation and inflammatory infiltrates. It is

speculated that the antioxidant activity via the lowering of ROS and

LPO formation is mostly responsible for this protective effect.

When overexpressed, the homologous BCL‐2 proteins can

prolong cell life by inhibiting apoptosis, whereas proapoptotic

proteins (BAX and caspases) can function as cell death inducers.[47]

Additionally, apoptosis dysfunction makes cancer treatment more

difficult and helps tumorigenesis progress.[48] Our results show that

DEN inhibits apoptosis by significantly increasing BCL‐2 and

decreasing BAX and caspase‐3. This effect was reported to promote

cancer cell proliferation and increase cell survival.[48] Furthermore,

TQ pretreated rats revealed significant elevation of BAX and

caspase‐3 genes and reduction in BCL‐2 compared with DEN‐

treated animals. These results agreed with Abd El‐Ghany et al.,[49]

who reported that TQ triggers apoptotic signaling pathways.

Additionally, the overexpression of the BAX gene in TQ pretreated

rats enhanced cytochrome release from mitochondria leading to

caspase‐3 cleavage and inducing apoptosis.[50]

F IGURE 5 Effects of DEN, TQ, and their combination on histopathological changes in liver tissues. Liver from control (A) and TQ control
(B) revealed normal histology of the hepatic parenchyma in which the polygonal hepatocytes were arranged in hepatic cords radiating from the
central vein toward the portal area. (C1–C4) Several histopathological changes were detected in the affected hepatic parenchyma in the DEN
group. Multifocal areas of mononuclear inflammatory cells infiltration were commonly noticed in the hepatic parenchyma, followed by necrosis,
portal fibroplasia, and karyorrhectic debris. (D1–D3) Liver from rat treated with TQ to DEN few numbers of mononuclear inflammatory cells
infiltration in the hepatic lobules. Additionally, mild vacuolated hepatocytes were noticed in some circumstances. DEN, diethylnitrosamine;
TQ, thymoquinone
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AFP is a biomarker used to diagnose and identify HCC.[51]

AFP‐L3, an isoform of AFP specific to malignant tumors used to

assess liver cancer risk. AFP‐L3 can detect the development of

HCC earlier than AFP and aid in diagnosing AFP‐negative HCC.[52]

GPC3 has been postulated as a potential marker for distinguishing

between benign and malignant liver disorders. GPC3 is highly

expressed in HCC, with an expression pattern that differs

according to the degree of cell differentiation.[53] Compared with

normal untreated control rats, our study showed that DEN

injection significantly increased AFP, AFP‐L3, and GPC3 levels.

This finding is consistent with previous research by Kadasa

et al.[54] and Shahin et al.,[55] who found a higher level of AFP in

DEN‐intoxicated rats than in normal rats. Contrary to DEN‐treated

rats, TQ pretreatment considerably reduced AFP, AFP‐L3, and

GPC3 levels, possibly due to TQ's antiproliferative activity, linked

to the suppression of malignant tumor transformation. It was also

reported that TQ pre‐and posttreatment dramatically reduced the

level of AFP in DEN‐induced HCC.[55]

Glutathione S‐transferases (GSTs) are a multigene family of

enzymes that catalyze the conjugation of the reduced form of GSH to

xenobiotic substrates for detoxification. GSTs protect the cells

against cytotoxicity and carcinogenic chemicals, while GST‐P is a

prominent tumor marker for hepatocarcinogenesis.[56] In our study,

immunohistochemistry demonstrated that GST‐P is overexpressed in

rats' hepatic foci and tumors during DEN‐induced carcinogenesis.

Similarly, Satoh and Hatayama[57] discovered that the enzyme level in

preneoplastic foci was 150–250 times higher than in normal cells

after immunochemical and stereological examinations. Furthermore,

in a DEN‐induced liver cancer model, TQ administration reduced the

number of liver tumors and GST‐P‐positive hepatocytes, indicating

that TQ can suppress tumor formation.

In conclusion, according to this study's findings, pretreatment

with TQ protects against DEN‐induced hepatic injury and carcino-

genesis by decreasing HCC biomarkers, oxidative stress, and lipid

peroxidation, increasing antioxidant enzyme activity, and triggering

the apoptotic signaling pathway.
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