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Abstract
This investigation explored the chemopreventive effects of eugenol on diethylnitrosamine (DENA) and acetylamino-
fluorene (AAF)-induced hepatocellular carcinoma (HCC) in Wistar rats. To induce HCC, DENA was administered intra-
peritoneally once per week for two weeks at a concentration of 150 mg/kg body weight (b.w.), followed by oral AAF 
administration for 3 weeks, four times a week, at a dosage of 20 mg/kg b.w. After these three weeks, the rats were 
treated with eugenol every other day for 17 weeks at a dosage of 20 mg/kg b.w. In vitro, eugenol reduced cell viability 
(IC50 of 189.29 µg/mL) and inhibited cell migration in the HCC cell line HepG2. Moreover, eugenol treatment in DENA/
AAF-induced rats significantly improved cancerous histopathological changes and reduced inflammatory cell infiltra-
tion in the liver. Eugenol treatment significantly reduced the activity levels of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and alkaline phosphatase (ALP), along with the levels of total bilirubin (TBIL), alpha-fetoprotein 
(AFP), carcinoembryonic antigen (CEA), carbohydrate antigen 19–9 (CA 19–9), lipid peroxides (LPO), tumor necrosis 
factor-α (TNF-α), and interleukin-1β (IL-1β). Additionally, the expressions of nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB), interleukin-8, C-X-C Motif Chemokine Receptor 3 (CXCR3), B-cell lymphoma 2 (Bcl-2), IQ Motif 
Containing GTPase Activating Protein 1 (IQGAP1), IQ Motif Containing GTPase Activating Protein 3 (IQGAP3), Harvey rat 
sarcoma viral oncogene homolog (HRAS), Kirsten rat sarcoma viral oncogene homolog (KRAS), and Ki-67 were downregu-
lated following eugenol administration in DENA/AAF-induced HCC. Conversely, eugenol supplementation significantly 
enhanced glutathione (GSH) content, as well as the activities of glutathione peroxidase (GPx) and superoxide dismutase 
(SOD), and the levels of nuclear factor erythroid 2-related factor 2 (Nrf2). Furthermore, the expressions of tumor sup-
pressor gene p53, Bcl-2-associated X protein (BAX), death receptor 4 (DR4), death receptor 5 (DR5), decoy receptor 1 
(DcR1), programmed cell death 5 (PDCD5), and IQ Motif Containing GTPase Activating Protein 2 (IQGAP2) were markedly 
upregulated compared to the DENA/AAF-administered group. These findings indicate that the potent anticancer effects 
of eugenol are primarily driven by its ability to reduce oxidative stress, suppress inflammation, and inhibit cell prolifera-
tion while promoting apoptosis. This study underscores the potential of eugenol as a promising therapeutic agent for 
the prevention and management of HCC, offering a novel approach to HCC treatment.
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Abbreviations
AAF	� Acetylaminofluorene
Ab	� Apoptotic blebs
AC	� Apoptotic cells
AFP	� Alpha fetoprotein
ALP	� Alkaline phosphatase
ALT	� Alanine transaminase
AST	� Aspartate transaminase
b.w.	� Body weight
Bax	� BCL2 Associated X
Bcl-2	� B cell lymphoma/ leukemia 2
BC	� Binucleated cells
BD	� Bile duct
BV	� Congested blood vessels
C	� Tumor cells in the form of cords
CA19.9	� Cancer antigen 19.9 or carbohydrate antigen 19.9
cDNA	� Complementary DNA
CEA	� Carcinoembryonic antigen
CXCR3	� CXC chemokine receptor family
DcR1	� Decoy receptor 1
DENA	� Diethylnitrosamine
DMSO	� Dimethyl sulfoxide
DR4	� Death receptor 4
DR5	� Death receptor 5
GPx	� Glutathione peroxidase
GSH	� Reduced glutathione
HCC	� Hepatocellular carcinoma
HepG2	� Human liver cancer cell line
HRAS	� Harvey rat sarcoma viral oncogene homolog
IC50	� Inhibitory concentration
IF	� Inflammatory cell infiltrations
IL-1β	� Interleukin 1 beta
IL-8	� Interleukin 8
IQGAP1	� IQ-domain GTPase-activated protein 1
IQGAP2	� IQ-domain GTPase-activated protein 2
IQGAP3	� IQ-domain GTPase-activated protein 3
Ki-67	� Antigen ki-67
KRAS	� Kirsten ras oncogene homolog
LPO	� Lipid perioxidation
MC	� Multinucleated cells
MTT	� 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
N	� Tumor nests
Nc	� Necrosis
NF-κB	� Nuclear factor kappa-light-chain enhancer of activated B cells
Nrf2	� Nuclear factor erythroid 2-related factor 2
P	� Pyknotic nucleoli
p53	� Tumor suppressor gene 53
PDCD5	� Programmed cell death protein 5
PV	� Portal vein
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ROS	� Reactive oxygen species
S	� Sinusoids
SE	� Standard error
Se	� Growing septa
SOD	� Superoxide dismutase
SR	� Hepatocytes forming signet ring
SPSS	� Statistical product and service solutions
T	� Tumor cells arranged in trabeculae
TBST	� Tris-buffered saline containing Tween20
TNF-α	� α-Tumor necrosis factor-α
T.bilirubin	� Total bilirubin

1  Introduction

Hepatocellular carcinoma (HCC) is one of the most prevalent causes of cancer death globally [1]. In Egypt, HCC is the 
fourth most common cancer and has the second highest fatality rate among cancers [2]. It typically occurs when the 
liver is chronically damaged, often due to liver fibrosis [3]. The most prevalent triggers of HCC include hepatitis C 
and hepatitis B virus, chemical carcinogens, air pollutants, and dietary additives [4]. Novel therapies are constantly 
being developed to fight against this fatal disease [5].

Diethylnitrosamine (DENA) is a carcinogenic compound that provokes cancers in numerous organs, including the 
lungs and the liver [6, 7], and has been used extensively for this purpose in experimental animals [8]. It can also be 
coupled with other carcinogens like acetylaminofluorene (AAF), which functions like a promoter for several onco-
genes 5. It is a part of many different foods, including soybeans, cheese, salted, smoked, and dried fish, alcoholic 
beverages, and cured meat [9].

Both oxidative stress and inflammation play key roles in the progression of HCC [10]. High concentrations of 
reactive oxygen species (ROS) are associated with DNA damage, leading to genetic instability, enhanced cell sur-
vival, migration, and pro-tumorigenic signaling in HCC cells [11, 12]. Furthermore, oxidative stress induces a chronic 
inflammatory response, which contributes to tissue damage and sustains an inflammatory microenvironment, further 
promoting HCC progression [13].

The pathophysiology of HCC is primarily driven by two key processes: cell migration and apoptosis, particularly 
within tumor cells [14]. Cell migration plays a crucial role in the spread and metastasis of HCC, facilitating the invasion 
of surrounding tissues and the formation of secondary tumors. Apoptosis is essential for controlling HCC growth; 
triggering apoptosis can eliminate cancer cells, while deficiencies in apoptotic signaling can lead to ’drug-resistant’ 
tumor cells. This dysregulation of apoptosis contributes significantly to the progression of HCC, especially in the 
context of chronic liver disease, cirrhosis, and the subsequent development of HCC [15].

Consequently, novel therapeutic strategies are needed to restrict the development of advanced HCC [16, 17]. 
Various medicinal plants have been prescribed to cancer patients as alternative medicines to both inhibit and rem-
edy the disease. Besides their powerful chemoprotective and anticarcinogenic properties, these plants also possess 
anti-proliferative and anticancer chemicals that are less toxic than those in conventional therapies [18].

One such medicinal plant with anti-cancer properties is cloves. Cloves were conventionally used in medicine 
because of their numerous health benefits and an abundance of biologically active secondary metabolites [19]. 
Eugenol, the major phenolic ingredient of clove essential oil, is a remarkable multifunctional phytochemical with 
various medicinal activities, including being anticarcinogenic, antioxidant, and anti-inflammatory [20, 21]. Its anti-
cancer effect has been demonstrated in liver cancer [22] and breast cancer [23]; however, its effects on the DENA/
AAF-induced liver cancer model are poorly understood.

Thus, the goal of this research was to explore the prospective chemopreventive and anticancer effects of euge-
nol against DENA/AAF-induced HCC. Further, we aimed to elucidate its mechanisms of action and its effects on cell 
proliferation, oxidative stress, antioxidant defense, inflammation and apoptosis.
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2 � Material and methods

2.1 � Chemicals and reagents

DENA, AAF, and eugenol were purchased from Sigma-Aldrich Chemicals Co. (St. Louis, MO, USA) and were stored at 
2–4 °C, excluding eugenol, which was kept at 37 °C. The activities of alanine transaminase (ALT) (0184), aspartate 
transaminase (AST) (0152), and alkaline phosphatase (ALP) (21,002) were determined using chemical kits from Bio-
system S. A. (Spain). Total bilirubin (202,159) was detected colorimetrically using Diamond Diagnostic Kits (Badr City, 
Cairo, Egypt). Albumin (21,008) was determined by reagent kits purchased from HUMAN Gesellschaft für Biochemica 
and Diagnostica mbH, (Wiesbaden, Germany). ELISA kits provided by R&D Systems (USA) were utilized to assess levels 
of serum alpha-fetoprotein (AFP) (MBS267612), carcinoembryonic antigen (CEA) (MBS720630), and carbohydrate 
antigen 19.9 (CA19.9) (MBS2515823). The additional reagents utilized in the experiments and examinations were of 
quality for analysis.

2.2 � Cell lines and cell culture

HepG2 was purchased from ATCC (American Type Culture Collection). It was previously used to determine the viability of 
cells, as described in Yassin et al. [24], using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide-based assay 
(MTT, Serva Electrophoresis, Germany). The reagent is broken down by viable cells to give a purple-colored product. The 
cytotoxic effect was studied using the MTT assay by exposing cells to varied doses of eugenol (0, 78.125, 156.25, 312.5, 
625, 1250, 2500, and 5000 µg/mL) in 0.1% (v/v) dimethyl sulfoxide (DMSO, SDFCL, Mumbai-30) for 24 h. Controls that are 
not positive were exposed alone to 0.1% (v/v) DMSO. Incubation of dead cells for 4 h at 37 °C in a 5% CO2 incubator after 
rinsing off with sterile phosphate-buffered saline. The intra-cytoplasmic MTT formazan crystals were dissolved in 100 μL 
DMSO. At 590 nm, the optical density was observed on a microplate reader (SunRise, TECAN, Inc, USA) to estimate the 
number of cells that survive, and the viability percentage was determined as [(ODt/ODc)] × 100%, where ODt is the mean 
optical density of treated cells, and the mean optical density of untreated cells is denoted by ODc. The 50% inhibitory 
concentration (IC50), which is the concentration needed to cause negative consequences in 50% of undamaged cells [25].

2.3 � Wound healing assay

The Wound healing assay of HepG2 cell culture was determined according to the method described in Martinotti 
and Ranzato [26]. Briefly, cells were seeded in 6-well plates and cultured to confluence. A sterile 200 µL pipette tip 
was used to create a linear scratch wound across the cell monolayer. After wounding, the cells were washed with PBS 
to remove debris, and fresh medium was added. Images of the wound area were captured 72 h post-scratch using 
a phase contrast microscope. For quantification of the distance cells migrated into the wound, three random sites 
across the scratch per well were measured from the captured images.

2.4 � Animals and experimental design

Mature adults male Wistar rats 8–9 weeks’ old about 100–120 g weight was utilized in our investigation. The rats were 
transported at Helwan Station in Cairo, Egypt, by the Egyptian Biological Products and Vaccines Organization (VAC-
SERA). Maintaining of in cages for 14 days before the experiment to ensure no concurrent infections. Keeping the rats 
in well-aerated polypropylene crates and housed in the Zoology Department, Faculty of Science, Beni-Suef University, 
Egypt. They were maintained on an orderly diurnal illumination cycle (10–12 h/day) at room temperature (20–25 °C) 
with regular food and water supply. The Animal Rescue and Use Committee of the Faculty of Science, Beni-Suef Uni-
versity, Egypt, approved all experimental techniques and the research strategy (Approval Number: BSU/FS/2019/3). 
All safety protocols were implemented, and every effort was made to minimize the number of animals used, as well 
as their suffering, discomfort, and distress. All methods were performed in accordance with the relevant ethical 
guidelines and regulations for animal research. The Animal Rescue and Use Committee of the Faculty of Science, 
Beni-Suef University, Egypt, permits a maximal tumor size of 2 cm in diameter for animal studies. During this study, 
the tumor size was strictly monitored and did not exceed this limit, ensuring compliance with ethical guidelines.
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Thirty mature male Wistar rats were separated into 3 groups of 10 rats (Fig. 1) each. Group I served as the negative 
control (normal control group). The other 2 groups were given DENA at 150 mg/kg body weight (b.w.) intraperito-
neally once per week for 2 weeks, followed by an oral AAF dosage at 20 mg/kg b.w. four different times per week for 
3 weeks [27]. Group II was presented only DENA/AAF and served as the positive control, while group III was admin-
istered eugenol (dissolved in 1% carboxymethyl cellulose) orally at 20 mg/kg b.w. every alternate day for 17 weeks 
[28] on top of the DENA/AAF regimen.

2.5 � Sample collections

The rats were sacrificed after 17 weeks using inhalation anesthesia. Specifically, the animals were placed in a chamber 
with an appropriate anesthetic gas (e.g., isoflurane), and once fully anesthetized, they were humanely euthanized follow-
ing standard protocols. After dissection and subsequent decapitation, samples of blood were gained from the jugular 
vein and liver tissue samples were enucleated for biochemical, molecular, and histological analyses. After permitting 
the blood samples for making coagulation at 37 °C, they were centrifuged for 15 min at 3000 rpm. The supernatant sera 
were separated with a Pasteur pipette and stored at − 20 °C in sterile tubes. Glaciated liver tissue (1 g) was melted, lysed 
in ice-cold water, and homogenized in 10 mL of 0.9% NaCl to yield a homogenate (w/v) of 1% homogenate (w/v). The 
liver homogenates were centrifuged at 3000 rpm for 15 min. Liver slices (3 mm3) were preserved at − 70 °C in sterile 
Eppendorf tubes until they were utilized for RNA isolation and real-time PCR analysis.

2.6 � Serum biochemical assessment

The sera levels of ALT [29], AST [29], ALP [30], total bilirubin [31], Albumin [32] were estimated. The levels of AFP, CEA and 
CA19.9 were assessed as per the instructions from the manufacturer utilizing ELISA kits provided by R&D Systems (USA).

2.7 � Hepatic oxidative/antioxidant assessment

Hepatic lipid peroxides (LPO) (MD 25 28), reduced glutathione (GSH) (GR 25 10), and the activities of antioxidant enzymes 
like GSH peroxidase (GPx) (GP 2524) and superoxide dismutase (SOD) (SD 25 20) were colorimetrically quantified using 

Fig. 1   DENA, AAF, and euge-
nol administration experimen-
tal design
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Bio-Diagnostic Kits (Dokki, Giza, Egypt), as per the Ohkawa et al. [33], Beutler et al. [34], Paglia and Valentine [35], and 
Nishikimi et al. [36], respectively.

Liver tumor necrosis factor-α (TNF-α) (CSB-E11987r) was tested by the quantitative sandwich enzyme immunoas-
say technique using kits from R&D Systems (USA). Interleukin-1β (IL-1β) (# MBS825017) was determined using the Ray 
Biotech ELISA Kit (USA), and the transcriptional activity of nuclear factor erythroid 2-related factor 2 (Nrf2) (MBS752046) 
was calculated by ELISA using the Nrf2 Transcription Factor Examination Kit (Abcam, Cambridge, UK). All reagents were 
used as per the instructions from the manufacturer.

2.8 � Western blotting for Ki‑67

As previously described, western blotting was performed to assess the expression of Ki-67 in the liver [37]. For total pro-
tein extraction from liver tissue samples, a ReadyPrep™ protein extraction kit (cat #163–2086, Bio-Rad Inc.) was utilized 
accordance to the company’s recommendations. Protein was quantified using a Bradford assay kit (SK3041; Bio Basic 
Inc., Markham, Ontario L3R 8T4 Canada), separated by 10% SDS-PAGE (Bio-Rad Laboratories, Inc. cat #161-0181), and 
transferred to PDVF membranes. Membranes were then blocked with 5% skim milk dissolved in Tris-buffered saline 
containing Tween20 (TBST). The membranes were then treated with the appropriate primary antibodies against Ki-67 
and β-actin overnight at 4  C. The membranes were probed with HRP-conjugated secondary antibodies (Goat anti-rabbit 
IgG- HRP-1 mg Goat mab, Novus Biologicals) and generated utilizing a chemiluminescent substrate (Clarity™ Western ECL 
substrate, Bio-Rad cat#170-5060). Image analysis software was utilized on the ChemiDoc MP imager Using protein nor-
malization, measure the band intensity of targeted proteins against the control sample beta-actin (housekeeping protein).

2.9 � RT‑qPCR

Total RNA has been obtained from liver tissues as directed by the manufacturer using the TRIzol reagent (Invitrogen). By 
calculating the absorbance at 260 nm and calculating the 260/280 ratio, the concentration and purity of the isolated RNA 
were calculated. Complementary DNA (cDNA) synthesis was performed out according to the manufacturer’s instructions 
using a High-Capacity cDNA Reverse Transcription Kit (A32702, Applied Biosystems). As an internal control, GAPDH was 
used. The following quantitative studies of target gene mRNA expression were performed on the ABI Prism 7500 System 
(Applied Biosystems): A cDNA synthesis kit was used to convert 1 g RNA into cDNA (Thermo Scientific). Table 1 showed 
the genes primer sequences tested. The QuantStudio™ 7 Flex Real-Time PCR System (Thermo Scientific) was used to run 
real-time PCR with PowerUp™ SYBR® Green Master Mix (Thermo Scientific). The relative expression of distinct genes was 
calculated using the 2−∆∆CT method. The data are reported as the gene expression fold change relative to a calibrator 
and normalized to the internal control.

2.10 � Histopathology study

Post 17 weeks, every rat’s liver was dissected out. Minor liver sections from each rat were settled in 10% neutral-buffered 
formalin for 24 h. The sections were clarified, encased in paraffin in a hot air stove at 56 °C for 24 h, and passed on 70% 
alcohol for histopathological analysis. The paraffin wax tissue blocks were cut at a thickness of 5 µm. The tissue samples 
have been stained with hematoxylin and eosin [38] and for examination, a light microscope with a camera was used. 
Additionally, the histopathological scores of liver lesions in the normal control group, DENA/AAF-administered group, 
and DENA/AAF-administered, eugenol-treated group were determined using a scoring system based on lesion grades 
as follows: 0 refers to no lesion, I refers to mild, II refers to moderate, and III refers to severe.

2.11 � Statistical analysis

The results were measured using SPSS version 20 (SPSS 2011). The data are provided in the form of mean ± standard 
error (SE). Duncan’s technique for post-hoc analysis was utilized for comparing statistics. p < 0.05 was thought to be 
statistically significant.
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3 � Results

3.1 � Cytotoxic effect of eugenol on HepG2

The influence of different eugenol concentrations on percentages of viability of HepG2 cells is depicted in (Fig. 2). The viability 
progressively decreased as the eugenol concentration elevated (78.125–5000 µg/mL), indicating that the cytotoxic effect 
was dose-dependent. The IC50 was calculated to be 189.29 ± 1.18 µg/mL.

3.2 � Wound healing assay

The data shows that eugenol treatment has an inhibitory effect on wound healing (Fig. 3). The wound healing assay dem-
onstrated that eugenol contributed to reduced cell migration in HepG2 cell culture, as shown 72 h after performing the 
scratch and incubation. Quantification of wound closure revealed that eugenol significantly (p < 0.05) reduced the migration 
of HepG2 cells compared to the control group. These results suggest that eugenol inhibits cell migration in HepG2 cells.

3.3 � Histological changes of liver induced by DENA/AAF

Histological examination of liver tissues from the normal control group revealed normal architecture of hepatocytes 
with portal vein and bile duct surrounding the hepatic sinusoids and associated with a highly eosinophilic cytoplasm 

Table 1   The primer sequences 
used in this study

mRNA species GenBank accession number Primer sequence 5ʹ–3ʹ

NF-κB NM_001276711.1 F: 5ʹTTC​AAC​ATG​GCA​GAC​GAC​GA3ʹ
R: 5ʹTGC​TCT​AGT​ATT​TGA​AGG​TAT​GGG​3ʹ

IL-8 X77797.1 F: 5ʹCAG​AGA​CTT​GGG​AGC​CAC​TC3ʹ
R: 5ʹCAG​AGT​AAA​GGG​CGG​GTC​AG3ʹ

CXCR3 NM_053415.1 F: 5ʹGCT​CTT​TGC​CCT​CCC​AGA​TT3ʹ
R: 5ʹTCC​ACA​TGG​CTT​TCT​CGA​CC3ʹ

Bcl-2 NM_016993.2 F: 5ʹGGG​GCT​ACG​AGT​GGG​ATA​CT3ʹ
R: 5ʹGAC​GGT​AGC​GAC​GAG​AGA​AG3ʹ

Bax NM_017059.2 F: 5’AGA​CAC​CTG​AGC​TGA​CCT​TG3ʹ
R: 5ʹGTT​GTT​GTC​CAG​TTC​ATC​GCC3ʹ

p53 AH010014.2 F: 5ʹGTT​TTT​GTT​CCT​GAG​CCC​CG3ʹ
R: 5ʹGAG​CAA​GGG​GTG​ACT​TTG​GG3ʹ

DR4 NM_003844.3 F: 5ʹATG​AAC​TCA​CTG​GTT​TCT​TGGC3ʹ
R: 5ʹTTC​GCG​TCC​GGC​TTC​CTC​AAG3ʹ

DR5 NM_001395720.1 F: 5ʹGGC​CTC​GGT​CAT​ATC​AGT​GG3ʹ
R: 5ʹGCA​CCT​AGC​AGG​TGG​TTG​AT3ʹ

DCR1 NC_003281.10 F: 5ʹGCT​GAA​GAG​ACA​ATG​AAC​3ʹ
R: 5ʹACG​ATC​ACA​AGG​AGG​AAG​3ʹ

PDCD5 NM_001106247.1 F: 5ʹTGA​AGC​GAT​TCC​AAC​CGA​GT3ʹ
R: 5ʹGCT​CCG​TGG​GTC​TGT​CTA​AG3ʹ

IQGAP1 NM_001108489.1 F: 5ʹGCG​GCT​TCC​AAC​AAG​ATG​TTT3ʹ
R: 5ʹCAG​CAG​TTC​ATG​GAT​GGG​GT3ʹ

IQGAP2 XM_039103456.1 F: 5ʹCAC​AGT​ACT​GGG​TGT​GTC​CC3ʹ
R: 5ʹGGA​ATC​TAC​GGA​CGC​TGG​AG3ʹ

IQGAP3 NM_001191709.1 F: 5ʹAGC​CTA​TGA​TCG​TCT​CAC​AGC3ʹ
R: 5ʹCAC​AGG​TAC​TGG​TAG​GCG​AC3ʹ

HRAS NM_001130441.1 F: 5ʹTGG​CTG​GAA​GTA​GGA​GGT​GT3’
R: 5ʹCAG​AAG​AGA​AGG​GCT​GCA​CA3ʹ

KRAS NM_031515.3 F: 5ʹGAC​AGG​GTG​TTG​ACG​ATG​CC3ʹ
R:5ʹTGT​GCC​TTA​AGA​AAG​AGT​ACA​AAC​T3ʹ

GAPDH NM_017008.4 F: 5ʹGCG​AGA​TCC​CGC​TAA​CAT​CA3ʹ
R: 5ʹATT​CGA​GAG​AAG​GGA​GGG​CT3ʹ
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and distinct nuclei (Fig. 4A). The liver of DENA/AAF-administered rats showed remarkable changes including tumor 
nests surrounded by fibrous tissue, congested blood vessels, and inflammatory cell infiltration (Fig. 4B). The portal 
tract was congested and was associated with inflammatory infiltration and necrosis surrounding hepatocytes. Some 
tumor cells form nests and cords, while others contain bile pigment in their cytoplasm (Fig. 4C). The tumor cells that 
formed nests had condensed chromatin within disformed nuclei (Fig. 4D). Figure 4E shows activated Kupffer cells 
in association with dark shrunken nuclei, binucleated and multi-nucleoli hepatocytes and pykonotic nuclei. Severe 
inflammatory infiltrations and hepatocytes with a signet ring appearance were observed. Some cells were binucle-
ated and apoptotic cells showed eosinophilic cytoplasm and condensed chromatin in their nuclei (Fig. 4F). These 
alterations were markedly ameliorated in DENA/AAF-administered rats treated with eugenol. The liver architecture 
and portal tract structure appeared nearly normal. Also, apoptotic cells with blebbing bodies and apoptotic blebs 

Fig. 2   Effect of different doses 
of eugenol (0–5000 μg/mL) on 
the viability of HepG2 cells

Fig. 3   Effect of eugenol 
on wound healing assay 
of HepG2 cell culture after 
performing the scratch and 
incubation for 72 h
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were noticed in DENA/AAF-administered rats treated with eugenol (Fig. 4G and H). These histological results from 
the three groups were assessed by histopathology scores of liver lesions as shown in Table 2.

3.4 � Effect on liver function parameters in the serum

Compared with normal control rats, the serum activities of ALT, AST, and ALP, and the total bilirubin level sub-
stantially (p < 0.05) increased  in DENA/AAF-administered rats whereas the albumin level significantly (p < 0.05) 
decreased. Eugenol treatment substantially (p < 0.05) lowered the activities of ALT, AST, and ALP, as well as total 
bilirubin levels. The albumin level increased but the change was non-significant (p > 0.05) (Table 3).

Fig. 4   Photomicrographs 
from normal liver (A, × 400), 
DENA/AAF-administered 
rats (B, × 100; C–F × 400) and 
DENA/AAF-administered rats 
treated with eugenol (G and 
H, × 400). Photomicrograph 
A showing normal liver 
structure, portal vein (PV), bile 
duct (BD), and sinusoids (S). 
Photomicrographs B–F exhib-
iting several liver cancerous 
lesions including tumor nests 
(N), congested blood vessels 
(BV), inflammatory cell infiltra-
tions (IF), apoptotic cells (AC), 
necrosis (Nc), growing septa 
(Se), tumor cells in the form of 
cords (C), tumor cells arranged 
in trabeculae (T), binucle-
ated cells (BC), multinucle-
ated cells (MC), hepatocytes 
forming signet ring (SR), and 
pyknotic nucleoli (P). Photo-
micrographs G and H (× 400) 
demonstrating normal liver 
architecture and structure 
and nearly normal portal tract 
structure. Also, apoptotic cells 
(AC) and apoptotic blebs (Ab) 
were observed
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3.5 � Effect on serum AFP, CEA, and CA19.9 levels

DENA/AAF injection significantly (p < 0.05) increased the serum AFP, CEA, and CA19.9 levels in comparison to normal 
rats while eugenol treatment substantially (p < 0.05) lowered the raised levels of these tumor biomarkers (Table 4).

3.6 � Effect on liver oxidative stress and the antioxidant defense system

DENA/AAF-treated rats demonstrated a substantial (p < 0.05) raise in the levels of liver LPO as well as a substantial 
(p < 0.05) drop in GSH content as well as GPx and SOD activities, in comparison to normal control rats. The oral dose 
of eugenol substantially (p < 0.05) limited the high level in LPO as well as the drop in GSH content and GPx and SOD 
activities (Fig. 5).

Table 2   Histopathological 
scores of liver lesions in the 
normal control group, DENA/
AAF-administered group, and 
the DENA/AAF-administered, 
eugenol-treated group

0 refers to no lesion, I refers to mild, II refers to moderate, and III refers to severe. Every group contains 6 
rats. The percentage in parentheses represents the rate of animals in each grade

Score Normal control DENA/AAF DENA/AAF + Eug

Inflammation 0 6 (100%) – 3 (50%)
I – 1 (16.7%) 2 (33.3%)
II – 1 (16.7%) 1 (16.7%)
III – 4 (66.6%) –

Necrosis 0 6 (100%) 1 (16.7%) 6 (100%)
I – 2 (33.3%) –
II – 3 (50%) –
III – – –

Vascular congestion 0 6 (100%) – 4 (66.6%)
I – 3 (50%) 2 (33.3%)
II – 1 (16.7%) –
III – 2 (33.3%) –

Tumor cells 0 6 (100%) – 5 (83.3%)
I – 3 (50%) 1 (16.7%)
II – 3 (50%) –
III – – –

Cytoplasmic vacuolization 0 6 (100%) – 5 (83.3%)
of hepatocytes I – 1 (16.7%) 1 (16.7%)

II – 3 (50%) –
III – 2 (33.3%) –

Apoptosis 0 6 (100%) 2 (33.3%) 2 (33.3%)
I – 3 (50%) 4 (66.6%)
II – 1 (16.7%) –
III – –

Table 3   Effect of eugenol 
on serum ALT, AST, and ALP 
activities, and total bilirubin 
and albumin levels in DENA/
AAF-administered rats

Data are presented as mean (SE). Each group had six samples that were evaluated. Values for parameters 
that do not possess the same superscript symbol(s) (a, b, and c) were significantly different (p < 0.05)

Groups ALT (U/L) AST (U/L) ALP (U/L) Total bilirubin
(mg/dL)

Albumin (g/dL)

Normal control 42.06 ± 3.52a 98.33 ± 1.64a 218.66 ± 1.49a 0.29 ± 0.01a 3.59 ± 0.09b

DENA/AAF 69.20 ± 4.38b 163.16 ± 6.82c 512.00 ± 35.62c 0.97 ± 0.15c 2.98 ± 0.05a

DENA/AAF + Eug 49.96 ± 5.60a 142.16 ± 5.42b 330.00 ± 31.71b 0.62 ± 0.04b 3.15 ± 0.05a
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3.7 � Effect on liver inflammation

Administration of DENA/AAF substantially (p < 0.05) elevated the levels of liver TNF-α and IL-1β as well as the expres-
sion of NF-κB, IL-8, and CXCR3, while substantially reducing Nrf2 levels (p < 0.05), in comparison to the normal control 
rats. Eugenol administration substantially (p < 0.05) counteracted these effects (Fig. 6).

3.8 � Effect on the expression of apoptosis markers

DENA/AAF-treated rats exhibited substantially (p < 0.05) upregulated expression of liver B-cell lymphoma 2 (Bcl-2), 
and substantially (p < 0.05) downregulated expression of tumor suppressor gene 53 (p53), Bcl-2-associated X protein 
(Bax), death receptor 4 (DR4), death receptor 5 (DR5), decoy receptor 1 (DcR1), and programmed cell death protein 
5 (PDCD5). Eugenol treatment significantly (p < 0.05) reversed these effects (Fig. 7).

Table 4   Effect of eugenol 
on serum AFP, CEA, and 
CA19.9 levels in DENA/AAF-
administered rats

Data are presented as mean (SE). Each group had six samples that were evaluated. Values for parameters 
that do not possess the same superscript symbol(s) (a, b, and c) were significantly different at p < 0.05

Groups AFP (ng/mL) CEA (ng/mL) CA19.9 (U/L)

Normal control 0.62 ± 0.04a 1.97 ± 0.05a 14.46 ± 0.51a

DENA/AAF 3.93 ± 0.33c 9.16 ± 0.47c 110.73 ± 2.68c

DENA/AAF + Eug 1.74 ± 0.09b 3.93 ± 0.11b 32.63 ± 6.17b

Fig. 5   Effect of eugenol on 
liver LPO (A) level, GSH (B) 
content, and GPx (C) and 
SOD (D) activities in DENA/
AAF-treated rats. Values and 
expressed genes that do not 
have the same symbol(s) (a, b, 
and c) are significantly differ-
ent at p < 0.05
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Fig. 6   Effect of eugenol on liver TNF-α (A), IL-1β (B), and Nrf2 (C) levels and NF-κB (D), IL-8 (E), and CXCR3 (F) expression levels in DENA/AAF-
administered rats. Values and expressed genes that do not have the same symbol(s) (a, b, and c) are significantly different at p < 0.05

Fig. 7   Effect of eugenol on the expression levels of p53 (A), Bax (B), Bcl-2 (C) DR4 (D), DR5 (E), DcR1 (F), PDCD5 (G) in DENA/AAF-adminis-
tered rats. Values and expressed genes that do not have the same symbol(s) (a, b, and c) are significantly different at p < 0.05
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3.9 � Effect on liver cell migration and division

The administration of DENA/AAF substantially (p < 0.05) upregulated the expression of IQ-domain GTPase-activated 
protein 1 (IQGAP1), IQ-domain GTPase-activated protein 3 (IQGAP3), harvey rat sarcoma viral oncogene homolog (HRAS), 
kirsten ras oncogene homolog (KRAS), and Ki-67, while substantially (p < 0.05) downregulating the expression of IQ-
domain GTPase-activated protein 2 (IQGAP2) when compared with the normal control rats. These changes were coun-
teracted by eugenol treatment (Figs. 8 and 9).

4 � Discussion

DENA induces HCC as an initiator and AAF as a promoter [39]. The DENA/AAF-triggered HCC model was used in this 
research to assess ways HCC can avoid the effects of eugenol and to understand its mechanisms of action.

Similar to the outcomes of Ahmed et al. [7] and Tawfik et al. [40], DENA/AAF significantly increased the activities of the 
cytoplasmic enzyme ALT, the cytoplasmic and mitochondrial enzyme AST, and the membrane-bound enzyme ALP. It also 
increased bilirubin levels and decreased albumin levels compared with the normal control group. Eugenol was able to 
significantly reduce the increased activities of ALT, AST, ALP, and the total bilirubin level as well as non-significant albu-
min. However, eugenol’s ability to reduce the increased levels of albumin after DENA/AFF treatment was not statistically 
significant. DENA/AAF-induced changes in the hepatic membrane were prevented by the membrane stabilizing effect of 
eugenol, restoring liver integrity, metabolism, and function. These findings agree with those reported by Kumar et al. [41].

The detection of AFP, CA19.9, and CEA is crucial to assess and diagnose HCC [42, 43]. Our results showed that DENA/
AAF-administered rats showed elevated serum levels of certain tumor markers due to the induction of liver cancer, which 
is consistent with the report of Ahmed et al. [7]. Eugenol therapy decreased the raised serum levels of tumor markers in 

Fig. 8   Effect of eugenol on liver IQGAP1 (A), IQGAP2 (B), IQGAP3 (C), HRAS (D), and KRAS (E) expression levels in DENA/AAF-administered 
rats. Values and expressed genes that do not have the same symbol(s) (a, b, and c) are significantly different at p < 0.05



Vol:.(1234567890)

Research	  
Discover Oncology         (2025) 16:1080  | https://doi.org/10.1007/s12672-025-02243-6

this DENA/AAF-induced HCC model. Eugenol exerts hepatoprotective activity by protecting the integrity of liver cells 
and membranes, thereby presenting a lower risk of hepatic injury or HCC [44].

Accompanying the elevated tumor markers, the liver tissue sections displayed necrotic compressed hepatocytes 
characterized by bile pigment in their cytoplasm, a signet ring appearance, and a binucleated morphology. Tumor cells 
appeared well-differentiated and resembled nests with peripheral condensed chromatin in disformed nuclei. Apoptotic 
cells were distinguished by an eosinophilic cytoplasm, blebbing of apoptotic bodies, and condensed chromatin in the 
nucleus. Like the results of Kumar et al. [41] eugenol treatment significantly reduced necrosis and other histological 
abnormalities in the liver sections of rats, demonstrating its beneficial effects on the biochemical enzymes involved in 
liver function and integrity.

DENA/AAF-treated rats exhibited high levels of liver LPO, which is in line with Kaya et al. [45], who suggested that 
DENA-triggered hepatic damage includes ROS-caused oxidative stress as well as elevated serum and tissue levels of 
lipid peroxides. DENA/AAF also reduced the activity of the antioxidant enzymes SOD and GPx and the non-enzymatic 
antioxidant GSH in the liver tissues, in line with the results of Ahmed et al. [7]. Eugenol treatment reduced LPO levels 
and inhibited the DENA/AAF-stimulated generation of free radicals. Zhang et al. [46] suggests that it may be an effec-
tive free radical scavenger which possesses antioxidant potential by disrupting the chain of free radicals and releasing a 
hydrogen atom. Moreover, in our study, eugenol recovered the decreased SOD and GPx activities and the GSH content 
in the livers of DENA/AAF-administered rats. Wani et al. [47] proposed that the reduction in oxidative stress following 
eugenol treatment reflected a putative antioxidant protective function in liver tissue.

NF-κB is a necessary transcription agent in the arrangement of inflammation (Fig. 10), and its disruption contributes 
to the activation of numerous inflammatory pathways that can lead to cancer [48]. DENA/AAF treatment induced a 
significant accumulation of inflammatory cytokines TNF-α, IL-1β, and NF-κB relative to the control group. Wu et al. [49] 
showed that TNF-α can induce the expression of itself and IL-1β by activating NF-κB. Eugenol supplementation dramati-
cally reversed the elevated expression of TNF-α, IL-1β, and NF-κB because of its anti-inflammatory effect. Kaur et al. [50] 
reported that eugenol’s anticarcinogenic action was linked to its anti-inflammatory function, as several inflammation 
markers were reduced in animals after eugenol treatment (Fig. 10).

In our investigation, DENA/AAF-administered rats showed elevated levels of hepatic IL-8 as a result of induced HCC, 
consistent with Peng et al. [51]. TNF-α could induce the production of IL-8 from HCC cells by stimulating NF-κB signaling 

Fig. 9   Effect of eugenol on 
liver Ki-67 level in DENA/AAF-
administered rats. Values and 
expressed genes that do not 
have the same symbol(s) (a, b, 
and c) are significantly differ-
ent at p < 0.05
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pathways [52, 53]. Eugenol treatment significantly decreased IL-8 levels, indicating that eugenol was effective in ame-
liorating the inflammatory response in DENA/AAF-induced HCC, which is similar to the report by Barboza et al. [54].

Nrf2 is a crucial mediator that is involved in the compensatory mechanism that suppresses ROS levels (Fig. 10). In the 
current investigation, DENA/AAF administration decreased Nrf2 levels when compared to the normal control group. This 
is in line with Moon and Giaccia [55] who reported that Nrf2 deficiency causes higher susceptibility to oxidative challenge 
and carcinogen exposure (Fig. 10). Nrf2 signaling is also involved in attenuating inflammation-associated pathogenesis. 
Eugenol treatment restored decreased Nrf2 levels, corroborating the results of Ma et al. [56] which stated that eugenol 
was found to increase the transcriptional activity and expression level of Nrf2, a central regulator of cellular responses 
to oxidative stress.

DENA/AAF injection increased CXCR3 levels compared to the normal control group. Zhang et al. [57] reported that 
higher CXCR3 expression is linked to a better therapeutic response in HCC patients. Eugenol treatment lowered the 
elevated CXCR3 levels [21], validating results that suggest eugenol has anti-inflammatory and anticancer properties.

Here, we demonstrated that DENA/AAF-administered rats exhibited elevated expression of the anti-apoptotic gene 
Bcl-2 and reduced expression of the pro-apoptotic gene Bax. Bax and Bcl-2 is involved in tumor growth and prognosis 
in several human cancers. By increasing the mitochondrial outer membrane permeability, causing cytochrome c release 
into the cytoplasm and subsequently activating caspases, which promote the cleavage of multiple important cellular 
substrates, leading to cell death. Bcl-2, on the other hand, suppresses apoptosis by reducing Bax activity [58, 59]. DENA/
AAF-administered rats also showed reduced p53 gene expression, which is consistent with the results of Zhang and 
Yu [60]. In the present research, eugenol lowered the expression of Bcl-2 while raising that of both Bax and p53. Thus, 

Fig. 10   Schematic figure of eugenol’s mechanisms of action in modulating oxidative stress, the antioxidant defense system, migration, 
inflammation, and apoptosis
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eugenol may produce its anticancer effect, at least in part, via induction of apoptosis in tumor cells (Fig. 10). Jaganathan 
and Supriyanto [61] found that eugenol induced apoptosis via the mitochondrial pathway and also modulated angio-
genesis, invasion, and the expression of Bcl-2 family members. Moreover, Solomon and Abebech [62] proposed that 
eugenol increases Bax expression, which can enhance mitochondrial cytochrome c release and stimulate the caspase 
cascade required for cell death. Furthermore, Hussain et al. [63] reported that eugenol’s anticancer actions are mediated 
by its activation of apoptosis and its anti-inflammatory properties.

DENA/AAF-treated rats exhibited a considerable decrease in the expression of DR4, DR5, and DcR1. This finding is 
consistent with the study by Finnberg et al. [64], which reported that the loss of TRAIL receptors, such as DR4, DR5, and 
DcR1, promoted neoplastic progression in the liver. Their research suggested that this progression was linked to the 
inhibition of apoptosis rather than the establishment of preneoplasia associated with DENA-induced DNA damage, 
and was also connected to unchanged migration in these malignancies. Eugenol-treated rats exhibited elevated levels 
of DR4, DR5, and DcR1, confirming the findings of Vidhya and Devaraj [65] who suggested that eugenol can inhibit the 
growth and migration of cancer cells and induce apoptosis (Fig. 10).

DENA/AAF-treated rats exhibited a drop in PDCD5 levels, consistent with the findings of Li et al. [66] who determined 
that PDCD5 protein stability is essential for apoptosis (Fig. 10). PDCD5 expression has been found to be low in vari-
ous malignancies. Eugenol-treated rats showed an increase in PDCD5 levels, reflecting its chemopreventive properties. 
PDCD5 can both expedite apoptosis and trigger multiple other types of cell death in response to various stimuli. PDCD5 
passes quickly to the nucleus from the cytoplasm (Fig. 10) in apoptotic cells before phosphatidylserine is externalized 
and genomic DNA is destroyed [67].

IQGAP genes are important in the development or inhibition of cancer and its progression (Fig. 10) [68]. In this study, 
DENA/AAF-induced HCC showed elevated levels of IQGAP1 and IQGAP3, along with a decreased level of IQGAP2, com-
pared to the normal control group. These findings suggest that the higher expression of IQGAP1 and IQGAP3, along 
with the reduced expression of IQGAP2, may be associated with an increased rate of hepatic cancer cell growth and 
migration. Agustriawan et al. [69] identified IQGAP1 and IQGAP3 as likely oncogenes and IQGAP2 as a tumor suppressor 
gene. Eugenol treatment downregulated the levels of IQGAP1 and IQGAP3 and upregulated that of IQGAP2, indicating 
its antiproliferative potential (Fig. 10). Chemoprevention by eugenol decreased cell migration, tumor growth, tumor inci-
dence, and tumor multiplicity [70, 71]. These data are also supported by wound healing assay which show that eugenol 
contributed to reduce cell migration of HepG2 cell culture.

DENA/AAF-induced HCC was accompanied by a remarkable increase in HRAS and KRAS levels compared with the 
normal control, mostly because of the elevated cell migration rate. The expression of certain genes was shown to be 
significantly greater in HCC cells in comparison to normal liver cells; additionally, this increase was more apparent at 
higher doses of DENA, as reported by Zoheir et al. [72]. Eugenol supplementation ameliorated these raised levels of 
HRAS and KRAS, demonstrating its antiproliferative effect and supporting the results of Fathy et al. [73] who found that 
eugenol decreased cell migration rate.

Ki-67 expression is strongly linked to cell migration in tumorigenesis and development, and it is frequently used as 
a migration marker in pathological studies [73, 74]. In the present investigation, DENA/AAF-administered rats exhib-
ited elevated Ki-67 levels. Mohamedi et al. [75] proposed that elevated Ki-67 expression in cancers is correlated with 
increased malignancy, increased proclivity for invasion and metastasis, and poor prognosis. Eugenol treatment reduced 
Ki-67 expression in accordance with its antiproliferative properties. Cassano et al. [76] reported that eugenol addition 
led to significantly reduced cancer cell migration. However, eugenol, being a natural compound, exhibits a wide range 
of biological activities. While it has demonstrated potential therapeutic effects, its safety profile requires careful con-
sideration. Eugenol is generally regarded as safe when used at appropriate concentrations, however, excessive doses 
can result in hepatotoxicity and other adverse effects. Given the role of angiogenesis and lymphangiogenesis in the 
development of HCC [77, 78], whether Eugenol has potential antiangiogenic and antilymphangiogenic effects warrants 
future investigation.

In summary, eugenol showed robust prophylactic effects against DENA/AAF-triggered hepatocellular carcinoma and 
liver injury by inhibiting migration, oxidative stress, and inflammation, while stimulating apoptosis. Additionally, our data 
gives a new perspective on the mechanics of eugenol in hepatocarcinogenesis treatment through its antioxidant, anti-
inflammatory, apoptotic and antiproliferative properties. However, further tests on the efficacy and safety of eugenol in 
humans, experimental animals, and clinical investigations are required.
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