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Abstract. Liver cancer ranks as the second leading cause 
of cancer‑associated mortality worldwide. To date, neither 
current ablation therapy nor chemotherapy are considered 
ideal in improving the outcome of liver cancer. Therefore, 
more effective therapies for treating this devastating disease 
are urgently required. Interventional therapy has been used for 
numerous years in the treatment of different types of cancer, 
and is characterized by the direct delivery of anticancer drugs 
into the tumor. It has been reported that antimalarial chloro‑
quine diphosphate (CQ) exerts effective anticancer activity 
against several types of cancer. However, its effect on liver 
cancer remains unclear. Therefore, in the present study, 2D 
monolayer cell culture and 3D spheroid in vitro models, and 
a rat model, were utilized to investigate the effect of CQ on 
liver cancer. CQ demonstrated an effective anticancer effect 
on HepG2 cells and 3D liver spheroids. Furthermore, the drug 
significantly inhibited cell growth and viability in the 2D and 
3D in vitro models. The CQ‑based intervention treatment 
effectively attenuated tumor size and weight, increased food 
intake and consumption of drinking water, and improved body 
weight and survival rate of rats in the in vivo model. In addition, 
treatment with CQ potently increased the expression levels of 
the apoptosis‑related genes. Taken together, the findings of the 
present study may provide a novel insight into the development 
of safe and effective treatments for liver cancer.

Introduction

As one of the most severe human malignant diseases, liver 
cancer ranks as the second leading cause of cancer‑associated 
mortality worldwide (1). The annual liver cancer‑associated 
mortalities are estimated at ~700,000 worldwide (2). Liver 
cancer is often extremely heterogeneous, making the treatment 

of the disease even more difficult (2). Compared with developed 
countries, the incidence of liver cancer exhibits an increasing 
trend in developing countries (3). The morbidity rate of liver 
cancer ranks second among all cancer‑associated mortali‑
ties (4). Liver cancer is further classified into primary and 
secondary liver cancer. Primary liver cancers mainly include 
hepatocellular carcinoma (HCC), intrahepatic cholangiocar‑
cinoma (ICC), and combined HCC and ICC, while secondary 
liver cancer mainly refers to metastatic disease (5). Several 
factors have been associated with liver cancer, including viral 
infections such as hepatitis B virus and hepatitis C viruses, 
fatty liver disease, smoking, obesity, diabetes mellitus, iron 
overload, alcohol abuse and deregulation of metabolism (6). 
The early stage of liver cancer may often be asymptomatic; 
therefore, the majority of patients are diagnosed in advanced 
stages of the disease, when metastasis has already occurred, 
thus leading to a poor prognosis and a high mortality rate (7).

As a heterogeneous malignant disease, liver cancer 
is considered one of the most difficult types of cancer to 
treat (2). To date, multidisciplinary approaches are used to 
treat liver cancer based on the clinical characteristics of each 
patient, including the complex interplay of tumor stage and 
the extent of underlying liver disease, as well as the patient's 
general health (8). A variety of therapies for liver cancer have 
been developed, mainly including cytotoxic chemotherapy, 
immunotherapy (immune‑checkpoint), oncolytic virus therapy 
and novel targeted therapy (8). Other treatment strategies, 
including transarterial embolization (TAE), where embolic 
particles without chemotherapy are used, or transarterial 
chemoembolization  (TACE), where embolic particles are 
combined with chemotherapeutic drugs, have been reported to 
be effective against liver cancer via regulating arterial blood 
supply to induce tumor necrosis (1). However, neither current 
ablation therapies nor chemotherapy are ideal in improving 
the outcomes of patients with liver cancer; therefore, more 
effective therapies for treating this devastating disease are 
urgently required (9).

The intravenous administration of tumoricidal agents is 
limited due to their inability to access the entire tumor mass, 
which is mediated by the high interstitial pressure of the solid 
tumor (10). Recently, the minimally invasive interventional 
drug delivery method for treating human cancer has received 
increasing attention (11). In interventional therapy, a needle 
or catheter that enters the body through a fine skin incision 
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is guided by an imaging system (fluoroscopy) to the solid 
tumor (11). Compared with conventional therapies, in interven‑
tional therapy, the anticancer drugs are directly delivered into 
the tumor, thereby providing several advantages, including 
fewer anesthetic administrations, fewer traumas, less pain and 
shorter hospitalization time (10).

Chloroquine is a chemically synthesized compound, which has 
been widely used as an antimalarial agent for a few decades (12). 
Recently, chloroquine and its derivatives have been reported 
to exert antiviral effects against SARS‑CoV‑2 infection (13). 
In addition, chloroquine diphosphate (CQ) was used to treat 
Plasmodium falciparum parasite infections (14). Accumulating 
evidence has indicated that chloroquine and its derivatives exert 
anticancer effects. For example, Wei et al (15) demonstrated that 
CQ may suppress pancreatic cancer via modulating the autophagy 
process. Furthermore, a study revealed that CQ exerted antitumor 
effect on breast cancer in a murine model (16). Sasaki et al (17) 
demonstrated that 5‑fluorouracil combined with chloroquine 
may suppress colon cancer in a colon cancer cell line and mouse 
model. However, the effects of chloroquine and its derivatives on 
liver cancer remain to be investigated. Therefore, in the present 
study, an interventional therapy was applied to investigate the 
effects of CQ on liver cancer in C57BL/6 mice. The findings of 
the present study may provide novel insight into the development 
of novel treatment strategies against liver cancer.

Materials and methods

Chemicals and reagents. CQ was purchased from Sigma‑Aldrich; 
Merck KGaA (cat. no. 50‑63‑5). CellTiter‑Glo® Luminescent 
Cell Viability assay (cat. no. G7570) and CellTiter‑Glo® 3D 
Cell Viability assay (cat. no. G9681) were both obtained from 
Promega Corporation. The Cell Counting Kit‑8 (CCK‑8) assay 
was purchased from Beyotime Institute of Biotechnology (cat. 
no. C0037) and Dulbecco's phosphate‑buffered saline (DPBS; 
cat. no. 14190250) from Thermo Fisher Scientific, Inc. All other 
reagents used were of analytical grade.

Cell culture. Human liver cancer HepG2 cells were purchased 
from the American Type Culture Collection (HB‑8065™). 
The cells were maintained in Dulbecco's modified Eagle's 
medium (DMEM; cat. no. 11995065), supplemented with 10% 
fetal bovine serum (FBS; cat. no. 16140071) and 50 U/ml peni‑
cillin‑streptomycin (cat. no. 15070063; all Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C in a humidified atmosphere of 5% CO2. 
Upon reaching 80‑90% confluence, the cells were passaged.

3D liver spheroid culture. A 3D liver spheroid culture was 
performed and modified as previously described (18,19). In brief, 
HepG2 cells were cultured in 75 cm2 cell culture flasks, trypsin‑
ized using the TrypLE™ Express Enzyme kit (cat. no. 12605010; 
Thermo Fisher Scientific, Inc.) and pelleted by centrifugation at 
100 x g for 5 min at 4˚C. Cells were resuspended, and were then 
seeded onto a Corning Matrigel Growth Factor Reduced Basement 
Membrane Matrix (cat. no.  356231; Corning Incorporated). 
The morphology of 3D liver spheroids was observed under a 
phase‑contrast microscope (Olympus Corporation).

In vitro drug treatment assay. Subsequently, the effect of CQ on 
HepG2 cell growth and 3D spheroids was investigated. At least 

two independent experiments or four replicates were performed. 
For the HepG2 monolayer cultures, the cells (1x105 cells/well) 
were seeded onto 48 well‑plates and, upon reaching 50‑60% 
confluence, they were treated with the indicated concentrations 
of CQ (0, 1, 5, 10, 50 and 100 µM). For 3D liver spheroids, when 
3D liver spheroids were formed, they were harvested from 
Matrigel using cold PBS, followed by filtration through a 70‑µm 
cell strainer. Next, the spheroids were centrifuged at 100 x g for 
5 min at 4˚C, added into the 48‑well plates, and treated with the 
indicated concentrations of CQ (0, 1, 5, 10, 50 and 50 µM).

CCK‑8 assays. HepG2 cell viability was assessed using 
a CCK‑8 assay (cat. no.  C0037; Beyotime Institute of 
Biotechnology), according to the manufacturers' protocols. In 
brief, cells (2x103 cells/well) or 3D liver spheroids were seeded 
onto a 96‑well plate, supplemented with 100 µl culture medium 
containing the indicated concentrations of CQ and cultured for 
48 h at 37˚C in a humidified atmosphere containing 5% CO2. 
Subsequently, 10 µl CCK‑8 reagent was added into the culture 
medium and cells were incubated for an additional 2 h. The 
absorbance at 450 nm was measured using a microplate reader 
(Thermo Fisher Scientific, Inc.).

RNA extraction and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
from cells and tissues using the Beyozol total RNA extraction 
kit (cat. no. R0011; Thermo Fisher Scientific, Inc.), according to 
the manufacturers' protocol. The RNA was reverse transcribed 
into complementary DNA (cDNA) using the PrimeScript™ RT 
Master mix (cat. no. RR036A; Takara Bio, Inc.), according to the 
manufacturers' protocol. Subsequently, RT‑qPCR was performed 
using the TB Green® Fast qPCR mix (cat. no. RR036A; Takara 
Bio, Inc.) on the ABI Prism 7500 system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The pre‑denaturation and 
denaturation temperatures were set at 95˚C and that of 
annealing/extension at 60˚C. Pre‑denaturation was performed 
for 10 min, denaturation for 15 sec and annealing/extension 
for 60 sec. The number of cycles was set to 40. The relative 
expression of the target genes was analyzed using the 2‑ΔΔCq 
method (20). GAPDH was used as a housekeeping reference 
gene. All primer sequences are listed in Table I.

CellTiter‑Glo Luminescent Cell Viability assay. To measure the 
viability of cells and 3D liver spheroids, 2D and 3D CellTiter‑Glo 
Luminescent Cell Viability assays were performed. In brief, for 
HepG2 cells, cells were seeded onto a 96‑well culture plate at a 
density of 3x103 cells/100 µl and treated with different concentra‑
tions of CQ for 48 h at 37˚C in a humidified atmosphere containing 
5% CO2. For 3D liver spheroids, spheroids were isolated from the 
Matrigel, seeded onto a 100x pre‑coated Matrigel 96‑well culture 
plate at a density of ~100 spheroids/100 µl, and treated with different 
concentrations of CQ for 48 h at 37˚C in a humidified atmosphere 
containing 5% CO2. Luminescence signals were measured using 
the LMax II kit (Molecular Devices, LLC). The concentration of 
ATP was calculated based on an ATP reference calibration curve 
(cat. no. 18330019; Thermo Fisher Scientific, Inc.).

Animals, grouping and animal experiments. All animal 
experiments were performed according to the Guide for 
the Care and Use of Laboratory Animals from the National 
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Institutes of Health, and the study was approved by the 
Animal Experimentation Committee of The Fourth Hospital 
of Medical University (Shijiazhuang, China). A total of 
30 male Wistar rats (age, 6‑7 weeks old; weight, 200±20 g) 
and 3  male young Wistar rats (age, 3‑4  weeks; weight, 
100±10 g) were obtained from the Experimental Center of The 
Fourth Hospital of Medical University. All rats were housed 
in plastic cages (dimensions, 500x360x200 mm). Each cage 
held 3 rats of the same sex and all cages were placed in the 
same specific‑pathogen‑free animal room. The environment 
conditions of the animal room were strictly controlled and 
maintained at a temperature of 20.4‑23.0˚C, a relative humidity 
of 40.1‑68.9%, an air change 8‑15 times/h, a 12/12 h‑light/dark 
cycle, and ad libitum access to food. The rats were sacrificed 
using deep anesthesia with thiopental (50 mg/kg). Death was 
confirmed using cervical dislocation. HepG2 cell suspensions 
were prepared (density, 1x104 cells/ml), and three young rats 
were subcutaneously injected with 0.3 ml of the prepared cell 
suspension. Following 10 days from the injection, the tumors 
were isolated and dissected into 1.5 mm3 pieces. Subsequently, 
the dissected tissues were implanted under the capsule of the 
left liver lobe of the other 30 Wistar rats. The rats were intra‑
muscularly injected with 30,000 units long‑acting penicillin. 
The rats were maintained in a disease‑free environment, had 
ad libitum access to food and water and the litter was changed 
every other day. On the 11th day following implantation, the 
rats were divided into three groups, namely the control group 
(no treatment) and the 0.5‑ and 1.5‑mg/kg  CQ treatment 
groups. Following anesthetization, the hepatic artery of the 
animals was retrograde intubated into the gastroduodenal 
artery (Portex PE10 microcatheter; inner diameter, 0.28 mm; 
outer diameter, 0.61 mm) and the experimental groups were 
then perfused with 0.5 and 1.5 mg/kg CQ through the hepatic 
artery. Animals in the control group were perfused with 1 ml 
saline. All animals were treated daily with CQ or saline for 
9 days according to a previous study (21). At the end of the 
treatment period, animals were sacrificed, and the tumors 
were isolated, and their size was measured. The tumor volume 
was calculated as previously described (22). In brief, the tumor 
length and width were measured using a precise clipper, and 
the tumor volume was estimated using the following formula: 
V=(W2 x L)/2, where V, W and L indicate tumor volume, 
width, and length, respectively.

Flow cytometry. Cell suspensions were generated from tumor 
tissues, followed by rinsing with a total volume of 10 ml of 
PBS buffer and washing twice in 10 ml PBS buffer. Following 

the last wash step, the supernatant was discarded and the 
pellet of cells was suspended in washing buffer (PBS 5% his 
0.1% NaN3). Cells were centrifuged for 5 min at 200 x g and 
4˚C. The pellet was resuspended with 50 µl primary anti‑cyto‑
keratin 19 antibody (cat. no. ab52625; Abcam) and anti‑Sox9 
(cat. no. ab185966; Abcam) diluted 5 times in washing buffer 
and incubated overnight at 4˚C. Cells were also incubated with 
the control isotype corresponding to each primary antibody. 
Following incubation, primary antibodies were removed and 
cells were washed for three times with washing buffer. Next, 
cells were incubated with goat anti‑rabbit IgG H&L (Alexa 
Fluor® 488; cat. no. ab150077; Abcam) for 1 h at room temper‑
ature. Next, cells were analyzed by flow cytometry using a 
FACScalibur (BD Biosciences) with 488 channel. The data 
was analyzed using FlowJo software (v10; BD Biosciences).

Statistical analysis. All data are expressed as the mean ± standard 
error of the mean. Pairwise comparisons of the analytical data 
were performed using an unpaired Student's t‑test. For multiple 
comparisons, one‑way analysis of variance was performed, 
followed by Bonferroni's and Dunnett's test. P<0.05 was consid‑
ered to indicate a statistically significant difference.

Results

CQ potently inhibits the growth of HepG2 cells. To investigate 
the effect of CQ on cell growth, HepG2 cells were treated with 
different concentrations (0, 1, 5, 10, 50 and 100 µM) of CQ. 
The results demonstrated that CQ markedly attenuated the 
growth of HepG2 cells (Fig. 1A and B). To further investi‑
gate the effect of CQ on HepG2 cell viability, a CellTiter‑Glo 
Luminescent Cell Viability assay was performed. Treatment of 
cells with 1, 5, 10, 50 and 100 µM CQ significantly decreased 
the ATP concentration in HepG2 cells (Fig. 1C). Furthermore, 
the CCK‑8 assay revealed that treatment with 1, 5, 10, 50 or 
100 µM CQ significantly inhibited HepG2 viability (Fig. 1D). 
Taken together, these results indicated that CQ may potently 
inhibit the growth of HepG2 cells in vitro.

CQ potently inhibits the growth of 3D liver spheroids. It has 
been reported that the 3D structure more precisely mimics the 
in vivo physiology, compared with 2D monolayer cells (23). 
Therefore, 3D liver spheroids were cultured to investigate the 
effects of CQ on the 3D model. CQ strongly suppressed the 
growth of 3D liver spheroids (Fig. 2A and B). To further inves‑
tigate the effects of CQ on the viability of 3D liver spheroids, 
a CCK‑8 assay was performed, demonstrating that treatment 

Table I. Primers used for reverse transcription‑quantitative polymerase chain reaction.

Primer	 Primer sequences	 Tm

Caspase‑3	 Sense	 TGCTATTGTGAGGCGGTTGT	 59.96
	 Antisense	 TCACGGCCTGGGATTTCAAG	 60.32
Caspase‑9	 Sense	 AGGCCCCATATGATCGAGGA	 59.88
	 Antisense	 TCGACAACTTTGCTGCTTGC	 59.97
GAPDH	 Sense	 ATGTTGCAACCGGGAAGGAA	 60.18
	 Antisense	 GCATCACCCGGAGGAGAAAT	 59.82
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Figure 2. CQ potently inhibits the growth of 3D HepG2 spheroids. (A) Morphology of 3D liver spheroids treated with different concentrations (0, 1, 5, 10 and 
50 µM) of CQ under a light microscope. (B) The concentration of ATP in 3D liver spheroids treated with 1, 5, 10 and 50 µM CQ was measured using a CellTiter‑Glo 
Luminescent Cell Viability assay (n=10). *P<0.05, **P<0.01 and ***P<0.001 vs. the control group. (C) The viability of 3D liver spheroids treated with 1, 5, 10 and 
50 µM of CQ was evaluated using a Cell Counting kit‑8 assay (n=10). *P<0.05, **P<0.01 and ***P<0.001 vs. the control group.. CQ, chloroquine diphosphate.

Figure 1. CQ potently inhibits HepG2 cell growth. (A) Morphology of HepG2 cells treated with different concentrations (0, 1, 5, 10, 50 and 100 µM) of CQ 
under a light microscope. (B) Quantification of the number of HepG2 cells treated with different concentrations (0, 1, 5, 10, 50 and 100 µM) of CQ (n=6). 
*P<0.05, **P<0.01 and ***P<0.001 vs. the control group. (C) ATP concentration was measured in HepG2 cells treated with 1, 5, 10, 50 and 100 µM CQ using a 
CellTiter‑Glo Luminescent Cell Viability assay (n=10). ***P<0.001 and ****P<0.0001 vs. the control group. (D) Viability of HepG2 cells treated with 1, 5, 10, 50 
and 100 µM of CQ was determined using a Cell Counting kit‑8 assay (n=10). **P<0.01 and ****P<0.0001 vs. the control group. CQ, chloroquine diphosphate.
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with 1, 5, 10, 50 or 100 µM CQ significantly inhibited 3D liver 
spheroid viability (Fig. 2C). These results confirmed that CQ 
may significantly inhibit the growth of 3D liver spheroids.

CQ‑based interventional therapy attenuates tumor growth 
in vivo. Interventional therapy is considered a less invasive 
therapy approach to treat cancer, compared with conventional 
therapies. Therefore, invasive therapy was applied to investi‑
gate the effect of CQ on liver cancer. The results demonstrated 
that the two drug doses (0.5 and 1.5 mg/kg) used inhibited 
tumor size (Fig. 3A and B) and weight (Fig. 3C), compared 
with results in control rats. Subsequently, to further investigate 
the effect of CQ on the expression of liver cancer markers, 
the expression levels of the liver cancer stem cell markers, 
including keratin 19 (K19) and sox9, were determined (24). 
RT‑qPCR results revealed that CQ (1.5 mg/kg) downregulated 
the expression of K19 and sox9 (Fig. 3D and E). These findings 
were further verified using flow cytometric analysis (Fig. 3F‑I).

To monitor the growth and survival of rats that had under‑
gone interventional therapy, their body weight was recorded 
daily. Therefore, the body weight of rats treated with CQ‑based 
interventional therapy was increased, compared with that of 
the control group (Fig. 4A). Concerning the survival rate of 
rats, 7/10, 3/10 and 1/10 rats died in the control group, 0.5 
(low‑dose) and 1.5 mg/kg (high‑dose) CQ treatment groups, 
respectively (Fig. 4B). Notably, food and drinking water intake 
were increased in the CQ treatment groups, compared with the 
control group (Table II). Taken together, the aforementioned 
findings suggested that CQ‑based interventional therapy may 
effectively treat liver cancer.

CQ induces apoptosis in HepG2 cells and 3D liver spheroids. 
To reveal the mechanism underlying the effect of CQ on 
suppressing liver cancer, the expression of the apoptosis‑related 
genes, caspase‑3 and caspase‑9, in cells treated with CQ was 
determined. Therefore, treatment with 1, 10 or 50 µM CQ 

Figure 3. CQ‑based interventional therapy suppresses tumor growth in vivo. (A) Tumor images from rats treated with different doses of CQ. (B) Measurement 
of tumor size in rats treated with different concentrations of CQ (n=10). **P<0.01 vs. the control group. (C) Measurement of tumor weight in rats treated with 
different doses of CQ (n=10). **P<0.01 vs. the control group. Treatment of cells with (D) 0.5 and (E) 1.5 mg/kg CQ downregulated the expression of K19 as 
detected by reverse transcription‑quantitative polymerase chain reaction (n=3). *P<0.05. Flow cytometric analysis showing the decreased expression levels of 
(F and G) K19 (n=3) and (H and I) SOX9 (n=3) in cells treated with 1.5 mg/kg CQ. *P<0.05 vs. the control group. CQ, chloroquine diphosphate.
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notably increased the mRNA expression levels of caspase‑3 
and caspase‑9 (Fig.  5A  and  B). Consistent with previous 
results, treatment of 3D liver spheroids with 1, 10 or 50 µM CQ 
significantly upregulated the mRNA expression of caspase‑3 
and caspase‑9 (Fig. 5C and D; n=4; *P<0.05). Taken together, 
these results suggested that the anticancer effects of CQ may 
be mediated by promoting liver cancer cell apoptosis.

Discussion

As liver cancer is considered one of the most serious types of 
cancer, great efforts have been made regarding the development 
of optimal treatment approaches. CQ has been used for a few 
decades as an antimalarial drug (25). It has been recently 
reported that CQ exerts antiviral effects against COVID‑19 
infection (25). The present study demonstrated that CQ may 
significantly inhibit the growth of HepG2 cells and 2D liver 
spheroids. Furthermore, CQ‑based interventional therapy 
notably attenuated tumor growth, and increased the body 
weight and survival of Wistar rats. Notably, it was revealed that 
CQ markedly increased the expression of the apoptosis‑related 
genes, caspase‑3 and caspase‑9, indicating that the two 
molecules may underly the anticancer effects of CQ.

CQ is an old drug, which was developed in the last 
century  (26). The drug is primarily used to treat infections 
caused by Plasmodium falciparum and is orally or parenterally 
administrated at a dose of 500 mg or 10 mg/kg, respectively (26). 
However, CQ has also been widely used to treat multiple 
diseases. CQ was found to render direct antiglobulin test‑positive 
red blood cells (RBCs) free from membrane‑bound IgG and 

remove human leukocyte antigens (HLAs) from RBCs to aid 
in identifying or excluding the presence of antibodies against 
HLAs expressed on RBCs (27). In addition, treatment with 
250  mg/day CQ may prevent the exacerbation of systemic 
lupus erythematosus (28). Notably, accumulating evidence has 
indicated that CQ exerts antiviral effects against SARS‑CoV‑2 
infection. A European group reported that CQ may inhibit the 
exacerbation of pneumonia, improve pulmonary imaging find‑
ings, promote a negative conversion of the virus and shorten 
the disease course in SARS‑CoV‑2‑infected patients (13). It has 
also been reported that CQ exerts anticancer effects on several 
types of cancer. Wang et al (29) confirmed that CQ may enhance 
gefitinib‑mediated apoptosis of cutaneous squamous cell carci‑
noma cells via inducing autophagy. Additionally, Wei et al (15) 
demonstrated that CQ was involved in the suppression of 
pancreatic cancer via regulating the expression profile of circular 
RNAs, long non‑coding RNAs, microRNAs and mRNAs. 
Notably, Hu et al  (30) confirmed that chloroquine triggered 
G0/G1 cell cycle arrest and promoted DNA damage and apop‑
tosis in liver cancer cells in a dose‑ and time‑dependent manner. 
The same study revealed that chloroquine attenuated tumor 
growth in an orthotopic xenograft model of liver cancer (30). 
The present study demonstrated that CQ may suppress the 
growth and viability of liver cancer cells in 2D and 3D models 
(Figs. 1 and 2). Furthermore, it was confirmed that the drug 
enhanced the expression of apoptosis‑related genes, including 
caspase‑3 and caspase‑9 in the two models (Fig. 5). Furthermore, 
CQ has been found to exert anticancer effects against other types 
of cancer, including colon cancer (17), breast cancer (16) and lung 
cancer (31). The aforementioned reports and the present study 
suggested that CQ may serve as a broad anticancer drug.

To date, the goal remains the treatment of liver cancer patients 
using non‑surgical minimally invasive therapies. Interventional 
therapy strategies have been increasingly applied in cancer due to 
their low invasiveness and relative safety (32). Different strategies, 
including transarterial chemoembolization, radiofrequency abla‑
tion, percutaneous ethanol injection, cryoablation, laser ablation 
and upcoming promising procedures such as focused ultrasound 
and gene therapy, have been applied as interventional therapy (33). 
In the present study, interventional therapy with hepatic artery 
catheterization was utilized, which allowed the transfer of CQ 
directly to the liver tumors, thereby providing increased treatment 
efficacy. It was revealed that CQ could remarkably decrease tumor 
size and weight (Fig. 3) and increase food intake, water consump‑
tion (Table II), body weight and survival rate (Fig. 4). Therefore, 
these results indicated that the combination of intervention 
therapy with CQ may display promising effects on liver cancer in 
rats. Additionally, this treatment approach could possibly confer a 
health benefit for liver cancer patients infected with plasmodium 

Table II. Daily feed and water intake for rats in different 
groups.

Treatment	 0 mg/kg	 0.5 mg/kg	 1.5 mg/kg

Feed intake, g	 12.40±0.67	 14.90±0.64	 16.2±0.59
Drinking water, g	   5.60±0.75	   6.70±0.80	 9.90±0.85

Data are presented as the mean ± standard error of the mean.

Figure 4. CQ increases body weight and survival rate of rats treated with 
different doses of CQ. (A) Body weight of rats treated with different doses 
of CQ (n=10). *P<0.05 and **P<0.01 vs. the control group. (B) The survival 
rate of rats treated with different doses of CQ (n=10). *P<0.05 vs. the control 
group. CQ, chloroquine diphosphate.
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or SARS‑CoV‑2. Nevertheless, more efforts should be directed 
toward clarifying the effects of CQ on liver cancer in mammalian 
in vivo models and clinical practice.

Although the present study has demonstrated that CQ may 
suppress liver cancer via induction of apoptosis genes, there 
are several limitations to the present study. To begin with, it 
was confirmed that CQ increased expression of caspase‑3 and 
caspase‑9; however, apoptosis is a complicated physiological 
process, and multiple signaling pathways are involved in the 
process, including TNF signaling  (34), the intrinsic mito‑
chondrial pathway (35), the intrinsic endoplasmic reticulum 
pathway  (35) and the microRNA pathway  (36). As one of 
inhibitors of autophagy, CQ was reported to inhibit the 
growth of several tumors via mTOR‑autophagy‑induced apop‑
tosis (37,38), reactive oxygen species‑dependent apoptosis (39) 
and the mitochondrial pathway (40). Therefore, it is plausible 
that the aforementioned apoptosis pathways require further 
investigation in order to identify the inhibitory effects of CQ 
on liver cancer. Another limitation to the present study is that 
only HepG2 cells were used as a model. A more advanced 
in vitro model, named organoid, has been developed by Prof. 
Dr. Hans Clevers of the Hubrecht Institute in Netherlands (41), 
and has been used in infectious diseases  (42,43), immu‑
nity (44), nutrition (45) and cancer (46,47). Therefore, the liver 
cancer organoid may be a promising model for investigating 
the effects of CQ on liver cancer in future studies.

In conclusion, CQ demonstrated effective anticancer 
effects on HepG2 cells and 3D liver spheroids. The drug 
significantly inhibited cancer cell growth and viability in 2D 
and 3D in vitro models. Furthermore, the CQ‑based interven‑
tion therapy effectively attenuated tumor size and weight, 
increased food intake and drinking water consumption, and 
improved body weight and survival rate. In addition, treat‑
ment of cells with CQ potently upregulated the expression of 
apoptosis‑related genes. Therefore, the findings of the present 
study may provide novel insight into the development of safe 
and effective therapies for liver cancer.
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