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KEYWORDS Abstract Liver cancer, specifically hepatocellular carcinoma has been a widespread problem
Hepatocellular carcinoma; among general population. This study aims to investigate the modulating mechanism of gambo-
Phenolic acid; genic acid, a phenolic xanthonoid, in diethylnitrosamine (DEN)-induced liver cancer in rats. Male
Oxidative stress; Wistar albino rats were clustered into four groups (n = 6). Group I served as control treated with
Immunohistochemistry; normal saline. Hepatocellular carcinogenesis was induced in rats by single intraperitoneal (i.p.)
Histopathology administration of DEN in saline (200 mg/kg b.w.) for groups II and III. Group III received oral

administration of gambogenic acid (20 mg/kg b.w.) one hour post DEN administration, whereas
group IV received oral administration of gambogenic acid (20 mg/kg b.w.) alone. Rats were sacri-
ficed after 16 weeks to determine the levels of hepatic biomarkers, oxidative stress markers, hema-
tological profile and histopathological changes. Gambogenic acid significantly ameliorated the
expressions of oxidative stress markers TBARS, GSH (P < 0.05), enzymatic antioxidants GPx,
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CAT, SOD, GST (P < 0.05), apoptosis mediators (P < 0.05), and serum biomarkers for liver dam-
age and tumor formation (P < 0.05) compared with DEN-induced model group. Hepatocellular
levels of 8-OHAG were significantly diminished (P < 0.05) by gambogenic acid against the damage
incurred by DEN. Liver histopathological derangements caused by DEN were reversed by gambo-
genic acid. The results clearly impacted the effect of gambogenic acid in attenuating DEN-induced
hepatocellular carcinoma in rats mediated through NF-kf pathway and hepatocellular oxidative

damage.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Liver cancer is prevalent among large population of the world and is a
common cause of mortality. Hepatocellular carcinoma being the
prominent type of liver cancer, has a high risk of mortality and is
widely studied as to identify the possible causes and underlying mech-
anisms (Yang et al, 2019). Factors like hormone exposure, high alco-
holism, hepatitis, diethylnitrosamine (DEN), aflatoxin BI, and
haemochromatosis were detected to be the major causes for hepatocel-
lular carcinoma. DEN is a cancer causing compound that triggers the
formation of carcinogenic activity in organs, being a hepatocarcinogen
and also a substrate of hepatic cytochrome CYP2EI that incurs the
generation of intracellular reactive oxygen species (ROS) (Verma
et al., 2017). Oxidative stress due to elevated ROS levels are defined
to be a paradigm for cancer progression. Therefore, DEN is applied
as a model to induce hepatocellular carcinoma in animal studies
(Kurma et al., 2021). Patients diagnosed with hepatocellular carcinoma
have a normal survival time of <5 years as the disease normally pro-
gresses into a secondary metastasis without early detection. High
recurrence rate of hepatocellular carcinoma and progression of metas-
tasis reflects the non-curative methods of treatment given to patients
(Singh et al, 2018). Consequently, the quality of life of the patients is
conceded throughout the treatment period and the survival rate
declines. Even though chemotherapy and radiotherapy are the com-
mon methods to counter cancer progression, they are associated with
several adverse reactions that could worsen the health condition of
patients.

Considering the factors in current treatment methods of hepatocel-
lular carcinoma, an alternative treatment should be considered for the
betterment of patient’s wellbeing. Medicinal plants and herbs have
long been considered as potential remedies for cancer and numerous
compounds have been identified with anti-cancer properties in pre-
clinical studies (Lodhi et al., 2020; Sayed-Ahmed et al., 2010). Many
of the commercial anti-cancer drugs like etoposide, cisplatin, vin-
blastine, vincristine, paclitaxel, doxorubicin, irinotecan, topotecan,
were discovered and derived from medicinal plants. Plant-derived
anti-cancer compound could increase the therapeutic efficacy in mod-
ulating hepatocellular carcinoma. Garcinia hanburyi is a gamboge pro-
ducing tree, rich in cytotoxic xanthonoids used in traditional Chinese
medicine for the treatment of tape worms in humans (Li et al.,
2022). Among a few active compounds isolated from gamboge, gam-
bogenic acid has been studied and known to possess anti-cancer prop-
erties as reported to exert anti-proliferative and apoptosis in hepatoma
cells, lung cancer cells, breast cancer and colorectal cancer in animal
models (Liu et al., 2021; Wang et al., 2021; Shen et al., 2020; Huang
et al., 2019; Yu et al., 2016; He et al., 2015; Yan et al., 2011). Gambo-
genic acid was reported to have modulated the liver biotransformation
enzyme CYP2E] and has also been reported with hepato-protective
effect through regulating PI3K/Akt and NF-kB pathways (Ding
et al., 2021; Sun et al., 2018). Considering the effectiveness of gambo-
genic acid as a potent anti-cancer agent, this research was designed to
learn the effect on DEN-induced hepatocellular carcinoma in rat
model.

2. Materials and methods

2.1. Chemicals and reagents

Gambogenic acid (purity > 95 %), DEN, commercial assay
kits, xylazine, ketamine, phosphate buffer, hematoxylin, eosin,
primary and secondary antibodies were purchased from Sigma
(St Louis, US). All reagents were of analytical grade (AR) or in
the purest form.

2.2. Animals and study design

Male Wistar albino rats of 8-10 weeks (150180 g) used in this
study were acclimatized for a week under standard conditions
(25 £ 2°C; 12:12 h light/dark cycle) before the experiment with
standard feed and water ad libitum. The experimental design was
sanctioned by the Institutional Animal Ethics Committee
(IAEC) of The Third People’s Hospital of Yunnan Province
Kunming City, Yunnan Province. Briefly, 24 rats were divided
into four groups consisting six rats in each. Group I received oral
administration of normal saline (0.1 N) for 16 weeks, group I1
received a single intraperitoneal (i.p.) injection of DEN
(200 mg/kg b.w.) in buffer on the first day of experiment, group
11 was administered with a single intraperitoneal (i.p.) injection
of DEN (200 mg/kg b.w.) in buffer on the first day of experiment
followed by oral administration of gambogenic acid (20 mg/kg
b.w.) for 16 weeks, and group IV was treated with oral adminis-
tration of gambogenic acid (20 mg/kg b.w.) only for 16 weeks
following the methods of Singh et al. (2018). Body weight of rats
were monitored every day for 16 weeks. Rats were euthanized
through cervical dislocation on the last day of week 16 under
deep anesthesia with ketamine/xylazine injection. Liver tissues
were extracted, cleaned, blotted with filter paper and weighed.
Blood samples were obtained and stored for serum analysis.
Liver sections were stored in 10 % formaldehyde for histopatho-
logical investigations. Liver tissues were homogenized in phos-
phate buffer (pH 7.4) and RIPA buffer with protease inhibitor
cocktail and centrifuged at 12,000 g for 20 min to obtain super-
natants for biochemical assays. Protein concentrations in the
supernatant were estimated using BCA protein assay kit (Bey-
otime Biotechnology, China).

2.3. Serum biochemical analysis

Serum aspartate aminotransferase (AST), total bilirubin, ala-
nine aminotransferase (ALT), alkaline phosphatase (ALP),
lactate dehydrogenase (LDH) were quantified as liver damage
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markers using colorimetric assay kits (R&D Systems, Min-
neapolis, US) following the manufacturer’s guidance and
results were displayed as IU/L. Carcinoembryonic antigen
(CEA) and alpha-fetoprotein (AFP) were quantified as tumor
markers using ELISA assay kits (R&D Systems, Minneapolis,
US) following the manufacturer’s guidance and the results
were displayed as ng/mL.

2.4. Liver oxidative stress assay: TBARS and GSH

Supernatant of liver tissues were subjected to lipid peroxida-
tion and reduced glutathione (GSH) analysis following the
protocols of You et al. (2021). Thiobarbituric acid reactive
substances (TBARS) were analyzed in the supernatant to mea-
sure malondialdehyde (MDA) formation using spectropho-
tometer at 532 nm. The results were given as nmol MDA /mg
protein. Reaction of GSH with dinitrobenzoic acid (DTNB)
were assayed using spectrophotometer at 412 nm. The results
were given as nmol/mg protein.

2.5. Liver enzymatic antioxidant assays

Activities of enzymatic antioxidants in the liver supernatant
were measured following the protocols of Ma et al (2021). Glu-
tathione peroxidase (GPx), catalase (CAT), superoxide dismu-
tase (SOD), and glutathione transferase (GST) were measured
using standard colorimetric assay kits (Sigma, US) following
the methods given by manufacturer. The results were given
as U/mg protein.

2.6. Apoptosis marker analysis

Apoptosis marker proteins were examined using western blot
analysis using primary antibodies (Bax, Bcl-2; 1:500) and
HRP-conjugated secondary antibodies according to the meth-
ods described by Ding et al. [16], with GAPDH as internal
control. Enhanced chemiluminescent substrate and Image J
software (NIH, US) were used to visualize and quantify the
protein expressions.

2.7. Oxidative damage and tumor indication analysis

Liver oxidative damage were analyzed using immunohisto-
chemical analysis on deparaffinized liver tissue sections by
incubating with primary antibodies against 8-OHdG
(1:1000), p65 (1:200), p-p65 (1:200) stained with DAB (EnVi-
sion kit, Dako, Denmark) and counterstained with hema-
toxylin following the method of Xu et al. (2021).

2.8. Histopathological analysis

Liver tissues fixed in formaldehyde were dehydrated, embed-
ded in paraffin, sectioned (5 um) and stained with hematoxylin
and eosin (H&E) to be imaged under light microscope. Patho-
logical changes in liver tissues were observed and verified by
unbiased pathologist who was not aware of the experimental
groups.

2.9. Statistical analysis

The experimental results were mentioned as mean + SEM of
six animals. The statistical analysis was conducted with SPSS
21.0 software using one-way ANOVA and Tukey-Kramer
multiple comparisons analysis. Values denoting significance
were fixed at P < 0.05.

3. Results

3.1. Effects of gambogenic acid on body, liver weight and tumor

formation

Average body weight of rats that received DEN alone (group II)
was reduced (P < 0.05) compared to control group I as dis-
played in Table 1. Rats treated with gambogenic acid (groups
IIT and IV) exhibited relatively lower liver weight (P < 0.05)
against DEN-induced hepatocarcinoma. Higher liver weight
was observed in DEN treated group II, with 100 % incidence
of tumor formations compared to group I. Tumor incidence in
gambogenic acid treated group III were 33.3 % whereas gambo-
genic acid alone treated group IV did not show any signs of
tumor formation.

3.2. Effects of gambogenic acid on serum liver markers

Liver injury markers ALP, AST, ALT, LDH, total bilirubin
and tumor indicators CEA, AFP were significantly increased
(P < 0.05) in DEN alone treated group II compared to control
and gambogenic acid treated groups. Gambogenic acid signif-
icantly suppressed the liver and tumor markers as shown in
Fig. 1. Gambogenic acid alone treated group IV showed simi-
lar findings as the control group.

3.3. Gambogenic acid reverses oxidative stress

Tissue lipid peroxidation levels were high in DEN alone trea-
ted model group II (P < 0.05) indicating oxidative stress,
whereas levels of lipid peroxidation in liver tissues were
reduced by gambogenic acid (P < 0.05) treatment. Moreover,
GSH levels were strongly elevated in gambogenic acid treated
groups (P < 0.05). Antioxidant enzyme activities were
significantly suppressed (P < 0.05) in DEN only treated group
II compared to control group I. Gambogenic acid
treatment restored the activities of GPx, CAT, SOD and
GST (P < 0.05) in contrast with DEN treatment. All
results for oxidative stress related markers are shown in
Fig. 2.

3.4. Effects of gambogenic acid on apoptosis markers

The effects of gambogenic acid on apoptosis markers Bcl-2
and Bax were examined using western blot analysis.
Apoptosis formation was apparent (P < 0.05) in DEN only
treated group II as the anti-apoptotic Bcl-2 expression was
prominent whereas Bax was suppressed compared to the
control group I. Gambogenic acid reversed the effect of
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Table 1 Effect of gambogenic acid on body, liver weight and tumor formation in rats.

Groups Initial body weight (g) Final body weight (g) Liver weight (g) Tumor incidence
Control 158.3 £ 13.2 253.1 £ 2.4 10.57 £ 0.60 0

DEN 158.1 + 12.1 205.3 + 1447 14.12 + 1.56 * 13 £ 276
DEN + GA 161.6 = 11.6 246.7 £ 2.5° 11.24 = 1.12° 4+ 1.32°

GA 160.5 + 10.1 256.4 + 4.3 10.57 + 0.62° 0

Values expressed as mean = SEM (n = 6) and analyzed by one-way ANOVA followed by Tukey-Kramer multiple comparisons test. The
symbol ‘a’ represents significance (P < 0.05) as compared to the control group, whereas the symbol ‘b’ represents significance (P < 0.05) as

compared to the DEN alone treated group.
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Effect of gambogenic acid on liver and tumor biomarkers in DEN-induced rats. Values expressed as mean = SEM (n = 6) and

analyzed by one-way ANOVA followed by Tukey-Kramer multiple comparisons test. The symbol ‘a’ represents significance (P < 0.05) as
compared to the control group, whereas the symbol ‘b’ represents significance (P < 0.05) as compared to the DEN alone treated group.

DEN by reducing the anti-apoptosis incidents in hepatocel-
lular carcinoma as shown in Fig. 3. Gambogenic acid
alone treated group IV showed similar findings as control
group I.

3.5. Gambogenic acid regulates NF-kf} pathway and prevented
oxidative damage

Immunohistochemical analysis on translocation of NF-kf sub-
unit p-p65 into hepatic nuclei was clearly observed in DEN
alone treated group II as compared to control group I. The
effect of gambogenic acid treatment was prevalent when
nuclear translocation of p-p65 was significantly prevented.
Similarly, increased expression of 8-OHdG in DEN alone trea-
ted group II compared to control group I indicates the muta-

tion caused by DEN. The images are shown in Fig. 4.
Gambogenic acid prevented the oxidative damage caused by
DEN by hence the expression of 8-OHAG is relatively minimal
in group III. Expressions in gambogenic acid alone treated
group IV is comparable to control group I.

3.6. Histopathological alterations caused by DEN in rat liver

The extent of histopathological alterations caused by DEN in
rat liver is shown in Fig. 5. DEN alone treated group II exhib-
ited severe changes such as enlarged sinusoidal spaces, bal-
looning degeneration, inflammatory infiltrates, focal nodular
hyperplasia compared to the normal arrangement of hepato-
cytes in control group I. The changes were significantly
reversed by gambogenic acid compared to DEN alone treated
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Fig. 2  Effect of gambogenic acid on liver enzymes, GSH and MDA in DEN-induced rats. Values expressed as mean = SEM (n = 6) and
analyzed by one-way ANOVA followed by Tukey-Kramer multiple comparisons test. The symbol ‘a’ represents significance (P < 0.05) as
compared to the control group, whereas the symbol ‘b’ represents significance (P < 0.05) as compared to the DEN alone treated group.
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Fig. 3  Effect of gambogenic acid on apoptosis markers in DEN-
induced rats. Values expressed as mean = SEM (n = 6) and
analyzed by one-way ANOVA followed by Tukey-Kramer mul-
tiple comparisons test. The symbol ‘a’ represents significance
(P < 0.05) as compared to the control group, whereas the symbol
‘b’ represents significance (P < 0.05) as compared to the DEN
alone treated group.

group by restructuring the hepatocellular architecture. Gam-
bogenic acid alone treated group IV showed similar hepatocyte
arrangements as control group I.

4. Discussion

Past research on DEN-induced hepatocellular carcinoma indi-
cates the development of carcinogenesis were caused by ROS
formations and oxidative damage characterized with depletion
of antioxidants, diminished antioxidant enzyme activities, and
inflammation (Abdu et al., 2022). The pathogenesis of cancer

in liver tissues are associated with prevalence of oxidative
stress biomarkers in serum due to occurrence of injury at the
tissues and cells. The results of serum biomarkers represented
similar findings in this study whereby DEN administration in
rats increased the liver injury markers AST, ALT, ALP,
LDH, and total bilirubin. Similar findings were reported by
Ahmed et al. (2022) and You et al. (2021). The elevation of
serum biomarkers were significantly reduced by oral adminis-
tration of gambogenic acid as shown in the results. Gambo-
genic acid provides antioxidant defense to prevent ROS from
developing oxidative stress. Significant decrease in body weight
and increase in liver weight of rats treated with DEN were
indicating the extent of liver injury caused as these preliminary
indicators describe the prevalence of liver damage. Gambo-
genic acid reversed the effects of DEN as an elevation of the
body weight and reduced liver weight were observed, which
indicates the improvement of liver tissues. The antioxidant
enzymes are regulators of antioxidants and are responsible
for the expelling of ROS and other free radicals from cells
and tissues (Gnanaraj et al., 2016). DEN alone treated rats
exhibited increased MDA formations and reduced activities
of enzymatic antioxidants and GSH levels. Enzymatic antiox-
idants SOD, GPx, GST, CAT and non-enzymatic antioxidant
GSH were enhanced in gambogenic acid treated rats due to the
antioxidant nature of the compound. Liver tissue morphology
were protected by gambogenic acid against DEN-induced
oxidative injury as lipid peroxidation levels were markedly
reduced.

Tumor formation on liver tissues is the hallmark for DEN
triggered hepatocellular carcinoma model in animals. Tumor
occurrence were recorded heavily in DEN alone treated rat
liver and also mildly in a gambogenic acid treated rat liver.
CEA and AFP are two important biomarkers for tumor for-
mation and metastases of cancer in the organ at an early stage.
Elevated levels of these proteins indicates clear carcinogenesis
triggered by DEN. Similar results were reported by
(Gokuladhas et al., 2015) whereby DEN induced the tumor
formations and the expressions of CEA and AFP were
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Fig. 4 Effect of gambogenic acid on expressions of 8-OHdG and p-p65 in DEN-induced rats. Immunohistochemical analysis shows the
oxidative damage marker 8-OHdG and NF-kf p65 inflammatory mediator in DEN-induced liver tissues. Gambogenic acid administration
exhibits remarkable prevention of the 8-OHdG and p-p65 expressions in liver tissues. 100 x magnification.

Control
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Fig. 5 Effect of gambogenic acid on histopathological changes in
DEN-induced rats. Black arrows indicate loss of cellular bound-
aries, infiltration of inflammatory mediators, ballooning degener-
ation, and focal nodular hyperplasia in liver tissues of DEN alone

treated group and gambogenic acid treated group.
100 x magnification.
increased. Gambogenic acid administration remarkably

reduced the tumor incidences and also reduced the expressions
of CEA and AFP. This shows gambogenic acid was able to
prevent the progression of tumor as CEA levels are specific
for liver metastasis. Liver oxidative damage marker 8-OHdG
was evidenced to be elevated in DEN alone treated rats, thus
proving the hepatocellular damage linked to oxidative stress
and lipid peroxidation. Expressions of 8-OHdG resembles
the oxidative damage incurred by hepatic tissues at cell cyto-
plasm and nuclear levels. Gambogenic acid treatment was able
to minimalize the expression of 8-OHdG in the immunohisto-
chemical results as evidenced by the reduction of lipid peroxi-

dation and reversal of oxidative stress. The expression of NF-
kB p65 is an inflammatory response triggered by ROS and
DEN is well-known to induce inflammation. Translocation
of p-p65 into nucleus triggers the activation of NF-kf path-
ways which is also an underlying prognosis of hepatocellular
carcinoma (Chang et al., 2016). DEN treatment caused the
increased expressions of p-p65 in DEN alone treated rat liver
tissues, which projects the involvement of inflammatory
response in the development of hepatocellular carcinoma.
The prevention of inflammation by gambogenic acid was
clearly evidenced by the suppression of p-p65 at hepatocellular
levels.

The histopathological derangements of rat liver caused by
DEN were strongly evidenced with the biochemical findings
with the loss of cellular boundaries, infiltration of inflamma-
tory mediators, ballooning degeneration, and focal nodular
hyperplasia. The results are in accordance to previous reports
by Kurma et al. (2021) and Singh et al. (2018). Incidence of
apoptosis in cancer cells triggered by plants or plant derived
compounds are supported in recent studies as a potential
approach to inhibit the progression of the disease (Hamza
et al., 2020; Gupta & Sarwat, 2022). Apoptosis is commonly
regulated by a few pathways and one of the prominent path-
way is mTOR/PI3K/AKT. Past reports mention that the
anti-apoptosis Bcl-2 gene is overexpressed whereas expression
of pro-apoptosis Bax gene is normally decreased in numerous
cancer cells (Ahmed et al., 2022; You et al., 2021). Similar find-
ings were observed in DEN alone treated rats, where the pro-
tein expression of Bcl-2 was stronger than Bax. Gambogenic
acid reversed the protein expressions of the anti-apoptosis
and pro-apoptosis proteins thus promoting apoptosis in the
carcinogenic liver cells. Therefore, gambogenic acid could be
promoting the regulation of mTOR/PI3K/AKT, along with
the prevention of NF-kP pathway activation to suppress
inflammation and restore enzymatic and non-enzymatic
antioxidant activities in preventing ROS induced oxidative
stress.
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5. Conclusion

In conclusion, this study confirms the attenuating effect of gambogenic
acid on DEN-induced hepatocellular carcinoma in rat liver. Gambo-
genic acid remarkably inhibited oxidative stress, prevented hepatocel-
lular damage supported by histopathological changes and progression
of tumor incidences, regulated apoptosis through elevation of Bax and
suppression of Bcl-2, and inhibited inflammation through inactivation
of NF-k p65 against DEN induced hepatocellular carcinoma. Hence,
gambogenic acid can be recommended for further investigation as
potential drug candidate for the treatment of liver cancer.
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