Hepatocellular carcinoma (HCC), a high-
ly malignant tumour with very high
morbidity and mortality, remains the
second cause of cancer-related deaths
worldwide. Galangin is a naturally oc-
curring flavonoid extracted from the
propolis and root of Alpinia officinarum,
which possesses antitumour efficacy,
which has resulted in an increase in
interest in related research. Additionally,
galangin inhibits cell proliferation and
induces apoptosis in several human ma-
lignancies. On the other hand, luteolin,
a naturally occurring flavonoid found
in a variety of edible plants, augments
cytotoxicity in different cancer cells
through the inhibition of cell-survival
pathways and activation of apoptosis.
Moreover, luteolin blocks the activity of
anti-apoptotic Bcl-2 family members.
The present study aimed to assess the
antitumour effect of galangin and lute-
olin in combination and the antitumour
effect of a combination of galangin
and luteolin together with doxorubi-
cin (DOX) in a chemically induced HCC
rat model. Our analyses demonstrated
that the combination treatment with
galangin, luteolin, and DOX showed the
greatest antineoplastic activity against
HCC, which was observed by significant
decreases in the levels of HCC mark-
ers, including serum a-fetoprotein-L3,
and hepatic tissue expression of both
glypican 3 and heat shock proteins. On
the other hand, the hepatic tissue ex-
pression of caspase-3 was significantly
increased. These results suggest that
combination treatment with galangin
and luteolin is a promising candidate
for clinical use in HCC chemotherapy,
especially when used in combination
with DOX.

Key words: a-fetoprotein-L3, caspase-3,
diethyl nitrosamine, galangin, hepato-
cellular carcinoma.

Contemp oncol (Pozn) 2021; 25 (3): 174-184
DOI: https://doi.org/10.5114/w0.2021.110048

Original paper

The antitumour effect of galangin
and luteolin with doxorubicin

on chemically induced hepatocellular
carcinoma in rats

Gamal Atwa?, Gamal Omran?, Atef Abd Elbaky?, Tarek Okda?

'Department of Biochemistry, Faculty of Pharmacy, Port-Said University, Port-Said, Egypt
’Department of Biochemistry, Faculty of Pharmacy, Damanhur University, Damanhur,

Egypt

Introduction

Hepatocellular carcinoma, one of the most significant cancers in humans,
remains the second-most common cause of cancer-related deaths world-
wide [1]. Conventional chemotherapy remains an important therapeutic ap-
proach for many malignancies although many patients experience severe
toxicity. Various efforts have been made to enhance chemotherapeutic effi-
cacy and decrease toxicity [2].

Therefore, in the past 2 decades, significant effort has been made to
develop new drugs with improved specificity and efficacy toward hepato-
cellular carcinoma (HCC). Natural products play a vital role in the quest for
promoting the specificity and potency of recent chemotherapeutic agents.
Some examples include semisynthetic derivatives of taxanes and the fla-
vone derivative flavopiridol; thus, identifying efficient plant-derived flavo-
noids with improved therapeutic effects and fewer side effects, which can be
utilized in combination with currently available chemotherapeutic agents,
may provide a significant approach in cancer treatment. Moreover, some
flavonoids showed apparent anti-proliferative action against many multi-
drug-resistant tumour cell lines [3].

Galangin is a naturally occurring, strong flavonoid acquired from the
propolis and root of Alpinia officinarum, a herb that has been used as a con-
diment and herbal remedy for various diseases in Asia for centuries [4]. Ga-
langin is a flavonoid with anti-tumour activity, and it is considered a promis-
ing agent against liver cancer [5]. The biological actions of galangin include
antimutagenic, anticlastogenic, antioxidative, metabolic enzyme modifying,
and bactericidal effects [4]. Recent studies indicate that galangin possess-
es antitumour activity, which has attracted increasing interest. Specifically,
galangin prevents cell proliferation and induces apoptosis in several human
tumour cell lines including breast [6], pancreatic [7], gastric[8], and colon [9].

Luteolin is a naturally occurring flavonoid found in a variety of edible
plants, which can induce cell cycle arrest or apoptosis in many human can-
cer cells [2]. In addition, luteolin induces cytotoxicity different cancer cells
through inhibition of cell survival pathways and the induction of apoptot-
ic pathways [10]. Combination therapy could kill malignant cells more ef-
ficiently by targeting multiple molecules and pathways together [11]. The
main aims of combination research is to achieve a synergistic therapeutic
effect using lower drug doses, and to lower or retard the development of
resistance. Some flavonoids, alone or with other agents, have been shown
to possess antineoplastic effects both in vitro and in vivo with little toxicity
to normal cells, such as epithelial cells, myeloid cells, and peripheral blood
[2]. In the present study, we aimed to assess the antineoplastic activity of
galangin and luteolin as a combination when administered alone or togeth-
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er with doxorubicin (DOX) in a rat model of chemically in-
duced HCC.

Material and methods
Chemicals

Galangin, luteolin, and diethyl nitrosamine (DENA) were
obtained from Sigma-Aldrich (USA). Doxorubicin (Adria-
mycin®) was obtained from Yick-Vic Chemicals (HK, Chi-
na). All other chemicals and reagents were obtained from
certified sources and were of analytical grade.

Animals and ethical approval

Adult male Wistar rats (150 g) were obtained from the
animal colony of the Faculty of Medicine, Mansoura Uni-
versity, Egypt. All animals were housed under controlled
environmental conditions (22 + 2°C temperature, 50 + 5%
humidity, 12/12-hour light/dark cycle) and had free access
to a typical grain diet and tap water. Animal care followed
the guidelines of the National Institute of Health Guide for
the Care and Use of Laboratory Animals and was approved
by the Animal Ethics Committee (No. 518PB5) of the Facul-
ty of Pharmacy in Damanhur University.

Experimental design

After a 2-week adaptation period, 75 healthy male rats
were randomly categorized into 5 groups, with 15 animals
in each group. Group | (negative control) included animals
that received the vehicle solution comprising a mixture
of 1% sodium carboxymethyl cellulose and 1% Tween 80,
given daily by oral gavage during the experimental period.
Groups II, I, 1V, and V included animals that received a sin-
gle intraperitoneal injection of DENA (200 mg/kg body
weight) freshly dissolved in sterilized 0.9% saline. After
2 weeks, all animals in groups II-IV received a subcutane-
ous injection of CCl4 (3 mL/kg once weekly) for 6 weeks to
enhance the carcinogenic effect of DENA [12]. The animals
in group Il (positive control) did not receive other treat-
ments. The animals in group Il were treated with DOX at
a dose of 4 mg/kg body weight, once weekly for 4 weeks,
administered intravenously via the tail vein [13]. The ani-
mals in group IV were treated for 4 weeks with a combi-
nation of galangin and luteolin (100 mg/kg body weight,
daily) suspended in 0.5% (w/v) methylcellulose, adminis-
tered by oral gavage [14, 15]. The animals in group V were
treated with a combination of DOX, galangin, and luteolin
using the doses and administration routes described for
groups Ill and IV.

Serum specimen collection

Five millilitres of blood specimens were collected by
cardiac puncture with the animals under ketamine anaes-
thesia (100 mg/kg/intraperitoneally) after a 12-hour fast-
ing period following the final dose of treatment. The blood
specimens were allowed to coagulate for 20 min, and
serum was separated by centrifugation at 4000 rpm for
15 min at 4°C using a refrigerated centrifuge (Beckman
model L3-50, USA) and stored at —80°C until the assess-
ment of liver function markers.

Tissue specimen

The animals were euthanized by cervical dislocation.
Next, livers were isolated, rinsed with cold phosphate-buff-
ered saline (PBS), dried with filter paper, and split into
3 sections. The first section was stored at —80°C for anal-
ysis by real-time polymerase chain reaction (RT-PCR).
The second section was homogenized in ice-cold PBS
using a Potter-Elvehjem rotor-stator homogenizer (USA)
to achieve 20% homogenate, which was centrifuged at
4000 rpm for 10 min at 4°C to remove debris. The third sec-
tion was placed in 10% formalin for immunohistochemical
analysis and histopathological examination.

Detection of glypican 3 and heat shock protein
activity by real-time polymerase chain reaction

To achieve the maximum yield of intact RNA, one sec-
tion of the liver was immediately harvested using the lysis
buffer supplied in the GF-1 total RNA extraction kit (Vivan-
tis Technologies, China) according to the manufacturer’s
instructions. All steps of total RNA extraction were com-
pleted on ice using ice-cold reagents. RNA concentrations
were determined using a SPECTROstar Nano spectrometer
(BMG Labtech, Germany). RNA quality was determined by
measuring the 260/280 ratio. Single-stranded cDNA was
created from 2 ug total RNA using the cDNA synthesis kit
supplied in the 2-step RT-PCR kit (Vivantis Technologies)
following the manufacturer’s guidelines. The obtained
cDNA was utilized to quantify target mRNA expression
using RT-PCR amplification (Applied Biosystem step one,
France) with a total reaction volume of 20 ul per well of an
RT-PCR plate. The amplification reaction mixture contained
2 UL cDNA, 0.3 uL of each primer (10 uM), 10 ul SYBR Green
universal master mix (Thermo Fisher Scientific, USA), and
7.4 uL DNase-free water. Real-time polymerase chain reac-
tion conditions were as follows: 35 cycles of initial dena-
turation (95°C, 3 min), denaturation (95°C, 30 s), anneal-
ing (temperature dependent on specific gene, 30 s), and
extension (72°C, 30 s) followed by final extension (72°C,
5 min). The primers were obtained from Vivantis Technol-
ogies (Malaysia), and the reference sequences obtained
from the NCBI were applied to the design of the primers.
Glypican 3 (GPC3) forward Tm = 57.79°C: 5’-GTGCTGGAAC-
GGACAAGAG-3
GPC3reverse Tm = 58.05°C: 5’-TTCTTCATCCCATTCCTTGC-3
HSPs forward Tm = 55°C: 5’-TGTTAGCAGCCGGAATCAGT-3’
HSPs reverse Tm = 60°C: 5’-CTTGCTGAGCAGAGTTTTGAA-3’
B-actin forward Tm = 60°C: 5’-CTAAGGCCAACCGTGAAAAG-3’
B-actin reverse Tm = 60°C: 5’-TACATGGCTGGGGTGTTGA-3’

Real-time polymerase chain reaction data were evalu-
ated to calculate fold changes and relative expression us-
ing the 2— AACT method by Livak [16]. B-actin was used as
the endogenous reference gene.

Estimation of liver biomarkers

Serum alanine transaminase (ALT) and aspartate
transaminase (AST) levels were determined according
to the method by Reitman and Frankel [17]. Alkaline
phosphatase (ALP) activity was measured according to
the technique of Belfield and Goldberg [18]. Serum lev-
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els of total bilirubin were determined according to the
technique of Walters and Gerarde [19]. Serum o-feto-
protein-L3 (AFP-13) levels were determined using an
enzyme-linked immunosorbent assay kit from Glory Sci-
ence (Hangzhou, China).

Estimation of oxidative stress biomarkers

Hepatic tissue homogenates were used to spectropho-
tometrically determine lipid peroxidation in liver tissues
with thiobarbituric acid-reactive substance, and the re-
sults were expressed as malondialdehyde (MDA) equiva-
lents using 1,1,3,3 tetramethoxypropane as the standard
[20]. In addition, reduced glutathione (GSH) was spectro-
photometrically measured in liver tissues using Ellman’s
method [21]. Superoxide dismutase (SOD) activity in liver
tissues was estimated using the xanthine oxidase tech-
nique [22]. Nitric oxide (NO) was spectrophotometrically
assayed in liver tissues by measuring its stable metabo-
lites, in particular nitrite and nitrate [23].

Realtive mRNA gene expression

T
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DOX
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Glypican-3
Fig. 1. Effect of galangin and luteolin compounds on GPC-3 mRNA
level in liver tissue homogenates using real-time polymerase chain
reaction
Results shown as means + SEM (triplet)
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Fig 2. Effect of galangin and luteolin compounds on HSPs mRNA
level in liver tissue homogenates using real-time polymerase chain
reaction

Results shown as means + SEM (triplet)

Immunohistochemical assessment

Immunohistological analysis of cleaved caspase-3 ex-
pression was performed on formalin-fixed, paraffin-em-
bedded tissue. Briefly, 4-5 um liver tissue sections on
positively charged slides were deparaffinized in xylene,
hydrated in a graded alcohol series, and pretreated for
antigen retrieval in 10 mmol/L citrate buffer (pH 6.0) in
a steamer at 98°C for 45 min. Immunohistochemical stain-
ing was performed by incubation of the slides with a poly-
clonal rabbit anti- cleaved caspase-3 antibody (catalogue
number: ab2302) (1:1000 dilution). The slides were washed
gently with PBS and incubated with a secondary antibody,
followed by incubation with 3,3-diaminobenzidinetetrahy-
drochloride (DAB) for 10 min as the substrate chromogen
solution. The slides were evaluated under a light micro-
scope, and labelling index was calculated as the ratio of
caspase-3-positive cells to the total number of cells. The
number of labelled cells in immunostained sections was
counted relative to 2000 cells [24, 25].

Histopathological assessment

The liver tissues were fixed in 10% formalin and dehy-
drated in a serial dilution of ethanol washes; the speci-
mens were then cleared in xylene, embedded in paraffin
at 56°C in a hot air oven for 24 hours, and sectioned at
a thickness of 4-5 um. The sections were stained with
haematoxylin and eosin (H&E) and examined under a light
microscope (Olympus, USA) by a histopathologist who was
blinded to the treatment information [26].

Statistical analysis

Statistical analyses of data were performed using
GraphPad Prism version 5.0 (GraphPad, San Diego, USA).
Group comparisons were performed using analysis of vari-
ance followed by Tukey’s t-test. The level of significance
was set at a p-value of < 0.05, and all relevant results were
graphically displayed as means + standard error of the
mean.

Results

Gene expression levels of glypican 3 by real-time
polymerase chain reaction

The hepatic GPC3 gene expression was significantly
increased in the DENA group compared with the control
group (p < 0.001). However, the hepatic GPC3 gene ex-
pression was significantly decreased in the group treated
with DOX and the group treated with the combination of
galangin, luteolin, and DOX compared with DENA group
(p < 0.001 and p < 0.01, respectively) (Fig. 1).

Gene expression of HSPs by real-time polymerase
chain reaction

A significant increase in the hepatic HSPs gene expres-
sion was observed in the DENA group compared with the
control group (p < 0.001). Moreover, combination treat-
ment with galangin, luteolin, and DOX led to a significant
decrease in the gene expression of HSPs (p < 0.001) com-
pared with the DENA group (p < 0.001) (Fig. 2).
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Fig. 3. Effect of galangin and luteolin compounds on the serum levels of alanine transaminase, aspartate transaminase, alkaline phospha-

tase, and total bilirubin
Data are presented as mean + SEM (triplet).

*and T indicate significant changes from the control and diethyl nitrosamine groups, respectively

Serum levels of alanine transaminase, aspartate
transaminase, alkaline phosphatase, and total
bilirubin

Our analyses revealed that the serum levels of ALT, ALR
AST, and total bilirubin were significantly increased in the
DENA group (p < 0.001) compared with the control group.
Additionally, the treatment with galangin plus luteolin or
with DOX alone did not lead to changes in the serum lev-
els of ALT, AST, ALR and total bilirubin compared with the
DENA group (positive control). Compared with the DENA
group, the combination treatment with galangin, luteolin,
and DOX was associated with significant decreases in the
serum levels of ALT, ALR AST, and total bilirubin (p < 0.001),
Additionally the combination treatment with galangin, lute-
olin, and DOX was associated with significant increases in
the serum levels of ALP (p < 0.01), AST (p < 0.01), and total
bilirubin (p < 0.05) compared with the control group (Fig. 3).

Serum levels of a-fetoprotein-L3

Our assessment demonstrated that the serum AFP-L3
level was significantly increased compared with the con-
trol group (p < 0.001). Conversely, the treatment with
galangin plus luteolin or with DOX alone did not lead to
a change in the serum AFP-L3 levels compared with the
DENA group. However, the combination treatment with
galangin, luteolin, and DOX led to a significant decrease
in the serum AFP-L3 level compared with the DENA group,
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Fig. 4. The serum levels of a-fetoprotein-L3 as a circulating tumour
marker of hepatocellular carcinoma in different groups

Data shown as mean + SEM (triplet). Data shown as mean + SEM (triplet).
*and T indicate significant changes from the control and diethyl nitrosamine
groups, respectively

although the serum AFP-13 level in the combination treat-
ment group was significantly higher than that in the con-
trol group (Fig. 4).

Hepatic glutathione, superoxide dismutase, nitric
oxide, and malondialdehyde content

Our assessment of the hepatic tissue revealed that the
hepatic tissue levels of GSH and SOD were significantly
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Fig. 5. Effect of galangin and luteolin compounds on levels of the hepatic content of nitric oxide, malondialdehyde, glutathione, and super-

oxide dismutase

Data are presented as mean + SEM (triplet). Data shown as mean + SEM (triplet).

*and t indicate significant changes from the control and diethy! nitrosamine groups, respectively

decreased in the DENA group (p < 0.001) compared with
the control group. In addition, the treatment with galangin
plus luteolin or with DOX alone did not affect the hepat-
ic tissue GSH and SOD content compared with the DENA
group (positive control). Conversely, compared with the
DENA group, the combination treatment with galangin, lu-
teolin, and DOX led to significant increases in the hepatic
tissue levels of GSH and SOD (p < 0.001). Additionally, the
combination treatment with galangin, luteolin, and DOX
was associated with significant decreases in the hepatic
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Fig. 6. Effect of galangin and luteolin on the hepatic cleaved
caspase-3 expression by immunohistochemical analysis

Data shown as mean + SEM (triplet)

tissue levels of GSH (p < 0.001) and SOD (p < 0.01) com-
pared with the control group (Fig. 5).

We also found significantincreases in the hepatic tissue
NO and MDA content in the DENA group (p < 0.001) com-
pared with the control group. Likewise, the treatment with
galangin plus luteolin or with DOX alone did not change
the hepatic tissue NO and MDA content compared with
the DENA group (positive control). In contrast, compared
with the DENA group, the combination treatment with ga-
langin, luteolin, and DOX led to significant reductions in
the hepatic tissue NO and MDA content, Additionally, the
combination treatment with galangin, luteolin, and DOX
was associated with significant increase in the hepatic
tissue content of NO (p < 0.001) and MDA (p < 0.01) com-
pared with the control group (Fig. 5).

Assessment of hepatic expression of cleaved
caspase-3 by immunohistochemical analysis

We next determined changes in the hepatic cleaved
caspase-3 expression using the labelling index and found that
the hepatic cleaved caspase-3 expression was significantly
increased in the DENA group (p < 0.001) compared with the
control group. Furthermore, the combination treatment with
galangin, luteolin, and DOX led to a significant increase in the
hepatic cleaved caspase-3 expression (p < 0.001) (Fig. 6, 7).
Regarding the proliferation of tumour cells demonstrated by
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routine histology, the tumour cells showed a marked increase
of proliferation activity with decreased apoptosis and necro-
sis within the tumour mass. We could not to proliferation
marker within this time due to circumstances of the Covid-19
pandemic.

Histopathological examination

Photomicrograph A of Figure 8 shows a liver section
from a normal adult male albino rat that underwent
a sham operation, which shows normal hepatocytes ar-

Fig. 7. A - liver section of animal group | showing mild expression of
cleaved caspase-3 within hepatocytes, B — liver section of animal in
group Il showing hepatocellular carcinoma nodule with mild expres-
sion of cleaved caspase-3 (arrow), C — liver section of an animal in
group Ill, showing mild expression of cleaved caspase-3 within the
proliferating nodule (arrow), D — liver section of animals in group IV
showing increased cleaved caspase-3 expression within the prolifer-
ating nodule (arrow), E — liver section of an animal in group V show-
ing nuclear expression of cleaved caspase-3 within few hepatic cells,
cleaved-caspase-3 antibody immunohistochaemia, bar = 50 pm was
used in all figures

ranged in cords around the central vein (arrow; haematox-
ylin and eosin [H&E] staining; scale bar, 100 um). The pho-
tomicrograph B in Figure 8 shows a liver section from an
adult male albino rat treated with DENA and demonstrat-
ing an HCC nodule not treated (arrowheads indicate nod-
ule border) with hyperplastic atypical hepatocytes (arrow)
(H&E staining; scale bar, 100 um). Additionally, photomi-
crograph C in Figure 8 shows a liver section from an adult
male albino rat exposed to DENA and DOX; the image
shows an HCC nodule comprising thick hepatic trabeculae
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associated with marginal cytoplasmic atypia (arrowheads
indicate nodule border; H&E staining; scale bar, 100 pm.
Furthermore, photomicrograph D in Figure 8 shows a liver
section from an adult male albino rat treated with a com-
bination of DENA, galangin, and luteolin. The image shows
an HCC nodule with marked hepatic necrosis (arrow; H&E
staining; scale bar, 100 um). Finally, photomicrograph E in
Figure 8 shows a liver section from an adult male albino
rat treated with a combination of DENA, DOX, galangin,
and luteolin. The image shows hepatic foci with a marked

Fig. 8. A —the liver section from normal rats (group I), showing nor-
mal hepatocytes (arrow), B —the liver section from animals in group
Il with hyperplastic atypical hepatocytes (arrow), C —the liver section
from animals in group Ill, showing hepatocellular carcinoma (HCC)
nodule consisting of thick hepatic trabeculae (arrowheads), D — the
liver section from animals in group 1V, showing HCC nodule revealing
marked hepatic necrosis (arrow), E — the liver section from animals
in group V, showing hepatic foci with marked decrease neoplastic
hepatic lesions (arrow), haematoxylin and eosin staining; scale bar,
100 pm

decrease in neoplastic hepatic lesions with a small num-
ber of hepatic adenomas (arrow indicates normal hepato-
cytes; H&E staining; scale bar, 100 um) (Fig. 8).

Discussion

Hepatocellular carcinoma is highly prevalent cancer.
The utility of chemotherapy, albeit a popular therapeutic
strategy after surgery for HCC, has been restricted be-
cause of its toxicity to normal tissues. Thus, the develop-
ment of novel anticancer drugs that are nontoxic to nor-
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mal tissues is important. Products from natural sources
have been used to inhibit cancer for centuries and are thus
envisioned as safer alternatives to their chemical counter-
parts [27].

The present study examined the in vivo effects of ga-
langin plus luteolin, either alone or in combination with
DOX, on HCC. The treatment of sus scrofa with 15 mg/kg
DENA weekly produces a model for hepatic angiosarcoma
that helps to discover new mechanisms of primary hepatic
angiosarcoma and encourages treatment [28]. In the pres-
ent study, liver integrity was estimated by measuring the
serum levels of ALT, ALR AST, and total bilirubin. Our analy-
ses indicated that the levels of these liver biomarkers were
elevated in the presence of HCC. Furthermore, the treat-
ment with galangin plus luteolin or with DOX alone led to
minimal improvement in these liver function biomarkers,
which however exhibited significant improvements in the
animals treated with the combination of galangin, luteo-
lin, and DOX. These results are in agreement with a previ-
ous study [29]. Serum total AFP is a commonly used sero-
logical tumour biomarker for HCC because its serum levels
are rapidly elevated in patients with HCC. However, serum
total AFP has a limited specificity and sensitivity (25-60%)
for predicting HCC [30]. Conversely, AFP-L3 has higher sen-
sitivity as a serological marker for the diagnosis of HCC.
In addition, AFP-L3 can be used in the monitoring of dis-
ease prognosis. The Food and Drug Administration has
approved the use of AFP-L3 as an early diagnostic marker
for HCC, with 10% of total AFP content as a positive crucial
value because this ratio elucidates an incidence of over
95% for HCC [31].

The results of the present experimental study revealed
that the serum AFP-L3 levels were significantly increased
in the DENA group compared with the control group, and
that the treatment with galangin plus luteolin or with
DOX alone did not lead to a significant improvement in
serum AFP-L3 levels. However, our results showing that the
combination treatment with galangin, luteolin, and DOX
significantly improved the serum AFP-L3 levels (p < 0.05)
are in agreement with a previous study, which reported
that the AFP-L3 fraction was more sensitive than AFP for
small-sized or early-stage HCC. In addition, AFP-L3 can be
detected in the serum 9-12 months before the detection
of tissue lesions by screening. Finally, AFP-L3 can be used
to determine disease prognosis [31].

We also found that the hepatic cleaved caspase-3 was
significantly increased in the DENA group (p < 0.001) com-
pared with the control group. Similarly, the caspase-3 ex-
pression was significantly increased (p < 0.001) after the
combination treatment with galangin, luteolin, and DOX.
These results are in agreement with another study which
reported that luteolin demonstrated a significant induc-
tion in caspase-3, the executioner protease of apoptosis,
in immortalized human hepatoma cell lines [32].

Furthermore, these results are in agreement with
a study which reported that combination treatment with
galangin and phytochemical agents such as berberine led
to a synergistic suppression of both growth and tumour
size in oesophageal cancer via the induction of cell cycle

arrest and apoptosis without the induction of toxicity in
vivo and in vitro [29].

Glypican 3 is a cell surface oncofoetal proteoglycan that
is anchored by glycosyl-phosphatidylinositol. Whereas
GPC3 is rich in foetal liver, its expression is barely measur-
able in adult liver [33]. In the present study, we found a sig-
nificant increase in GPC3 mRNA expression in the DENA,
DENA/galangin/luteolin, and DENA/DOX groups com-
pared with the control group. In addition, the GPC3 mRNA
expression was significantly decreased in the galangin/
luteolin /DOX group compared with the DENA, DENA/ga-
langin/luteolin, and DENA/DOX groups. These results are
in agreement with a study which reported that GPC3 was
overexpressed in HCC and that GPC3 expression level was
a promising prognostic biomarker. In addition, GPC3 may
also be a hopeful molecular target for the improvement
of innovative therapies to enhance prognosis in patients
with HCC [33]. Similarly to the

present study, a report by Min Yao et al. revealed that
the GPC3 expression exhibited a gradual increase from
non-malignant to malignant tissues, with brown gran-
ule-like staining focused in the neoplastic parts of lesions
with atypical hyperplasia and in HCC [34].

HSPs are a large family of chaperones involved in pro-
tein folding and maturation of an assortment of client pro-
teins, protecting these proteins from degradation, thermal
stress, and oxidative stress [35]. Our results showed the
increased expression of HSPs in the DENA, DENA/ga-
langin/luteolin, and DENA/DOX groups compared with the
control group. Furthermore, the expression of HSPs was
significantly decreased after the combination treatment
with galangin, luteolin, and DOX compared with the DENA
group. These results are in agreement with a study which
reported that the serum HSPs levels were markedly higher
in patients with HCC and those with other cancers com-
pared with controls. Additionally, upregulation of HSPs has
been proposed as a prognostic and diagnostic marker in
HCC [36].

In the present study, the hepatic tissue GSH and SOD
content was significantly decreased in the DENA group
(p < 0.001) compared with the control group. Further-
more, we observed significant decreases in the hepatic
tissue GSH (p < 0.001) and SOD content (p < 0.05) in the
DENA group treated with the combination of galangin, lu-
teolin, and DOX in comparison to the control group, and
a significant increase in the hepatic tissue GSH content
(p < 0.001) in comparison to the DENA and DENA/ga-
langin/luteolin groups, respectively, and a significant in-
crease in the SOD content (p < 0.001) in comparison to
DENA, DENA/galangin/luteolin, and DENA/DOXO groups,
respectively.

There was also a significant increase in the hepatic tis-
sue NO and MDA content in the DENA group (p < 0.001)
compared with the control group. Similarly, significant
increases in the hepatic tissue NO (p < 0.001) and MDA
(p < 0.05) content were detected in the DENA group treated
with galangin and luteolin in combination with DOX compared
with the control group. Additionally, significant decreases
(p < 0.001) in the hepatic tissue NO and MDA content were
observed in comparison with the DENA, DENA/galangin/
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luteolin, and DENA/DOX groups, respectively. These results
are in line with a study which reported that both oxidative
stress and free radicals are main players in cancer progres-
sion [37]. Additionally, increased generation of reactive oxy-
gen species (ROS) and reductions in the levels of antioxidant
enzymes in hepatic tissues have been reported in models of
DENA-induced HCC [38]. Similarly, our findings are in agree-
ment with a study which reported that the accumulation
of ROS was an important contributing factor for apoptosis
in many cancer cell types; the study also showed that the
treatment with galangin improved intracellular ROS gener-
ation to prevent cancer cell proliferation, whereas blocking
ROS accumulation suppressed galangin-induced apoptosis,
suggesting that galangin-induced apoptosis is regulated by
ROS. Additionally, the combination of phytochemical agents
such as galangin and berberine resulted in ROS generation
and apoptosis [29].

Our results have shown that the increase in the ani-
mal body weight was noticeably diminished in all (DENA
+ CCL4) animals during the sequence of the experiment
before starting treatment. As illustrated in Figure 9, after
treatments, the induced decreases in body weight gain
were hindered to large extent in the combination group
(DENA+DOX+L+G) and to less extent in (DENA+L+G) and
(DENA+DOX).

As shown in Figure 10, livers from the DENA group
showed abnormal morphological features with several
macroscopic tumor nodules distributed throughout the
liver with an irregular rough surface. Also, livers from rats
treated with individual DOX and L+G macroscopically
showed numerous scattered macro and micronodules of
different sizes throughout the liver. On the contrary, livers
in both the control and the combination group showed no
tumor nodules.
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The results revealed a significant increase in the num-
ber of HCC nodules in DENA, DENA+(L+G) and DENA+DOX
in comparison to control group. Combination treatment
consists of (galangin+luteolin+DOX) group showed a sig-
nificant decrease in in the number of HCC nodules com-
pared to DENA group as shown in Figure 11.

Conclusions

Both galangin and luteolin should be considered as po-
tential candidates for clinical use in HCC chemotherapy,
particularly as synergistic agents with DOX.
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