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A B S T R A C T   

Purpose: Oral diethylnitrosamine (DEN) is a known hepatocarcinogen that damages the liver and causes cancer. 
DEN damages the liver through reactive oxygen species-mediated inflammation and biological process 
regulation. 
Materials and methods: Gallic acid-coated zinc oxide nanoparticles (Zn-GANPs) were made from zinc oxide (ZnO) 
synthesized by irradiation dose of 50 kGy utilizing a Co-60 γ-ray source chamber with a dose rate of 0.83 kGy/h 
and gallic acid from pomegranate peel. UV–visible (UV) spectrophotometry verified Zn-GANP synthesis. TEM, 
DLS, and FTIR were utilized to investigate ZnO-NPs’ characteristics. 
Rats were orally exposed to DEN for 8 weeks at 20 mg/kg five times per week, followed by intraperitoneal in
jection of Zn-GANPs at 20 mg/kg for 5 weeks. Using oxidative stress, anti-inflammatory, liver function, histo
logic, apoptotic, and cell cycle parameters for evaluating Zn-GANPs treatment. 
Results: DEN exposure elevated inflammatory markers (AFP and NF-κB p65), transaminases (AST, ALT), γ-GT, 
globulin, and total bilirubin, with reduced protein and albumin levels. It also increased MDA levels, oxidative 
liver cell damage, and Bcl-2, while decreasing caspase-3 and antioxidants like GSH, and CAT. Zn-GANPs 
significantly mitigated these effects and lowered lipid peroxidation, AST, ALT, and γ-GT levels, significantly 
increased CAT and GSH levels (p<0.05). Zn-GANPs caused S and G2/M cell cycle arrest and G0/G1 apoptosis. 
These results were associated with higher caspase-3 levels and lower Bcl-2 and TGF-β1 levels. Zn-GANPs enhance 
and restore the histology and ultrastructure of the liver in DEN-induced rats. 
Conclusion: The data imply that Zn-GANPs may prevent and treat DEN-induced liver damage and carcinogenesis.   
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1. Introduction 

Liver cancer is globally recognized as the sixth most frequently 
diagnosed cancer, with approximately 841,000 new cases and 782,000 
annual fatalities. Incidence and mortality rates are notably higher in 
males, surpassing those in females by a factor of 2–3 [1]. Hepatocellular 
carcinoma (HCC) is typically the consequence of cirrhosis and is a major 
contributor to cancer-related mortality, ranking as the second leading 
cause of such deaths. [2]. One of the HCC carcinogens is diethylnitros
amine (DEN), a nitrosamine-class chemical environmental carcinogen 
that contaminates humans via the food chain. DEN is generated 
endogenously and is present in occupational environments, tobacco 
smoke, processed meat, alcohol, agricultural chemicals, cosmetics, and 
pharmaceuticals. It also comes from medication metabolism [3]. The 
major challenge in HCC therapy is targeting. 

Nanotechnology has created multifunctional nanoparticles for tar
geted and effective HCC therapy [4]. Nanotechnology involves use of 
nanometer-scale materials (1–100 nm) [5] or nanoparticles which 
deliver anticancer and other medicines to tumor locations without 
harming normal tissues [5]. 

Zinc oxide (ZnO) nanoparticles are one type of possible anticancer 
nanoparticles that promote apoptosis in human cancer cells by 
increasing reactive oxygen species (ROS) in malignant T cells compare 
to normal T cells [6]. It has shown that ZnO NPs selectively kill hepatic 
cancer cells [7].Zinc ions help make "zinc fingers," which are 
DNA-binding sequences that are found in structural and regulatory 
proteins like transcription factors [8]. Over two billion individuals 
worldwide suffer from zinc insufficiency [9]. The blood zinc level of 
many cancer patients, notably lung, breast, liver, head, and neck cancer 
patients, is low [10]. Due to its many roles, this element may have a key 
role in preventing cancer and therefore low cytotoxic effect [11]. 

Furthermore, pomegranate (Punica granatum L.), a member of the 
Punicaceae family, stands as a nutrient-dense food source renowned for 
its abundance of phenolic compounds and gallic acid (GA) [12]. It was 
revealed that pomegranate juices display significantly high antioxidant 
activity, surpassing the antioxidant capacity of green tea and red wine 
by nearly threefold [13]. GA, a polyhydroxylphenolic compound, is 
found in pomegranate, numerous fruits, plants, and food sources. It has 
demonstrated antiviral, antibacterial, anti-melanogenic, and anticancer 
properties in various cell types [14,15]. 

However, gallic acid’s low solubility, limited bioavailability, and 
susceptibility to instability limit its usefulness in the pharmaceutical 
industry. In order to enhance the efficacy of targeted drug delivery and 
the solubility and bioavailability of GA by reducing the particle size, it 
was formulated in nanoparticle form [12]. 

In this study, GA was chosen as both the reducing agent and the 
coating material to create zinc-gallic acid nanoparticles (Zn-GANPs). 
These newly synthesized nanoparticles were subsequently assessed in 
vivo in a rat model with HCC. We used flow cytometry (FACS) and ELISA 
to detect transforming growth factor-Beta 1 (TGF-β1), cell cycle, alpha- 
fetoprotein (AFP), liver caspase-3, and B-cell lymphoma 2 (Bcl-2). These 
are all proteins that play a part in the growth, progression, and apoptotic 
cell death. Moreover, reactive oxygen species (ROS) levels mediated 
lipid peroxidation, thiobarbituric acid reactive substances (TBARS), 
malondialdehyde (MDA), which induced nuclear factor kappa-light- 
chain-enhancer of activated B cells transcription factor (NFκB p65) led 
to inflammatory responses. Furthermore, glutathione (GSH), along with 
the activity of catalase (CAT), alanine transaminase or alanine amino
transferase (ALT), aspartate transaminase or aspartate aminotransferase 
(AST), and gamma-glutamyl transferase (GGT or γ-GT) activities, as well 
as the concentrations of albumin, globulin, total protein, and total 
bilirubinwere determined. 

2. Materials and methods 

2.1. Materials 

DEN, Folin-Ciocalteu reagent, polyvinyl alcohol (PVA), zinc nitrate 
and GA standards and silica gel were obtained from Sigma Aldrich (St 
Louis, MO, USA). 

2.1.1. Experimental animals 
Study rodents were 40 male Wistar rats measuring 120–150 g. A 12/ 

12-h light/dark cycle was maintained in a temperature- and light- 
controlled chamber for rats. The animals lived in wire-bottomed stain
less-steel cages with free food and water. The experiments were con
ducted following the guidelines established by the Research Ethics 
Committee of October 6 University, Egypt, with Registration No. PRE- 
Ph-2304007. The present study adhered to the principles outlined in 
[16]. 

2.1.2. Plant material 
Dried, powdered peels from pomegranate fruits were gotten from an 

Egyptian local market. 

2.2. Methods 

2.2.1. Extraction and fractionation of Punica granatum L. peels 
Five hundred grams of powdered peels underwent thorough extrac

tion, with 80% methanol being used for one batch, and another 500 g 
being extracted using distilled water. These extraction procedures 
resulted in dense extracts of 60 g and 70 g, respectively. The afore
mentioned sample (80% methanol extract) was then mixed in 100 ml of 
distilled water and subjected to subsequent extractions with n-hexane 
and ethyl acetate in a separatory funnel. Both solvents were evaporated 
using a rotary evaporator under reduced pressure (Buchi R-210 evapo
rator, Flawil, Switzerland), resulting in the production of hexane (4 g) 
and ethyl acetate (21 g) fractions. 

2.2.2. Total polyphenol content (TPC) 
The TPC of the prepared extracts and fractions was quantified uti

lizing the Folin-Ciocalteu colorimetric method, following the procedure 
outlined in a previously described method of [17]. 

2.2.3. Isolation of gallic acid (GA) 
The ethyl acetate fraction from methanol extract was chromato

graphed on a silica gel 60–120 CC (6 cm×85 cm, 260 g). The column was 
developed with a solvent gradient of chloroform:methanol, starting with 
100:0 and gradually transitioning to 0:100 in half-unit increments, and 
fractions (50 ml each) were collected. Tracking of gallic acid content in 
different fractions was carried out by comparing the spots with authentic 
gallic acid through UV detection at 254 nm using TLC. Notably, dark 
spots were observed, displaying good separation with an Rf value of 0.4 
when using a mobile phase comprising toluene: ethyl acetate: formic 
acid in a ratio of 3.5:6:0.5. In a different solvent system, chloroform: 
ethyl acetate: acetic acid (4.5:5:0.5), a dark spot appeared with an Rf 
value of 0.36. 

With gradient elution using chloroform: methanol mixture. Subse
quently, the polarity was increased in steps to achieve ratios of 9:1, 
8.5:1.5, and 8:2, gradually transitioning to pure methanol. 

2.2.4. Biosynthesis of Zn-GANPs 

2.2.4.1. ZnO nanoparticles synthesis by gamma-irradiation. The aqueous 
solution of polyvinyl alcohol (PVA) with a weight percentage of 4% and 
a molecular weight of 89,000 (Sigma-Aldrich) was supplemented with a 
stock solution of zinc nitrate (Zn (NO3)2, Sigma-Aldrich) at a concen
tration of 0.2 mmol/L. The solution was then agitated for a duration of 
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1 hour at a temperature of 70 ◦C, followed by the introduction of ni
trogen gas into the solution for a period of 30 minutes. The final solution 
was subjected to irradiation doses of 50 kGy utilizing a Co-60 γ-ray 
source chamber with a dose rate of 0.83 kGy/h, as conducted by the 
NCRRT, EAEA. To get a refined ZnO nanopowder (2.5 mmol/L), the 
irradiation sample underwent a washing process using centrifugation 
with deionized water and ethanol. Subsequently, the sample was sub
jected to a drying period of 10 hours at a temperature of 90 ◦C under air 
pressure. 

2.2.4.2. Biosynthesis of Zn-GANPs. Subsequently, a volume of 2.0 ml of 
a 10 mM solution of GA was introduced, followed by pH adjustment to 
11.0 using a 1.0 M solution of NaOH. The reaction was maintained at RT 
for a duration of 30 minutes. The nanoparticles underwent a process of 
condensation and purification using centrifugation at a speed of 
15000 rpm for a duration of 10 minutes, followed by three subsequent 
washes using double-distilled water. 

2.2.5. Characterization of Zn-GANPs 

2.2.5.1. Ultraviolet- visible (UV-Vis) analysis. JASCO twin beam spec
trophotometer V-570 UV/VIS/NIR analyzed Zn-GANPs’ UV/Vis spectra 
from 190 to 900 nm to determine particle size and distribution. 

2.2.5.2. Transmission electron microscopy TEM analysis. TEM evaluated 
the size, type, and form of synthesized Zn-GANPs. Sonicating the 
nanoparticle solution for 5 minutes improved particle dispersion and 
prevented copper grid agglomeration. After that, TEM samples of Zn- 
GANPs were generated by dropping nanoparticle solutions on carbon- 
coated copper grids and letting water evaporate. Nanoparticle form 
and size were assessed using TEM micrographs. A high-resolution 
transmission electron microscope (HR-TEM; JEOL, JEM2100, Electron 
Microscope, Japan) assessed solution morphology and particle size. 

2.2.5.3. Size-distribution analysis (DLS). Dynamic light scattering 
examined Zn-GANP size distribution. At 25◦C and 90◦C scattering angle, 
photon correlation spectroscopy (PCS) assessed particle sizes. 

2.2.5.4. Fourier-transform infrared (FTIR) spectroscopy. The resulting 
sample was analyzed utilizing the KBr disc technique on a Nexus 670 
FTIR (USA) spectrometer in the 400–4000 cm− 1 range. 

2.2.6. Experimental design 
Forty adult male Wistar rats were (180 ± 20 g) allocated randomly 

into four equal groups (10 rats/group) of similar size. The groups were 
distributed as follows: Group I (Normal untreated control group), rats 
received normal saline. Group II (liver carcinogenesis DEN group) rats 
being orally administered with DEN (20 mg/kg b.wt.) 5 times per week 
for a duration of 8 weeks. Group III (Zn-GANPs) rat for 5 weeks, were 
injected intraperitoneally by Zn-GANPs (20 mg/kg b.wt) [18]. Group IV 
(DEN + Zn-GANPs treated group), rats got DEN like group II and sub
sequently treated with Zn-GANPs like group III until the 13-week trial 
was ended [19]. Finally, we collected blood samples and liver tissues 
from animals. 

2.2.7. Assessment of serum hepatic functions 
The ALT and AST activities were calculated using [20]. We measured 

serum GGT or γ-GT activity in accordance with [21]. The concentrations 
of albumin, globulin, and serum total protein were ascertained in 
accordance with [22]. The total bilirubin level was detected according 
with [23]. 

2.2.8. Determination of liver antioxidant 
Liver catalase activity was measured using [24]. We evaluated GSH 

in liver tissue using [25] assay. TBARS was used to assess liver tissue 

MDA concentration using [26] technique. 

2.2.9. Assay of AFP, caspase − 3, Bcl-2 and NFκB p65 
The ELISA Kit (Biomatik, Ontario, Canada) was used to detect serum 

AFP, as well as liver caspase-3, Bcl-2, and NFκB p65, following the 
guidelines provided by the manufacturer. 

2.2.10. Flow cytometric analysis to TGF- β1 and cell cycle in liver tissue 
The fresh tissue specimens were prepared in accordance with the 

methodology outlined in reference [27]. The FACS caliber flow cytom
eter, manufactured by Becton Dickinson in Sunnyvale, CA, USA, was 
employed at Mansoura Children Hospital to assess the levels of (TGF-β1) 
and determine the distribution of cells across various phases of the cell 
cycle (G0/1, S-phase, G2/M) for both diploid and aneuploid cycles. 
Additionally, parameters such as coefficient of variation (CV), percent
age of apoptotic cells (Apoptosis%), DNA index (DI), diploid percentage, 
and aneuploidy percentage were also evaluated [28]. 

2.2.11. Histopathological studies 
Liver tissues were fixed in 10% formalin/saline for 24 hours. Serial 

dilutions of alcohol (70% methanol, 95% ethanol, and 100% ethanol) 
were employed to dehydrate samples after tap water washing. After 
clearing in xylene, specimens were embedded in paraffin at 56ºC in a hot 
air oven for 24 hours. Slidge microtomes sectioned paraffin wax tissue 
blocks at 4 microns. On glass slides, tissue slices were deparaffinized and 
stained with H&E stains according to [29]. 

2.2.12. Statistical analyses 
All statistical studies utilized SPSS 22 and GraphPad Prism 8. Results 

were analyzed by a one-way analysis of variance and mean comparison 
significance P≤0.05 in GraphPad. Duncan’s test was used to determine 
inter-group homogeneity by comparing groups many times.[30]. 

3. Results 

3.1. Assessment of total phenolic content (TPC) concentration 

The TPC finding were quantified in milligrams of Gallic Acid 
Equivalent (mg GAE/g) per gram of plant dry weight. The highest TPC 
was recorded in the ethyl acetate fraction of the methanol extract from 
pomegranate peels, amounting to 95.52 ± 0.80 mg GAE/g. It was 
closely followed by the methanol extract from pomegranate peels at 
83.66 ± 0.67 mg GAE/g. In contrast, the aqueous extract of pome
granate peels displayed a TPC of 49.55 ± 0.87 mg GAE/g. Notably, the 
ethyl acetate fraction of the aqueous extract from pomegranate peels 
exhibited the lowest TPC at 27.80 ± 1.1 mg GAE/g. 

3.2. Characterization of the isolated compound from pomegranate peel 

The isolated compound from pomegranate peel was pale-yellow in 
color with Rf 0.26 in mobile phase hexane: ethyl acetate: acetic acid, 
(2:1:0.3). The following peak data from the compound’s 1H and 13C 
NMR spectra were used to confirm its chemical structure: 1H NMR 
(400 MHz, CD3OD-dδ): δ 9.1207 (1 H, H-7, s) 7.0952 (2 H, H-2 & H-6, s) 
4.9700 (1 H, H-3, H-4, H-5, s). 13C NMR (100 MHz, CD3OD): dC 120.55 
(C-1), 109.00 (C-2 & C-6), 144.98 (C-3 & C-5), 138.23 (C-4) and 169.11 
(C-7). The melting point of the isolated compound was determined to be 
within the range of 248–250 ºC. Furthermore, the thin-layer chroma
tography characteristics and the melting point of the compound were 
consistent with those of authentic gallic acid, confirming their similar
ity. From all the presented evidence, the substance isolated from 
pomegranate peel was conclusively identified as gallic acid (1.5 g). 
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3.3. Biologically synthesized Zn-GANPs nanoparticles were characterized 
by 

3.3.1. Zn-GANPs UV–visible spectroscopy 
The UV–vis- spectra of Zn-GANPs showed two peaks of characteristic 

absorption band at 215 nm and 263 nm, it is also important that these 
spectra are almost the same as the UV spectrum of free GA. the ab
sorption spectrum of (GA) exhibits two peaks in the UV range. One at 
225 nm and the other at 260 nm. The shift in band to Zn++ ion. 

The UV–vis- spectra of Zn-GANPs showed two peaks one of charac
teristic absorption band at 263 nm, Fig. 1 A. 

3.3.2. Zn-GANPs TEM 
TEM photos were investigated the surface morphology, size and 

shape in Zn-GANPs. The observed morphology of Zn-GANPs showed 
almost spherical shape with size 38.8 nm, Fig. 1B. Physical character
ization of NPs is commonly characterized using transmission electron 
microscope (TEM). TEM confirmed that the Zn-GANPs were nearly 
spherical in shape, with good size 38.8 nm. 

3.3.3. Zn-GANPs DLS 
Nanoparticles size distribution was estimated using DLS technique in 

aqueous media for Zn-GANPs. As shown in the Fig. 2, Zn-GANPs 
exhibited size distribution with mean hydrodynamic radius of about 
20–100 nm. The main peaks with an average size of 28.2, 24.36, 32.67 
and 21.04 nm contained 25.5, 24.7, 17.4 and 13.2%, respectively of the 
nanoparticles and 0.292 poly dispersity index (PDI). 

3.3.4. Zn-GANPs FT-IR 
The FT-IR spectra of Zn-GANPs, as seen in Fig. 3, exhibits two distinct 

bands at 3784 and 3720 cm, which may be ascribed to the stretching of 

free phenolic O–H bonds. Additionally, another band at 3187 cm is 
observed, which is associated with the stretching of acidic O–H bonds. 
The observed peak at 1552 cm− 1 maybe due to C––C bond stretching 
vibration inside the aromatic ring. The band seen at a wavenumber of 
1351 cm is a result of the bending vibration of the –CH– group within 
the benzene ring. Similarly, the 1035 cm band is the C–O bond 
stretching vibration within the carboxylic group. Additionally, the band 
observed at 746 cm may be linked to the δ CC vibrations inside the 
benzene ring. 

The FT-IR spectrum of the sample Zn-GANPs showed FTIR peaks 
representing functional groups found in the Gallic acid. That mean the 
nanoparticles formation did not involve chemical reactions but physical 
interaction keeping active functional groups which participate in 
nanoparticles activity. 

3.3.5. Effect of Zn-GANPs on liver functions in different groups 
Fig. 4 demonstrates an elevation in AST, ALT, GGT activities signif

icantly, and total bilirubin level, by 51%, 111.2%, 119%, and 95.4%, 
respectively, in the liver cancer group caused by DEN in comparison to 
the control group. The I.P delivery of Zn-GANPs to normal rats did not 
result in a statistically significant alteration in AST, ALT, GGT activities, 
and the level of total bilirubin, as compared to the control group. 

The administration of Zn-GANPs in the group with liver cancer group 
produced by DEN resulted in a statistically insignificant reduction in 
total bilirubin, AST, ALT, and GGT levels. The observed percentage 
changes were 22.1%, 13.8%, 57%, and 50%, respectively, in comparison 
to the control group. 

3.3.6. Zn-GANPs affect serum proteins 
Serum total protein, albumin, globulin, and A/G ratio in normal and 

treated animals are shown in Table 1. DEN-induced liver cancer rats had 
lower serum total protein, albumin, and A/G ratios (− 25%, − 60%, and 
9.2%, respectively) than normal rats. Compared to normal control rats, 
DEN-induced liver cancer animals had a non-significant globulin 
decrease (− 50%). Compared to the normal control group, Zn-GANPs i.p. 
administration to normal rats did not modify serum total protein, al
bumin, globulin, or A/G. Serum total protein increased non-significantly 
(− 13.3%) in rats with liver cancer and a significant increase in albumin, 
globulin, and A/G levels (− 35.9%, 26.8%, and − 49%, respectively) post 
Zn-GANPs treatment as compared to the normal control group. 

3.3.7. Effect of Zn-GANPs on serum AFP, liver tissue NF-κB P65, Bcl2 and 
caspase-3 levels in normal and DEN-induced liver cancer 

Fig. 5 depicts the caspase-3, AFP, liver NF-kB P65 and BCl2 levels in 
the in normal and treated animals. Results showed a significant increase 
in serum AFP, liver NF-kB P65 and Bcl2 levels (0.42±0.1, 179.1±6.25, 
and 119.1±2.7, respectively) and a significant decrease in liver caspase- 
3 level (1.14±0.17) in DEN induced liver cancer rats as compared to 
normal control rats. 

Administration of Zn-GANPs i.p to normal rats showed non- 
significant changes in serum AFP, liver tissue NF-kB P65, Bcl2, and 
caspase-3 concentrations when compared to normal control group. 
Treatment with Zn-GANPs resulted in a non-significant decrease in 
serum AFP level (0.33±0.04), significant decrease in liver NF-kB P65 
and BCl2 levels (106.1±4.65, 70.35±3.15, respectively) and a signifi
cant increase in liver caspase-3 level (4.35±0.55) when compared with 
DEN group. 

3.3.8. Effect of Zn-GANPs on liver tissue catalase activity, GSH, and L- 
MDA levels in normal and DEN-induced liver cancer 

To assess liver oxidative damage in DEN-exposed rats, catalase ac
tivity, GSH, and L-MDA levels were evaluated (Fig. 6). 

Fig. 6 shows that DEN-induced liver cancer in rats decreased liver 
Catalase activity and GSH concentration (− 44.5% and − 53.5%, 
respectively) and increased L-MDA concentration (124.5%) compared to 
normal control rats. Normal rats given Zn-GANPs i.p. had no significant 

Fig. 1. (A) UV–Vis spectra of Zn-GANPs aqueous solution. (B) TEM image of 
Zn-GANPs. 
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change in liver tissue catalase activity, GSH, or L-MDA levels. Zn-GANPs 
did significantly modify liver catalase activity, GSH, or L-MDA concen
trations compared to DEN group (55.7%, 65.0%, and − 34.9%, 
respectively). 

3.3.9. Effect of Zn-GANPs on TGF- β1% in liver tissue in different groups 
Effect of Zn-GANPs on TGF-β1% of DEN- induced hepatocellular 

carcinoma in male rats is presented in (Fig. 7). Significant TGF-β1% rise 
was reported in DEN-induced hepatocellular cancer group compared to 
control group (91.61% change). Treatment with Zn-GANPs showed a 
significant decrease in TGF-β1% when compared with HCC group by 
29.1% of change. A non-significant increase in TGF-β1% in Zn-GANPs 
group when compared with control group by 10.68% of change. 

3.3.10. Effect of Zn-GANPs on sub G0%, S phase G2M% and G1 apoptosis 
in liver tissue of different groups 

Effect of Zn-GANPs sub G0%, S phase G2M% and G1 apoptosis in 
liver tissue DEN- induced hepatocellular carcinoma in male rats is 
graphically illustrated in (Fig. 9). As shown in Fig. 8, the number of cells 
in G0/G1 significantly decreased, S phase increased and G2/M increased 

in Zn-GANPs + DEN treated group (p < 0.05) (53.84 ± 4.1%, 27.5 ±
2.17%, and 20.1 ± 3.2%, respectively) compared to DEN group (86.9 ±
3.47%, 1.1 ± 0.15%, and 3.3 ± 0.47%, respectively). 

3.3.11. Effect of Zn-GANPs on histopathological alterations in liver tissue 
of different groups 

The liver of control and Zn-GANPs animals showed normal histo
logical structure that is characterized by normal central vein and sur
rounding hepatocytes in the parenchyma (Fig. 9 A,B). Liver of rats 
received DEN showed that strands of fibrous tissue dividing the vascular 
degenerated and coagulative necrosis hepatocytes in the parenchyma 
into lobules. (Fig. 9 C,D). These findings proved the credibility of the 
applied experimental carcinogenesis model. Liver of treated animals 
(DEN+ Zn-GANPs) showed improvement characterized by that hepa
tocytes all over the parenchyma showed diffuse vacuolar degenerations 
as well as fatty change associated with very fine strands of fibroblastic 
cells proliferation in between (Fig. 9 E,F,G). 

Fig. 2. DLS intensity-based size distribution histograms of Zn-GANPs.  

Fig. 3. Fourier transform infrared spectra for Zn-GANPs.  
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4. Discussion 

Hepatocyte loss and compensatory proliferation are prevalent in 
chronic inflammation-related HCC. DEN, a well-studied substance, 
causes HCC in animals. DEN promotes DNA damage, reactive oxygen 
species accumulation, and hepatocyte death via the JNK pathway in the 
DEN-induced HCC model [31]. Since liver is the major site of DEN 
metabolism, ROS including hydroxyl, superoxide, alkoxyl, and peroxyl 
radicals, singlet oxygen, ozone, anions, and hydrogen peroxide cause 
cancer [32,33]. Cytochrome P-450 (CYP2E1) converts DEN to its dy
namic ethyl radical metabolite, which interacts with DNA to cause 
mutations and cancer [34]. In this study, Zn-GANPs were tested in vivo 
against HCC in male rats. The nanoparticles displayed minimal toxicity 
and adverse effects up to 500 mg/kg. DEN, a major environmental 
carcinogen, may promote ROS production, oxidative stress, and cellular 

damage [35]. Metal ions like Zn is essential for life. Other than being a 
co-factor of Superoxide dismutase SOD1 and SOD3, Zn maintains pro
tein sulphydryl groups, protects against vitamin E depletion, stabilizes 
membrane structure, and maintains tissue metallothionein concentra
tions, powerful free radical scavengers. Thus, Zn supplementation may 
boost antioxidant defenses [15]. 

Plasma membrane-associated NADPH oxidases, produce ⋅O− 2 from 
oxygen utilizing NADPH as an electron source. Zinc, an effective anti
oxidant reduces ROS by inhibiting NADPH oxidase. Zinc competes with 
Fe and Cu ions for binding to cell membranes and proteins, therefore 
displaces these redox active metals that produce ⋅OH from H2O2. Zinc 
protects biomolecules from oxidation by binding to (SH) sulfhydryl 
groups. Also, Zinc has been shown to enhance the levels of antioxidant 
proteins, chemicals, and enzymes such as GSH, catalase, and SOD, while 
simultaneously reducing the expression of Inducible nitric oxide 

Fig. 4. Effect of Zn-GANPs on serum A- ALT. B- AST. C- GGT. D- Total bilirubin, in hepatocarcinogenesis induced in rats. Data are expressed as the mean ± SD (n =
10). Columns carrying different letters are significantly different (one-way ANOVA) (p < 0.05). 

Table 1 
Zn-GANPs’ impact on the levels of albumin, globulin, total protein, and the A/G ratio.  

Parameters Total protein (mg/dl) % of change Albumin (mg/dl) Alb % of change Globulin (mg/dl) % of change A/G ratio % 0 f change 
Groups 

Control 6.0±0.17b   3.23±0.24b   2.5±0.2b   1.29±0.06b   

DEN 4.5±0.2a  -25 1.77±0.2a  -60.7 2.73±0.03a  9.2 0.64±0.08a  -50 
Zn-GANPs 5.8±0.26b  -3.3 3.1±0.2b  -4 2.66±0.06ab  6.4 1.17±0.05b  -9 
DENþZn-GANPs 5.2±0.22ab  -13.3 2.07±0.14a  -35.9 3.17±0.08a  26.8 0.65±0.03a  -49  

O.A.R. AboZaid et al.                                                                                                                                                                                                                          



Biomedicine & Pharmacotherapy 172 (2024) 116274

7

synthase (iNOS), NADPH oxidase, and lipid peroxidation. Further, zinc 
promotes the production of metallothionein (MT), a cysteine-rich pro
tein that effectively scavenges ⋅OH ions [36]. 

The GA molecule has antioxidant properties and may protect bio
logical systems against ROS including hydroxyl (HȮ), superoxide (O2̇− ), 
and peroxyl (ROȮ), as well as non-radicals such hydrogen peroxide 
(H2O2) and hypochlorous acid (HOCl). In addition, some plant extracts 
have shown effective antiradical and anticancer effects, and GA is the 
main antioxidant component responsible for this [37]. 

4.1. Effect of Zn-GANPs on liver functions in normal and DEN-induced 
liver cancer 

DEN treatment to male rats increases serum AST and ALT, indicating 
hepatocellular injury [38]. After plasma membrane rupture and oxida
tive stress-induced cellular damage, [39]. cytoplasmic AST and ALT are 
released into the circulation following cellular injury making them the 
most sensitive indicators of liver impairment [40]. Overproduction of 
enzymes in tumor cells may have increased cell membrane permeability, 
releasing enzymes into serum [35]. Similarly, the elevated γ-GT in rat 
sera may be due to the enzyme’s release from the plasma membrane, 
suggesting cell membrane damage [41], highlighting its anti-oxidative 
stress function. The harmful effects of Few studies have examined the 
impact of Zn-GANPs on HCC models, however we found GA and Zn ef
fects on enzyme activity. Zn-GANPs dramatically lowered marker 

enzyme activity in DEN-treated rats. This suggests that Zn-GANPs pro
tect the liver by preserving plasma membrane integrity and preventing 
hepatic enzyme leakage. This may explain why Zn-GANPs restore liver 
enzyme activity.Gallic acid is a good free radical scavenger and tumor 
cell line differentiation and death inducer [42]. GA considerably 
decreased ALT and AST [43]. 

The male rats with HCC showed higher blood total bilirubin than 
normal rats. Toxic or ischemic liver damage raises serum conjugated 
bilirubin. Acute viral hepatitis hyperbilirubinemia is proportional to 
hepatocyte histological damage and illness duration [44]. 

In addition, HCC and non-HCC groups had significantly different 
blood total bilirubin levels. HCC patients with abnormal bilirubin had a 
poorer outcome. These studies link bilirubin to HCC aggressiveness 
[45]. Further it was also reporterd that DEN treatment raised blood total 
bilirubin in HCC-induced albino mice. Mass blockage of the conjugation 
process and increased release of unconjugated bilirubin from injured 
hepatocytes [46]. Additionally, carcinogen’s toxic action on hepatocytes 
and sinusoidal cells may cause the central vein’s reticulin network to 
collapse, causing bleeding and bilirubin production [47]. 

In this research, Zn-GANPs significantly reduced blood total bilirubin 
compared to DEN, perhaps owing to Gallic acid and Zn’s antioxidant 
qualities that counteracted DEN’s harmful effects. Gallic acid and zinc 
stabilize cell membranes and protect the liver from ROS-mediated liver 
damage, which may explain Zn-GANPs’ impact on blood bilirubin [48]. 

Fig. 5. Effect of Zn-GANPs on A- AFP. B- Caspase-3. C- NF-κB p65. D- Bcl2. in hepatocarcinogenesis induced in rats. Data are expressed as the mean ± SD (n = 10). 
Columns carrying different letters are significantly different (one-way ANOVA) (p < 0.05). 
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4.2. Zn-GANPs affects serum proteins in normal and liver cancer 

DEN-induced HCC showed a substantial reduction in serum total 
protein, albumin, and A/G, but globulin levels increased non- 
significantly compared to normal rats. Serum total protein assists in 
transport, immunological defense, blood coagulation, and inflammatory 
defense [49]. The liver synthesizes albumin, which transfers vital fatty 
acids from adipose to muscular tissue. Therefore, low albumin levels 
may indicate liver illness [50]. Albumin/Globulin (A/G) ratio is the 
computed ratio of these serum proteins. Low A/G is reported in liver, 
renal, myeloma, inflammatory, and other illnesses [50]. A Low blood 
albumin has consistently been linked to a high risk of HCC [51]. 

HCC is linked to decreased serum total protein [52]. DEN-induced 
HCC frequently causes reduced albumin and total protein serum 
levels, indicating liver dysfunction and infection [23]. Cross et al., [53] 
ascribed hypoalbuminemia to enhanced catabolism rather than syn
thesis impairment owing to carcinogen’s toxic impact, which increases 
ROS generation. Free radicals damage proteins that affect cell activity, 
membrane structure, and function. Hypoalbuminemia may also develop 
from liver diseases that reduce albumin production [54]. 

In this work, Zn-GANPs increased serum total protein and albumin 
concentrations in HCC-induced rats compared to DEN. Zn-GANPs may 
be inhibited by drugs that scavenge ROS, limit their production, or boost 
zinc’s antioxidant capacity [55]. Gallic acid is also expected to be a top 
peroxyl radical scavenger in nonpolar (lipid) environments. Scavenges 
hydroxyl and hydroperoxyl radicals at diffusion-limited and rate con
stant rates, respectively. Gallic acid is a flexible scavenger that can 
quickly deactivate several ROS and RNS via electron transfer at physi
ological pH [56]. 

4.3. Zn-GANPs affects AFP, liver tissue NF-kB P65, Bcl2 and caspase-3 
levels in normal and DEN-induced liver cancer 

In this research, rats given DEN had significantly higher AFP in the 
HCC group than the control group [23]. In hepatocellular carcinoma, 
AFP levels are increased [57]. Hepatotoxic substances, or hepatocarci
nogens, DEN have the potential to increase AFP levels associated with 
HCC. AFP’s high specificity of over 90% for determining hep
atocarcinoma patients prognosis [58]. Zn-GANP therapy decreased AFP 
in this research, suggesting anti-inflammatory and anticancer capabil
ities contributed to the beneficial outcome. Zinc supplementation 
reduced plasma oxidative stress indicators and inflammatory cytokines 
in older adults [59]. 

The findings showed that DEN-induced liver cancer in rats had a 
much lower liver caspase-3 content than the control group. Caspase-3 
deficiency markedly exacerbated DEN-induced HCC development, he
patocyte apoptosis, and compensatory proliferation. Caspase-3 defi
ciency also boosted p38 mitogen-activated protein kinase (p38 MAPK) 
activity. Deleting caspase-3 led to enhanced p38 activation by 
Interleukin-1 alpha (IL1α) and Tumor Necrosis Factor Alpha (TNFα) in 
primary mouse hepatocytes. In caspase-3-deficient animals, p38 inhi
bition prevented DEN-induced hepatocyte apoptosis, compensatory 
proliferation, and HCCs. We found that caspase-3 suppresses p38 acti
vation and hepatocarcinoma cell death to prevent chemical-induced 
hepatocarcinogenesis [31]. 

In rats with DEN-induced liver cancer, Zn-GANP therapy increased 
caspase-3 levels significantly compared to the control group. Two ma
jors, connected apoptotic processes are death receptor (extrinsic) and 
mitochondrial-mediated (intrinsic). Proenzymes of the caspase family 
mediate apoptosis. After activation, caspases inactivate anti-apoptotic 
proteins, halt DNA replication, and reorganize the cytoskeleton to kill 
cells. Upstream regulators like caspase-8 and − 9 regulate caspase-3, 
which is important for apoptosis. caspase-8 and − 9 regulate intrinsic 
and extrinsic apoptosis. GA activates caspase-3 to promote cell death 
[60]. 

The study found a substantial rise in NF-κB levels in rats with DEN- 
induced liver cancer in comparison to the control group. NF-κB is the 
main orchestrator of the inflammation-fibrosis-cancer axis. NF-κB has 
several roles in hepatocytes, immune cells, and fibrogenic cells, creating 
an optimal milieu for HCC [61]. Nuclear factor-kappa B is inappropri
ately activated in certain human hepatocellular carcinomas. The 
expression of NF-κB family proteins was higher in hepatocellular car
cinomas compared to neighboring non-neoplastic liver tissue [62]. Wan 
et al. [63] found that DEN-induced HCC in rats dramatically raised 
NF-κB p65 concentrations. 

Zn-GANP therapy lowered NF-κB levels, reducing liver fibrosis and 
necrotic inflammation. A strong association was detected between liver 
NF-κB levels and lipid peroxidation, indicating that oxidative stress 
plays a significant role in hepatic inflammation and fibrosis in the DEN 
group. Gallic acid’s antioxidant activities provide anti-inflammatory 
and anti-fibrotic benefits, reducing NF-κB concentration in ulcerative 
colitis [43,64]. Zinc reduces NF-κB activation and inflammatory cyto
kine production (TNF-α, IL-1β, and IL-8) via deregulation of NF-κB ac
tivity [65]. 

In rats with DEN-induced liver cancer, Bcl-2 concentration was 
significantly elevated in comparison to control. Functionally, Bcl-2 
family members are anti- or pro-apoptotic. The balance between these 
two groups may affect tumor cell fate. This balance favors anti-apoptotic 
tumor cells in HCC, resulting in cell death resistance and fast multipli
cation. The BCL-2 family of proteins controls the intrinsic apoptotic 
pathway in response to cellular stressors such as DNA damage, γ-irra
diation, oncogene activation, and growth factor withdrawal [66]. DEN 
treatment increased Bcl-2 expression as a transcription target [23]. 

The current study found that Zn-GANP therapy significantly 
decreased Bcl-2 activity in rats that had been treated with DEN 
compared to the rats that had not been treated. The antioxidant, anti- 

Fig. 6. Effect of Zn-GANPs on liver tissue A- catalase activity. B- GSH. C- L- 
MDA. Data are expressed as the mean ± SD (n = 10). Columns carrying 
different letters are significantly different (one-way ANOVA) (p < 0.05). 
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inflammatory, and DNA-damaging properties of Zn-GANPs may sup
press cell apoptosis. In cell lines, gallic acid caused JNK phosphorylation 
and Bcl-2 downregulation [67]. Zinc sulphate raised intracellular zinc 
levels in prostate cancer cells, causing apoptosis. Increased zinc con
centration may cause apoptosis by increasing zinc transporter expres
sion and decreasing Bcl-2 [68]. 

4.4. Effect of Zn-GANPs on liver tissue catalase activity, GSH, and L- 
MDA levels in normal and DEN-induced liver cancer 

Tissue catalase activity and GSH levels were significantly declined in 
HCC in comparison to controls. DEN increases biological free radicals 
and oxidative stress [69]. Enzymatic antioxidants like glutathione 

Fig. 7. Effect of Zn-GANPs on TGF-β1% of DEN- induced hepatocellular carcinoma of different groups. (A) Flow cytometry of TGF-β1%. (B) Histogram of TGF-β1%. 
Each experiment was repeated three times, data are expressed as the mean ± SD (n = 10). Columns carrying different letters are significantly different (one-way 
ANOVA) (p < 0.05). 
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peroxidase (GPX), glutathione S-transferase (GST), SOD, and CAT, as 
well as non-enzymatic vitamin C, α-tocopherol, and GSH, predominantly 
eliminate free oxygen radicals [69].In many studies that looked at pre
venting HCC, rats that were given DEN had much lower levels of anti
oxidant enzymes and non-enzymatic antioxidants [23,63]. Antioxidant 
parameters may decrease owing to hepatocellular injury or excessive use 
in scavenging DEN metabolism-generated free radicals.It protects cells 
from ROS by decomposing extracellular and internal hydrogen peroxide 
(H2O2). Catalase is homotetrameric. Hepatocellular carcinoma and 
other malignancies reduce catalase expression [70]. In HCC cell lines, 
prolonged ROS exposure methylated CpG island II on the catalase pro
moter and downregulated transcriptional catalase expression [71]. 
Glutathione deficiency increases sensitivity to oxidative stress, which 
promotes cancer growth, whereas increasing GSH levels boosts 

antioxidant capacity and resistance to oxidative stress in many cancer 
cells [72]. 

In this investigation, Zn-GANP therapy increased liver tissue CAT 
and GSH significantly compared to DEN. Gallic acid might lower the 
production of free radicals by changing the activities of cytochrome 
P450-dependent mono-oxygenase and increasing the activities of 
epoxide hydrolase [73]. Earlier studies have shown gallic acid’s free 
radical scavenging [74]. Free radical-scavenging phenolic hydroxyl 
groups are also effective. GA’s antioxidant effects may come from its 
three hydroxyl groups. Treating rats with GA dramatically restored CAT 
activity [75]. GSH and catalase levels increased with zinc therapy for 
liver damage [76]. Zn is an antioxidant in some chemical systems. 
Metallothionein (MT) induction protects sulfhydryl groups from oxida
tion in GSH and inhibits transition metal reactive oxygen generation 

Fig. 8. Effect of Zn-GANPs on sub G0%, S phase G2M% and G1 apoptosis in liver tissue of different groups. (A) Flow cytometry of cell cycle phases (G0/G1, S and 
G2/M) distribution. (B) The percentage of each phase in the cell cycle. Each experiment was repeated three times, data are expressed as the mean ± SD (n = 10). 
Columns carrying different letters are significantly different (one-way ANOVA) (p < 0.05). 
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[77], Zinc increases hepatocellular MT, which may help absorb, store, 
and detoxify trace metals such as zinc, copper, cadmium, mercury, and 
chromium [78]. 

The interaction between ROS and polyunsaturated fatty acids pro
duces toxic and reactive aldehyde metabolites like L-MDA, which are the 
end products of lipid peroxidation. The significant cytotoxicity and 
protective enzyme inhibition of L-MDA imply it promotes tumor growth 
and co-cancerousity [79]. The well-known mutagen L-MDA interacts 
with deoxyguanosine to create a significant endogenous adduct in liver 
DNA [80]. DEN-induced liver cancer in rats had a significantly higher 
liver L-MDA concentration than the control normal group at the 
conclusion of the trial. Functional groups of numerous cellular compo
nents may interact with L-L-MDA to induce tumor development. Lipid 
peroxidation is linked to aging, heart disease, and cancer. In several 
investigations, primary and metastatic liver cancer patients had 
considerably greater blood L-MDA levels than the normal group. Due to 
increased ROS generation, liver cancer may cause substantial lipid 
peroxidation. L-MDA may oxidize protein amino acid residues and break 
them down. Deactivating selenium-dependent glutathione peroxidases 
may increase cellular glutathione consumption and oxidative stress 
[79]. 

Animals with DEN-induced liver cancer that were given Zn-GANPs 
had much lower levels of L-MDA in their livers than animals that were 
not given any treatment. Zn-GANPs may reduce oxidative stress by 
scavenging free radicals. Gallic acid and zinc may prevent and cure liver 
failure by reducing lipid peroxidation-mediated oxidative stress. Nano
particles may boost cellular antioxidant enzyme production. DEN- 
injured animals’ chemopreventive and antioxidant enzyme systems 
are restored by Gallic acid [81]. Zinc lowers plasma lipid peroxidation 
products and DNA adducts [82]. Zinc therapy corrected liver 
toxicity-induced lipid peroxidation [76]. 

4.5. Effect of Zn-GANPs on liver tissue TGF-β1% and cell cycle analysis 
in normal and DEN-induced liver cancer 

According to the latest findings, DEN-induced hepatocellular cancer 
had a significantly higher TGF-1 levels than the control. When compared 
to the DEN group, treatment with Zn-GANPs shown a substantial 
reduction in TGF-1 levels.According to Guo et al., exposure of murine 
photoreceptor-derived cells to ZnO NPs decreased the production of 
Matrix Metalloproteinase-9 (MMP-9) and TGF-β, which in turn impaired 
the ability of cells to proliferate and migrate. Reduced MMP-9 and TGF-β 
could not effectively activate signaling pathways involved in cell pro
liferation and migration, which decreased target cell proliferation and 
migration [83]. 

According to Chen et al., DEN treatment significantly increased TGF- 

β1 levels by around two times compared to the control group. In com
parison to the DEN group, the levels of TGF-1 were considerably reduced 
after treatment with GA (50 and 100 mg/kg) or silymarin. TGF-β1 levels 
were almost able to return to those of the control at the highest dosage of 
GA [84]. TGF-β is thought to have a key role in controlling liver carci
nogenesis and promoting liver fibrosis. The TGF-β signal transduction 
pathway is mediated intracellularly by Smad2 and Smad3. GA can 
reduce DEN-induced acute liver damage in mice, pointing to a putative 
mechanism whereby raising glutathione-s-transferase alpha 3 (GSTA3) 
and hemeoxygenase-1 (HO-1) expressions and might improve the liver 
capacity to detoxify substances [85]. It also highlighted another po
tential mechanism by which GA could reverse the negative effects of 
DEN, namely the involvement of the crucial TGF-β/Smad pathway. 

The results showed that, compared to the DEN group, the Zn-GANPs 
+ DEN treated group had significantly less cells in G0/G1, more cells in S 
phase, and more cells in G2/M, which suggested Zn-GANPs-induced 
apoptosis, S phase, and G2/M cycle arrest. According to research, 
DNA damage often causes three biological reactions: cell death, an in
crease in DNA repair, and cell cycle arrest [86]. According to our find
ings, Zn-GANPs caused genotoxic stress, DNA strand breakage, and 
activation of RNA-activated Protein Kinase (PKR) and Bcl-2-Associated 
Death Promoter (BAD) signal transducers [87]. Zn-GANPs cause G2/M 
cell cycle arrest, which then limits DNA repair by preventing the growth 
of H2AX foci. 

A number of kinases are activated in response to DNA damage and 
link the checkpoint to the cell cycle machinery. Cell cycle arrest can 
result from the DNA damage checkpoint’s activation, which involves the 
activation of serine/threonine protein kinase or Ataxia-telangiectasia 
mutated (ATM) kinase and ATM autophosphorylation at Ser1981. This 
prevents mitosis in the presence of damaged DNA. Cancer cell growth is 
slowed down by G2/M phase arrest, and G2/M phase cells are more 
radiation-sensitive [88]. As a result, the G2/M transition is seen as a 
distinct target, and this arrest may be an effective CRT technique. One of 
the important proteins in checkpoint pathways is the tumor suppressor 
p53. Growth arrest in both the G1 and G2/M phases may result from the 
activation of p53. The promoter of the p21 cyclin-dependent kinase 
(Cdk) inhibitor is bound by overexpressed p53, which results in p21 
accumulated in the conventional p53-dependent G2/M phase arrest 
pathway. Cell cycle arrest results from the ensuing suppression of cell 
division cycle 2 Cdc2-cyclin B1 activity. However, several investigations 
have shown that p53 deficit or mutation alone is sufficient to cause 
G2/M arrest, and in p53-deficient cells, this pathway switches from 
p21-dependent to checkpoint kinase Chk-dependent [89]. 

In comparison to control cells, Zn-GANPs treatment raised the G2/M 
phase, reduced the G0/G1 phase, and slightly increased the S phase, 
indicating that it triggers cell death in G0/G1 cells and causes a cell cycle 

Fig. 9. A) Liver of rats in control group (H&E, x40). B) Liver of rats received Zn-GANPs at a dose of (20 mg/kg b.wt/day). C) Liver of rats received DEN 20 mg/kg b. 
wt (DEN H&E, x16). D) Liver of rats received DEN (H&E, x40). E) Liver of rats received DEN (20 mg/Kg b.wt) for 8 weeks and subsequently treated with Zn-GANPs 
(20 mg/kg b.wt/day) from the 9th week till the end of the experiment (13 weeks) (DEN- Zn-GANPs, H&E, x16). F) DEN-Zn-GANPs (H&E, x40). G) DEN- Zn-GANPs 
(H&E, x80). 
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arrest in the G2/M phase. The downstream target p21 of p53 caused G2/ 
M arrest [90]. This study investigated whether bcl-2-mediated cell cycle 
arrest may explain how Zn-GANPs consistently changed cell cycle pro
gression. GA therapy substantially and dose-dependently slowed the 
proliferation of cancer cells, according to Hsu et al. Additional flow 
cytometric research revealed that GA significantly caused G2/M phase 
arrest [91]. 

Numerous investigations reported that ZnO-NPs treatment caused a 
deposition and observable peak at sub-G0/G1, which represents the 
population of apoptotic and dead cells [92]. Compared to untreated 
EC-bearing animals, there was a significant decrease in G0/G1, S phase, 
and G2/M populations, indicating a striking rise in the number of dead 
cells and cell cycle arrest in G0/G1[93]. 

In order to damage mitochondria and release cytochrome c from 
those organelles into the cytosol, the pro-apoptotic Bax and Bak proteins 
must oligomerize. Tp53 directly inhibits the anti-apoptotic Bcl-2 and 
Bcl-XL proteins with promotes the mitochondria-dependent apoptotic 
pathway [94]. It is believed that the ratio of Bcl-2 to Bax, rather than the 
concentrations of individual proteins, is what determines whether a cell 
will survive or die [95]. In order to identify the mitochondria-mediated 
apoptotic pathway linked to the use of Zn-GANPs, bcl-2 and caspase-3 
gene expression were examined [96]. 

5. Conclusion 

In this study, liver carcinogenesis was initiated in Wistar rats by 
exposing them to Diethylnitrosamine (DEN). Subsequent histopatho
logical analysis of the rat livers unveiled the degeneration of fibrous 
tissue strands that separate vascular structures, along with the occur
rence of coagulative necrosis in hepatocytes within the parenchyma, 
leading to the disorganization of lobular structures in the sections from 
the DEN group. In contrast, the sections from the Zn-GANPs treated 
group exhibited improvements in these conditions, thereby validating 
the reliability of the experimental carcinogenesis model employed. 

Oral administration of Zn-GANPs resulted in a reduction in the for
mation of the oxidative damage marker MDA, while increasing the 
catalase activity and GSH levels. Additionally, Zn-GANPs led to 
decreased liver function test indicators such as ALT, AST, GGT activities, 
and total bilirubin levels. Treatment with Zn-GANPs in rats demon
strated increased levels of total protein, albumin, globulin, and the A/G 
ratio. Furthermore, it reduced AFP, NF-kB P65, and Bcl2 levels while 
elevating caspase-3 levels. The anti-inflammatory, antioxidant, and pro- 
apoptotic properties of Zn-GANPs in this study significantly improved 
both histological and biochemical outcomes in the context of DEN- 
induced liver carcinoma. Remarkably, Zn-GANPs induced cell cycle ar
rest during the S and G2/M phases and promoted apoptosis during the 
G0/G1 phase of DEN-induced liver carcinoma by upregulating caspase-3 
and downregulating Bcl-2. These findings underscore Zn-GANPs as a 
promising adjunctive compound for inhibiting the progression of liver 
cancer. Nonetheless, further research is needed to elucidate the 
signaling pathways governing these processes, thus enhancing the 
therapeutic potential of Zn-GANPs across a range of cancer types. 
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