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Anticancer redox action of gallium nanoparticles combined with
a low dosage of γ-radiation against hepatocellular carcinoma in
male rats
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Background and objective
Nanotechnology affords a new valuable field for the preparation of intrinsic
nano anticancer drugs through green synthesis of plant active extracts
supported with gallium nanoparticles (GaNPs) to provide us with a new Ga
form of treatment with lower toxicity risk. The current study aimed at evaluation
of a new GaNP form with grape seed extract as an anticancer agent
against hepatocellular carcinoma (HCC) in rats. Moreover, the effect of the
exposure to a low dose of γ-radiation on the treatment and prevention of tumor
was studied.
Materials and methods
The cytotoxic effect was measured against the HepG2 tumor cell line. An
experimental design was optimized using 80 Wistar male rats (120−150g)
divided into eight groups, with 10 rats each. The animals are administered with
diethylnitrosamine to induce HCC and then orally administered with a dose of
38.5mg/kg from the GaNPs in combination with the exposure of the total body to a
low dose of γ-radiation (0.5 Gy).
Result and conclusion
The combination of GaNPs/γ-radiation demonstrated significant cytotoxicity
against HepG2 cell line with an IC50 of 388.8 μg/ml. Moreover, the results
indicated normal structures in the liver architecture, and the conventional
biochemical assays showed significant depletion in lipid peroxide, alanine
aminotransferase, and aspartate aminotransferase activities and creatinine
levels. Additionally, there was a significant increase for the antioxidant state
parameter in the form of a pronounced reduction of glutathione level. The
ameliorative effect of the treatment was well appreciated by the
histopathological alteration results. Therefore, it can be concluded that GaNPs/
γ-radiation can serve as a good therapeutic agent for the treatment of HCC that
ought to attract more studies.
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Introduction
Hepatocellular carcinoma (HCC) is the world’s third
most common cause of cancer-related death [1]. The
main causes of HCC include chronic hepatitis B and C
infections [2]. Other factors that contribute to the
formation of HCC include fatty liver disease, iron
overload, alcoholism, and exposure to environmental
carcinogens [3]. Diethylnitrosamine (DEN) is one of
the most prevalent carcinogens and frequently used for
HCC induction. Simultaneously, it is widely used in
everyday life and surroundings, in tobacco, smoke,
processed food, gasoline, and cosmetics [4].
Inorganic nanoparticles (NPs) have recently received
more attention as potential cancer-fighting diagnostic
and therapeutic systems. Recent studies have shown
Wolters Kluwer - Medknow
promising results in both in vitro and in vivo imaging
and tumor therapy, as well. Definite metal
nanoparticles and transition metals have been shown
to have anticancer properties. Gallium (Ga) is the
second most commonly used metal ion for cancer
treatment, after platinum. Ga has several
radionuclides that have been used in medicine to
treat and diagnose illnesses. In addition to protein
and DNA synthesis, and DNA inhibition, the
activity of enzymes such as serum alkaline
DOI: 10.4103/epj.epj_65_21
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phosphatase is inhibited [5,6]. Exposure to Ga
concentrations is expected to improve the
therapeutic index of cancer diseases. The
combination of biomolecules on the surface of the
nanocomposite, such as phenols and flavonoids,
alleviates cytotoxicity concerns, agglutination, and
biological atmospheric instability; prevents
cytotoxicity; and the traps reactive oxygen species
(ROS). In addition, Ga in the form of nanoparticles
overcomes Ga tolerance in cancer therapy [7].

Grape seed extract (GSE) has recently received a lot of
attention. Grapes (Vitisvinifera) are highly rich in
polyphenols, as the seeds contain 60–70% of grape
polyphenols, which can be used as nutraceutical agents.
Polyphenols, for example, flavonoids and their
polymers (proanthocyanidins) are abundant in GSE,
making it an excellent source of antioxidants [8,9].
Because of its high polyphenol content and structural
variation, GSE has been shown to have
cardioprotective, hepatoprotective, anti-diabetic,
anti-mutagenic, and anti-inflammatory effects
[8,10]. In addition, it has demonstrated promising
chemopreventive and anticancer effects in a variety
of cancer cells and animal tumor models, including
skin, colorectal, prostate, and breast cancers [11,12]. So
far, only sporadic efforts have been made to investigate,
mainly in vivo, the effect of GSE on liver cancer
[13,14]. Owing to their intrinsic antitumor
properties, metal nanoparticles may help to prevent
tumor formation, development, and progression. The
application of external stimuli has an extrinsic effect,
such as in hyperthermia, where metal NPs are activated
by external radiation such as IR or radiograph to form
free radicals that destroy cancer cells and also enhance
the cytotoxic effect of ionizing radiation [15,16]. Ga is
known to be the next most potent anticancer metal
after platinum, as gallium nanoparticles (GaNPs) made
in environmentally safe ways have shown anticancer
efficacy against Ehrlich solid tumors via a redox
mechanism [17].

Radiation hormesis is commonly assumed that low-
dose radiation in the region of 0.1–0.5 Gy has some
physiologic advantage. The low dosage of radiation has
been seen to activate the radical detoxification system
and improve DNA repair rates. Furthermore, it also
raises immunological competence, which promotes
the increase of a wide range of cytotoxic cells
(lymphocytes), resulting in a decrease in the
occurrence of metastatic cancer [18]. GaNPs
combined with a low dose of γ-radiation (RAD)
have previously been shown to prevent the
production of cytotoxic effects on cancer cells
[17,19]. Taking into account the aforementioned
evidence on the potential of GaNPs as an anticancer
agent, the present study was suggested to explore its
potential therapeutic effect separately or combined
with a low dose of γ-radiation against chemically
induced hepatocellular carcinogenesis.
Materials and methods
Materials
Grape seed extract was obtained from a
pharmacological source (gravital capsules). DEN and
Ga-nitrite were purchased from Sigma-Aldrich
Chemical Corporation, St. Louis, Missouri, USA,
dissolved in deionized water, and used in the
preparation of GaNPs.
γ-irradiation
Whole-body γ-irradiation of rats was performed using
the Canadian gamma cell-40 (137Cs) at the National
Center for Radiation Research and Technology
(NCRRT), Cairo, Egypt. Rats were exposed to a
single dose of γ-radiation (0.5 Gy) at a dose of
0.912 rad/s.
Experimental animals
Wistar male rats weighing 120–150 g were obtained
from Nile Pharmaceutical and Industries Co. (Amiria,
Cairo), and kept at the animal house of the NCRRT.
Rats were housed in plastic cages, with five rats in each
cage. They were fed a commercial diet (21% protein)
and excess of drinking water ad libitum. The
temperature was maintained at 22±3°C at the animal
house. They were allowed to acclimatize to the
environmental conditions such as temperature,
pressure, humidity, good ventilation, and
illumination for one week before the experiment. All
rats were cared in accordance with the Ethical
guidelines of NCRRT in accordance to the ‘guide
for the care and use of laboratory animals’ published
by the US National Institute of Health [20].
Green synthesis of gallium nanoparticles
First, 8.0 g of grape seed powder was mixed with
100ml of distilled water, and the resulting mixture
was placed in a water bath for 30min at a temperature
of 60°C. Next, the solution was filtered with
Whatman filter paper No. 1 and then the filtrate
(extract) was stored at 4°C. GaNP synthesis was
performed according to the method described by
Mohseni et al. [21]. At the initial stage, a freshly
prepared Ga-nitrite solution (1mM, alkaline pH)
was added to the seed extract solution at a ratio of
1 : 4.
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In vitro cytotoxicity of gallium nanoparticles on HepG2
cell line

It was obtained by calculating the IC50 for GaNP
samples versus the HepG2 cell line by the
sulforhodamine-B cytotoxicity test [22].

Cell line and cell culture

The Egyptian National Cancer Institute, Cairo
University, provided the Human HCC HepG2 cell
line. It was grown in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin antibiotic, and 1% L-
glutamine from Life Technologies, Gibco (Grand
Island, New York, USA). To impact cell release
from the culture flask, cells were grown in 5% CO2
at 37°C and then treated with 0.25% trypsin EDTA.
Cell viability assay

In shortly, cells were grown in a 96-well plate for 1 day
before being inoculated with a newmedium containing
various concentrations of GaNPs (0–50 g/ml) and
incubated for another 1 day. HepG2 cells were fixed
with ice-cold 10% trichloroacetic acid at 4°C, stained
for 30 minutes at room temperature with 0.4 percent
sulforhodamine-B test, a fluorescent dye for the
measurement of cellular proteins in cultured cells,
and dissolved with 10 mMTris base solution. At 540
nm, the absorbance of a soluble dye was measured
spectrophotometrically.
In vivo study
Determination of LD50

Determination of LD50 was performed on maleWistar
rats. The LD50 of the newly synthesized GaNPs was
determined as a preliminary step for in vivo study
according to Akhila et al. [23].
Experimental design

In the present study, 80 male Wistar rats were divided
into eight groups, with 10 rats each, as follows: group 1
(control, C), animals received 1ml of physiological
saline orally by gavage; group 2 (RAD), rat’s whole
body was exposed once to low dose of γ-radiation (0.5
Gy); group 3 (GaNPs), rats received GaNPs (10% of
LD50 dose 38.5mg/kg) orally by gavage; group 4
(GaNPs+RAD), rats received GaNPs, five times a
week for 6 weeks, and exposed to 0.5 Gy γ-radiation
dose; group 5 (DEN), each animal received DEN
(dissolved in 0.9% normal saline), orally by gavage
(20mg/kg, five times/week for 6 weeks); group 6
(DEN+GaNPs), rats received DEN as group 5 and
then were treated with GaNPs for 6 weeks as in group
3; group 7 (DEN+RAD), rats received DEN as in
group 5 and then were exposed to 0.5 Gy γ-radiation;
and group 8 (DEN+GaNPs+RAD), rats received
DEN as in group 5 and then were treated with
GaNPs for 6 weeks as in group 3 and finally
exposed to 0.5 Gy γ radiation.
Sample processing

At 24 h after the last treatment, all animals were
anesthetized with urethane (1.2 g/kg body weight,
Sigma-Aldrich, St Louis) [24]. The rats’ blood was
collected, and liver was immediately isolated, washed
with ice-cold physiological saline, dried, and preserved
for subsequent analysis at −80°C. Tissue samples of the
livers were fixed in a 10% neutral buffered formalin
solution for histopathological investigation. In
ascending ethanol concentrations, tissue specimens
were dehydrated, cleared in xylene, implanted in
paraffin wax, and sectioned at a thickness of 5
microns and stained by hematoxylin and eosin [25].
Biochemical assays

The activities of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were measured
calorimetrically using an assay kit by Spectrum,
Diagnostic, Egypt. The level of creatinine in serum
was determined using colorimetric assay of
Biodiagnostic Co., Egypt. Reduced glutathione
(GSH) was quantified in the liver tissue according
to the method of Beutler et al. [25]. Lipid peroxide
(LPx) level was evaluated by determination of
malondialdehyde (MDA) concentration in the liver
tissue homogenate [26].

Histopathological analysis

Liver samples were fixed in 10% formalin for 24 h,
dehydrated by ethanol, and then samples were
embedded in paraffin beeswax. Sections of 4-μm
thickness by slide microtome were deparaffinized
and stained with hematoxylin and eosin stain for
examination through a light microscope [27].

Statistical analysis
Statistical analysis of the results was performed using
the statistical package for Windows, version 15.0
(SPSS Software, Chicago, Illinois, USA). The
results for continuous variables were expressed as a
mean±SE. Values were compared by one-way analysis
of variance. Post-hoc testing was performed for
intergroup comparisons using the least significant
difference test, and P value less than or equal to
0.05 was considered statistically significant.
Results
In-vitro cytotoxicity of gallium nanoparticles on HepG2
cell line
GaNPs cytotoxicity was tested on the HepG2 cell line.
The produced GaNPs sample was examined with
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different doses and shown to have a cytotoxic impact on
HepG2, with an IC50 value of 388.8 μg/ml (Fig. 1).
In vivo studies
Effect on liver

The activities of liver enzymes ALT and AST were
determined in the serum of different groups using
colorimetric methods. Serum of DEN-intoxicated
rats showed a significant increase in ALT (62.7±1.5)
and AST (113.3±1.7) activities compared with normal
control animals. Rats administrated GaNPs or exposed
to radiation showed amelioration (P<0.001) in enzyme
activity in intoxicated rats compared with DEN-
intoxicated rats. A significance difference was noted
for ALT (23.0±1.0) and AST (54.7±1.7) activity levels
in DEN+GaNPs+RAD group when compared with
DEN-intoxicated rats (Tables 1 and 2; Fig. 2).
Figure 1

Evaluation of cytotoxicity gallium nanoparticles G-GaNPs) against
HepG2 cell line.

Table 2 Statistical analysis for the plasma aspartate aminotransfer

Parameters

Control RAD GaNPs GaNPs+RA

Plasma AST level (U/l) 45.7±1.3 46.3±0.7 43.3±0.3 50.3±0.3

% change from control – 1.3 −5.3 10.1

% change from HCC – – – –

AST, aspartate aminotransferase; GaNP, gallium nanoparticle; HCC, he
comparison with control group. fsignificant difference at P<0.001 in com

Table 1 Statistical analysis for the plasma alanine aminotransferas

Parameters

Control RAD GaNPs GaNPs+RA

Plasma ALT level (U/l) 16.3±0.7 16.3±0.7 14.7±0.7 20.3±0.9a

% change from control – 0 −9.8 24.5

% change from HCC – – – –

ALT, alanine aminotransferase; GaNP, gallium nanoparticle; HCC, hepa
comparison with control group. bsignificant difference at P<0.01 in comp
comparison with control group. fsignificant difference at P<0.001 in com
Impact on kidney

The level of creatinine was assessed calorimetrically in
the serum of different groups. Creatinine level or rats
administrated with DEN recorded a significant
(P<0.001) elevation (1.4±0.42) compared with the
control normal rats (0.9±0.05). On the contrary,
GaNP-treated (1.0±0.12), radiation exposure (1.2
±0.22), or DEN+GaNPs+RAD (0.9±0.35) groups
showed significantly reduced creatinine level
compared with DEN group (Table 3, Fig. 3).
Oxidative stress

Oxidative stress state of the liver was assayed through
determining GSH and MDA levels in liver tissue
homogenate using colorimetric methods. The data
showed significant reduction in GSH level of rats
ase (U/l) activity

Groups

D HCC HCC+GaNPs HCC+RAD HCC+GaNPs+RAD

113.3±1.7c 56.3±0.7cf 74.3±4.1cf 54.7±1.7cf

147.9 23.2 62.6 19.7

– −50.3 −34.4 −51.7

patocellular carcinoma. csignificant difference at P<0.001 in
parison with HCC group.

e (U/l) activity

Groups

D HCC HCC+GaNPs HCC+RAD HCC+GaNPs+RAD

62.7±1.5c 31.3±1.8cf 30.7±1.5cf 23.0±1.0bf

284.7 92.0 88.3 41.1

– −50.1 −51.0 −63.3

tocellular carcinoma. asignificant difference at P<0.05 in
arison with control group. csignificant difference at P<0.001 in
parison with HCC group.
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intoxicated with DEN (24.3±2.3) compared with
control healthy rats (77.1±3.3). Treating DEN-
intoxicated rats with GaNPs (47.8±2.9) or RAD
(49.6±2.5) significantly elevated GSH level when
compared with DEN-treated rats (24.3±2.3)
(Table 4 and Fig. 4a).

LPx as a result of uncontrolled oxidative stress was
determined calorimetrically by assessing MDA level.
The level of MDA showed a significant elevation in
rats intoxicated with DEN (52.0±2.6). Comparable
results were obtained upon treatment with GaNPs
Table 3 Statistical analysis for the plasma creatinine (mg/dl) activi

Parameters

Control RAD GaNPs GaN
+R

Plasma creatinine level (mg/
dl)

0.9
±0.05

0.9
±0.15

0.9
±0.06

0.7±

% change from control – 0.0 0.0 −22

% change from HCC – – – –

GaNP, gallium nanoparticle; HCC, hepatocellular carcinoma. asignifican
dsignificant difference at P<0.05 in comparison with HCC group. esignif

Table 4 Statistical analysis for the liver glutathione (mg glutathion

Parameters Control RAD GaNPs

Liver GSH level (mg GSH/g wet
tissue)

77.1
±3.3

82.7
±2b

75.5
±1.8

7

% change from control – 7.2 −2.0

% change from HCC – – –

GaNP, gallium nanoparticle; GSH, glutathione; HCC, hepatocellular car
control group. csignificant difference at P<0.001 in comparison with con
HCC group.

Figure 3
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or RAD, which revealed amelioration in MDA level
compared with untreated DEN rats. Moreover,
combined treatment with DEN+GaNPs+RAD (19.6
±0.9) significantly reduced MDA level compared with
DEN-intoxicated group (52.0±2.6) (Table 5, Fig. 4b).
Histopathological findings

Histopathological examination of liver sections of
control rats showed normal hepatic architecture
(Fig. 5a). However, liver sections of RAD-treated
(Fig. 5b) and GaNPs-treated rats demonstrated
congestion in central vein (cv) and sinusoids (h)
(Fig. 5c). Moreover, GaNPs+RAD-treated rats
revealed normal histological structure (Fig. 5d). On
the contrary, animals treated with DEN showed a focal
area of anaplastic hepatocytes, whereas the other cells
forming acini were observed associated with
fibroblastic cell proliferation dividing the
degenerated and necrosed hepatic parenchyma into
nodules (Fig. 5e). It is noted also that the liver
sections from rats treated with DEN and exposed to
a dose of 0.5 Gy γ-radiation exhibited focal nodular
area in the hepatic parenchyma and showed dysplastic
hyperplastic hepatocytes. There was congestion in the
portal vein and inflammatory cells with dilated bile
ducts in the portal area (Fig. 5f). In addition, the
animals treated with DEN and administrated with
GaNPs showed diffuse ballooning degeneration and
focal necrosis in the hepatocytes associated with
inflammatory cell infiltration and fibrosis in the
portal area, besides congestion in both central and
portal veins (Fig. 5g). Furthermore, the rats that
ty

Groups

Ps
AD

HCC HCC
+GaNPs

HCC
+RAD

HCC+GaNPs
+RAD

0.15 1.4
±0.42a

1.0±0.12d 1.2±0.22 0.9±0.35e

.2 +55.6 +11.1 +33.3 0.0

– −28.5 −14.2 −35.7

t difference at P<0.05 in comparison with control group.
icant difference at P<0.01 in comparison with HCC group.

e/g wet tissue) level

Groups

GaNPs
+RAD

HCC HCC
+GaNPs

HCC
+RAD

HCC+GaNPs
+RAD

8.3±3.3 24.3
±2.3c

47.8±2.9cf 49.6
±2.5cf

67.5±4.3cf

1.5 −68.4 −38.0 −35.6 −12.4

– – 96.7 104.1 177.7

cinoma. bsignificant difference at P<0.01 in comparison with
trol group. fsignificant difference at P<0.001 in comparison with
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(a) GSH content in liver (mg GSH/g wet tissue), and (b) LPx level in liver (μMMDA/g wet tissue). Each bar represents mean±SD. aP value less
than 0.05 compared with control; bP value less than 0.05 compared with DEN group. DEN, diethylnitrosamine; GSH, glutathione; LPx, lipid
peroxidation; MDA, malondialdehyde.

Table 5 Statistical analysis for the liver lipid peroxidation (μM malondialdehyde/g wet tissue) level

Parameters Groups

Control RAD GaNPs GaNPs+RAD HCC HCC+GaNPs HCC+RAD HCC+GaNPs+RAD

(μM MDA/g wet tissue) 8.6±0.7 13.3±1.0c 7.0±0.18 10.6±0.2a 52.0±2.6c 23.1±1.2cf 38.3±2.2cf 19.6±0.9cf

% change from control – 54.6 −18.6 23.2 504.6 168.6 345.3 127.9

% change from HCC – – – – – −55.5 −26.3 −62.3

GaNP, gallium nanoparticle; HCC, hepatocellular carcinoma; MDA, malondialdehyde. asignificant difference at P<0.05 in comparison with
control group. csignificant difference at P<0.001 in comparison with control group. fsignificant difference at P<0.001 in comparison with
HCC group.
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received DEN and then administrated with GaNPs
and exposed to a single dose of γ-radiation
showed infiltration with focal inflammatory cells in
the hepatic parenchyma associated with diffuse
Kupffer cell proliferation in between the hepatocytes
(Fig. 5h).
Discussion
Based on the fact that a combination of therapies is a
successful and more effective strategy for cancer
treatment, chemotherapy was combined with
radiotherapy, increasing the effects of cancer
treatment and making cancer therapy more effective.
Chemo-radiotherapy can improve both chemotherapy
and radiotherapy effectiveness. In addition, guided
treatments with NPs and radiotherapy could be an
effective strategy in cancer therapy to overcome
limitations in conventional chemotherapy. Because
of their tiny size, NPs are able to permeabilize cells
effectively, which facilitates activity and in vivo
distribution. Because they are not captured by the
reticuloendothelial system, smaller NPs accumulate
more in the tumor regions and also have a
prolonged in vivo half-life [28,29]. Targeted NPs
for HCC therapy are more effective than for other
types of cancers as most of which might end up in the
liver and spleen [30].

Previous research has shown that GaNPs produced by
Bacillus helveticus bacteria have antiproliferative
capabilities in MCF-7 [31] and HepG2 cell lines
[32]. In vivo studies demonstrated antiproliferative
and proapoptotic effects against Ehrlich solid tumors
in mice and HCC in rats [31,32]. This prompted us to
do more research on GaNP antitumor mechanisms as a
viable alternative drug for cancer therapy and a radio-
sensitizing agent.

In vitro antiproliferative activity of GaNPs synthesized
by GSE showed less cytotoxicity (IC50=388 g/ml) than
that synthesized by Lactobacillus helveticus
(IC50=8.0 g/ml) against HepG2. This can be
explained owing to the reduced capability of the
material used in the synthesis as a reducing and
capping agent for Ga [33].



Figure 5

Histopathological examination of liver (a–h), (a) normal liver histology of a rat fed the standard diet. (b) Normal liver histology of a rat exposure to
0.5 Gy. (c) Rats administrated GaNPs showing congestion in central vein (cv) and sinusoids (h). (d) Rats administrated GaNPs and then
exposed to 0.5 Gy. (e) Rats administrated DEN. (f) Rats orally gavaged with DEN and then exposed to 0.5 Gy, showing area focal in hepatic
parenchyma of dysplastic hepatocytes forming a nodule. (g) Rats orally gavaged with DEN and GaNPs showed degeneration in the hepatocytes
(d) with focal necrosis in hepatic parenchyma and inflammatory cells in the portal area and congestion in central and portal veins (pv). (h) Rats
received DEN and GaNPs, then exposed to 0.5 Gy, showing few inflammatory cells infiltration in hepatic parenchyma with diffuse Kupffer cell
proliferation. DEN, diethylnitrosamine; GaNP, gallium nanoparticle.
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Along with reduced GSH, imbalance between ROS
formation as a result of DEN administration and
antioxidant scavengers seriously damaged biological
systems and promoted carcinogenesis by injuring
tissues, causing chromosomal instability, altering
biochemical compounds, eroding cell membranes,
and causing mutations, which are involved in all
stages of carcinogenesis, that is, initiation,
promotion, and progression [34].
Ga has the ability to prevent tumor development by
competing with ferric and magnesium ions. It inhibits
DNA synthesis, alters cellular iron acquisition via
binding to transferrin, and interacts with the iron-
dependent enzyme ribonucleotide reductase [35].
Moreover, Ga causes DNA fragmentation that leads
to apoptosis [31]. Mineral iron is necessary for cellular
respiration. Iron-produced ROS trigger a variety of
signaling pathways [36]. By competing with Mg for
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DNAbinding, Gamay interact withDNA, recording a
100-fold higher affinity than Mg [37]. Ga binds to the
phosphate group and nucleic acids in DNA, causing
DNA structural changes. According to previous
research [38], Ga activates caspases and causes
apoptosis via the mitochondrial route, as well.

Results in this study showed amarked decrease inGSH
level accompanied by an increase in DEN rats treated
with GaNPs alone or combined with exposure to
radiation compared with the DEN-untreated group.
The drop in GSH level might be attributed to Ga high
oxidative damage or its employment in the
detoxification of free radicals produced by GaNPs,
which increases LPx [39,40]. The induction of LPx
is closely associated with the reduction in GSH
concentration. The anticancer action of the GaNPs
is thought to be induced by toxicity, oxidative stress,
and inflammation that produces ROS, which are
implicated in a number of cellular processes ranging
from apoptosis and necrosis to cell proliferation and
carcinogenesis [41]. The interaction of reduced GSH
and Ga to create oxidized Ga or Ga–GSH complex
may cause a decrease in reduced GSH concentration.

These findings suggest that when animals are exposed
to radiation throughout their bodies, nonenzymatic
antioxidant levels increase to varying degrees in
different organs. Increased LPx in the liver is seen
following low-dose irradiation of the whole body,
followed by a rise in the redox agent GSH.
Increased expression of mRNA for
γ-glutamylcysteine synthase, a rate-limiting enzyme
in GSH production, is believed to be the cause of
the increase in GSH levels. The immediate rise in
GSH concentration in the liver following low-dose
whole-body radiation indicates that GSH works as a
first line of defense to protect cells from increasing
oxidative stress induced by ionizing radiation [42,43].

In the current investigation, the HCC group showed
marked elevation in liver marker enzymes ALT and
AST in plasma compared with normal control group.
Our data were in harmony with other previous studies
[44,45]. Jahan et al. [46] reported that DEN is a
hepatotoxin and a carcinogen. In DEN-treated rats,
an increase in the ALT and AST activity is linked to
hepatotoxicity and carcinogenesis, along with the
development of preneoplastic alterations, and the
severity and advanced stage of liver cancer.

The combined treatment with GaNPs, synthesized by
grape seed, and the low dose of γ-radiation on the
HCC induced animals has led to a significant
reduction in the ALT and AST activity compared
with the HCC group [47]. Furthermore, a
significant increase in ALT activity and creatinine
level of tumor-bearing rats in the serum compared
with normal healthy control indicates hepatic and
renal damage as a result of HCC tumor formation.
These increases have been linked to cancer cell invasion
in important organs, which results in liver overload and
renal impairment as a result of degenerative alterations
in the epithelial lining of renal tubules [48].
Administration of GaNPs and/or R to tumor-
bearing rats displayed a significant decrease in ALT
activity and creatinine levels. The effect of GaNPs on
tumors that reduce the production of toxins from
tumors might explain the decrease in ALT activity
and creatinine levels [49]. Previously, it was discovered
that a low dose of γ-radiation (0.5 Gy) modulates ALT
activity [42] and suppresses a high level of creatinine
[50]. They hypothesized that the enhanced effect of
low-dose γ-radiation on the antioxidant system may
reduce the liver and kidney damage caused by tumor
formation.

The histopathology findings corroborated the changes
in the biochemical markers. In the present study,
histopathological pictures of HCC liver sections
revealed a focal region of anaplastic cellular
hepatocytes with other cells forming acini, as well as
fibroblastic cell proliferation splitting the degraded and
necrosed hepatic parenchyma into nodules, which is in
agreement with Youssef et al. [51]. DEN-induced
necrosis varies from vacuolar degeneration, spotty
necrosis, confluent necrosis, nodules of ghost
necrotic malignant hepatocytes, and nodules of
solid HCC containing giant hepatocytes with large
nuclei.

HCC groups treated with GaNPs or radiation were in
agreement with the biochemical parameters,
providing evidence of the hepatic improvement
effect on the liver architecture with mild
degeneration, and exhibited a pronounced
antitumor effect. Moawed et al. [32] found that the
rats treated with GaNPs alone or in combination with
γ-radiation had hepatocyte degeneration, focal
necrosis, and inflammatory cell infiltration, as well.
In addition, the hepatic parenchyma exhibited a
widespread proliferation of Kupffer cells in the
spaces between the hepatocytes.

Based on the aforementioned findings, it can be
concluded that the combination of GaNPs and low-
dose γ-radiation may have significant anticancer
properties against hepatocarcinogenesis.
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