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Abstract. Many studies have found the function of nitric 
oxide (NO) in cancer as a pro‑neoplastic vs. an anti‑neoplastic 
effector, but the role of NO in hepatocellular carcinoma (HCC) 
remains unclear. The present study aimed to investigate the 
effects of nitric oxide (NO) on the biological behavior of the 
human hepatocellular carcinoma cell line HepG2. HepG2 
cell was cultured in vitro and treated with or without sodium 
nitroprusside (SNP), a NO donor. Subsequently, we evaluated 
the effects of NO in cell proliferation, cell cycle, apoptosis, 
migration and invasion by MTT assay, flow cytometry, wound 
healing assay and Matrigel invasion assay. We demonstrate 
that NO significantly inhibited HepG2 cell proliferation by 
inducing G0/G1 phase arrest in a dose‑dependent manner. 
In addition, compared to the control group, cells treated 
with SNP showed obviously higher apoptosis ratios in a 
dose‑dependent manner. Furthermore, we revealed that NO 
effectively inhibited the ability of migration and invasion of 
HepG2 cells. Taken together, our results suggested that NO 
has an important role in the regulation of biological behavior 
in HepG2 cells and the potential for use in the prevention and 
treatment of HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most prevalent 
types of cancer worldwide, accounting for 85‑90% of primary 
liver cancers (1). In China, there were estimated to be >390,000 
new cases of HCC during 2012 and 380,000 HCC‑related 
mortalities; in the same year, HCC was the second most 
common cause of mortality from cancer worldwide, estimated 
to be responsible for ~740,000 mortalities (International 

Agency for Research on Cancer: http://www‑dep.iarc.fr/) (2). 
Hepatectomy is the most effective treatment for HCC at 
present; however, the tumor recurrence rate at 5 years after 
resection is ~70% (3,4). As the molecular mechanisms under-
lying the development and progression of HCC have not yet 
been clarified, the identification of HCC‑associated molecules 
may contribute to improvements in the prevention and treat-
ment of HCC.

The nitric oxide synthase (NOS) enzyme, which has 
neuronal (NOS‑1), inducible (NOS‑2) and endothelial 
(NOS‑3) isoforms, catalyzes the oxidation of L‑arginine to 
generate nitric oxide (NO), a highly reactive radical that exerts 
a wide range of biological activities, including smooth muscle 
relaxation, inhibition of platelet aggregation and neurotrans-
mission (5). The production of excessive quantities of NO by 
NOS‑2 has been implicated in the pathogenesis of various 
types of human malignant tumors, including breast cancer (6), 
colon cancer (7), melanoma (8) and lung cancer (9). However, 
it remains unclear whether NO functions as a pro‑neoplastic 
or anti‑neoplastic effector. Our previous study indicated that 
decreased levels of NO/NOS‑2 in liver tissues may partly 
contribute to the development and metastasis of HCC (10). In 
the present study, the human hepatocellular carcinoma cell 
line HepG2 was selected to investigate the effects of exog-
enous NO on cell proliferation, cell cycle, apoptosis, migration 
and invasion.

Materials and methods

Cell culture. The HepG2 human hepatocellular carcinoma 
cell line (American Type Culture Collection, Manassas, 
VA, USA) was cultured in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% fetal calf 
serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) and 1% penicillin/streptomycin (Wuhan Boster 
Bio‑Engineering Co., Ltd., Wuhan, China) at 37˚C in a 5% 
CO2 incubator.

Measurement of NO production. HepG2 cells were seeded in 
6‑well plates at a density of 3x104 cells/well in growth medium 
until they reached a confluence of 80% and were then exposed 
to 0, 0.5, 1.0, 1.5 or 2.0 mM sodium nitroprusside (SNP; 
Beyotime Institute of Biotechnology, Haimen, China) for 24 h. 
NO levels were determined by measuring stable NO derivatives 
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(total nitrites), in the cell culture supernatant with a commer-
cially available kit according to the manufacturer's protocol 
(Beyotime Institute of Biotechnology). Briefly, 50 µl culture 
supernatant was mixed with 100 µl Griess reagent (Beyotime 
Institute of Biotechnology, Haimen, China) in a 96‑well plate. 
The absorbance was measured using a 680 model microplate 
spectrophotometer (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA) at 540 nm, and nitrite was calculated from a standard 
curve derived from NaNO2 (0‑100 µM). Each experiment was 
performed in triplicate.

Cell viability assay. Cell viability was assessed using a 
methyl thiazolyl tetrazolium (MTT) conducted with a 
commercially available kit according to the manufacturer's 
protocol (Beyotime Institute of Biotechnology). Cells were 
seeded at a density of 5x103 cells/well in 96‑well plates in 
10% fetal calf serum‑DMEM overnight to allow attachment. 
The next day, the wells were washed 3 times with DMEM and 
the medium was changed to serum‑free DMEM. Thereafter, 
the cells were incubated in 0, 0.5, 1.0 or 1.5 mM SNP for 
24 h. Subsequently, 10 µl MTT solution (5.0 mg/ml) was 
added to each well and the plate was incubated for 4 h at 
37˚C, 5% CO2. Then, the MTT solution was removed, and 
100 µl dimethylsulfoxide was added to dissolve the colored 
formazan product. The intensity of the formazan product 
was measured at 570 nm using the microplate spectropho-
tometer (Bio‑Rad Laboratories,  Inc.). Each experiment 
was performed in triplicate. Results were reported in units 
of optical density (OD) and the relative growth rate was 
calculated using the following formula: Relative growth rate 
(%) = (ODtreatment/ODcontrol) x 100.

Cell cycle analysis. The cell cycle was analyzed with the aid 
of propidium iodide (PI) staining. HepG2 cells were seeded 
into 6‑well plates at a density of 3x105 cells/well and exposed 
to SNP at various concentrations (0, 0.5, 1.0 and 1.5 mM) 
for 24 h. They were then collected and washed with 0.01 M 
ice‑cold phosphate‑buffered saline (PBS, pH 7.4) before fixing 
with 70% ethanol at 4˚C overnight. After washing and resus-
pending the fixed cells in 100 µl PBS, they were treated with 
100 µl RNase A (DNase free, 100 µg/ml; Solarbio Science 
& Technology Co., Ltd., Beijing, China) at 37˚C for 30 min 
and stained with 400 µl PI (20 µg/ml; Beyotime Institute 
of Biotechnology) in the dark at 4˚C for 30 min. The cell 
cycle was measured using a FACScan flow cytometer (BD 
FACSCalibur; BD Biosciences, San Jose, CA, USA). Each 
experiment was performed in triplicate.

Cell apoptosis assay. The apoptotic rate of the cells 
was detected by flow cytometry after staining with an 
Annexin  V‑fluorescein isothiocyanate (FITC) Apoptosis 
Detection kit (Beyotime Institute of Biotechnology). HepG2 
cells (5x104  cells/well) were seeded into 6‑well plates 
and incubated with SNP (0, 0.5, 1.0 or 1.5 mM) for 24 h. 
Subsequently, the cells from each sample were harvested 
and washed with PBS. Staining was conducted with 195 µl 
Annexin V‑FITC binding buffer, and 5 µl Annexin V‑FITC 
in the dark at room temperature for 10 min. Each sample was 
then centrifuged at 445xg for 5 min, resuspended in 190 µl 
Annexin V‑FITC binding buffer and 10 µl PI was added. The 

samples were then analyzed using a FACScan flow cytom-
eter, with ≥10,000 events recorded for each sample. Each 
experiment was performed in triplicate.

Cell migration assay. Cell migration was determined using a 
wound healing assay. HepG2 cells were seeded at a density 
of 5x105 cells/well in 6‑well plates and incubated at 37˚C for 
24 h. After that, a linear wound was created using a standard 
1‑ml pipette tip. Cells were washed with PBS to remove cell 
debris, cultured in serum‑free DMEM medium and exposed to 
SNP (0, 0.5, 1.0 or 1.5 mM) for 24 h. The wound spaces were 
imaged under a CK31 model inverted microscope (at x100 
magnification; Olympus Corporation, Tokyo, Japan). Wound 
healing was analyzed using Image‑Pro Plus software, version 
6.0 (Media Cybernetics, Inc., Rockville, MD, USA), according 
to the following formula: Wound healing area (%) = [cell‑free 
area (0 h) ‑ cell‑free area (24 h)]/cell‑free area (0 h) x 100 (11). 
Each experiment was performed in triplicate.

Cell invasion assay. Transwell plates (24‑well insert, 8 µm 
pore size; Corning Costar; Corning Incorporated, Lowell, 
MA, USA) were used to examine the ability of cells to invade 
through a Matrigel‑coated filter following the protocol provided 
by the manufacturer. HepG2 cells were detached with trypsin 
(Wuhan Boster Bio‑Engineering Co., Ltd.) and resuspended in 
serum‑free DMEM medium. The lower chamber was filled with 
medium supplemented with 10% fetal calf serum as a chemoat-
tractant, and 1x105 cells/well in 200 µl serum‑free DMEM 
medium were then seeded on the upper side of the chamber of 
the Transwell and incubated with SNP (0, 0.5, 1.0 or 1.5 mM) 
for 24 h. Following incubation, non‑migrating cells on the upper 
chambers were removed with a cotton swab, and cells that had 
migrated to the lower side of the membrane were fixed with 
methanol and stained with 0.1% crystal violet. The membrane 
was visualized with an inverted microscope (at x200 magni-
fication; Olympus Corporation). Invading cells were scored by 
counting at ≥5 randomly selected fields per membrane, and 
expressed as the average number of cells/field of view. Each 
experiment was performed in triplicate.

Statistical analysis. All quantitative data are represented 
as mean ± standard deviation. Statistical significance was 
analyzed by one‑way analysis of variance followed by 
Newman‑Keuls test. A P‑value <0.05 was considered statisti-
cally significant. All statistical analyses were performed using 
SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA) 
and GraphPad Prism, version 5.0 (GraphPad Software Inc., 
San Diego, CA, USA).

Results

Increased NO production in SNP‑treated HepG2 cell cultures. 
As shown in Fig. 1A, HepG2 cells treated with SNP (0.5, 1.0, 
1.5 and 2.0 mM) for 24 h exhibited a significant increase in 
NO production compared with the control (P<0.05). The levels 
of NO in the control and SNP‑treated (0.5, 1.0 and 1.5 mM) 
groups were as follows: 18.17±3.40, 47.67±2.52, 75.27±4.61 
and 89.33±3.79 µmol/l, respectively (Fig. 1A). However, no 
significant difference in NO production was observed between 
the 1.5 and 2.0 mM groups (89.33±3.79 vs. 94.13±5.33 µmol/l, 
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P>0.05; Fig. 1A), indicating that the increase in NO production 
levels was not completely dependent upon SNP concentration 
in HepG2 cultures.

Effect of NO on the viability of HepG2 cells. To assess whether 
NO regulates cell viability, HepG2 cells were incubated with 
various concentrations of SNP (0, 0.5, 1.0 and 1.5 mM) for 
24 h and an MTT assay was subsequently performed. The rela-
tive growth rates consistently decreased as the concentration 
of SNP increased, as shown in Fig. 1B; for 0, 0.5, 1.0 and 
1.5 mM SNP, the relative growth rates were 98.33±2.26, 
79.50±9.04, 62.67±3.06 and 50.81±5.02%, respectively. For all 
concentrations of SNP, the difference in growth rate between 
the SNP‑treated cells and the control was significant (P<0.05; 
Fig. 1B). These data showed that NO clearly suppressed HepG2 
cell proliferation in a concentration‑dependent manner.

Effect of NO on the cell cycle of HepG2 cells. A cell cycle assay 
was conducted to further examine the effect of NO on HepG2 
cell growth. Following exposure to various concentrations of 
SNP (0, 0.5, 1.0 and 1.5 mM) for 24 h, the cell cycle was analyzed 
by flow cytometry. NO significantly increased the percentage 
of HepG2 cells in the G0/G1 phase in a concentration‑dependent 
manner; for 0, 0.5, 1.0 and 1.5 mM SNP, the percentage of cells 

in the G0/G1 phase was 38.22±1.49, 51.82±1.83, 57.55±1.58 
and 68.59±1.27%, respectively (P<0.05; Fig.  2). This was 
accompanied by a reduction in the percentage of cells in the 
G2/M phase; for 0, 0.5, 1.0 and 1.5 mM SNP, the percentage in 
the G2/M phase was 34.16±2.54, 22.04±1.78, 16.83±2.15 and 
11.47±1.20%, respectively (P<0.05; Fig. 2). The percentage 
of cells in the S phase remained unchanged following treat-
ment with low concentrations of SNP; for 0, 0.5 and 1.0 mM 
SNP, the percentage of cells in the S phase was 27.77±1.56, 
26.92±1.24 and 26.37±0.99%, respectively (P>0.05; Fig. 2). 
However, HepG2 cells treated with 1.5 mM SNP exhibited a 
marked reduction in the percentage in the S phase compared 
with the control (18.58±1.04 vs. 27.77±1.56%, P<0.05; Fig. 2). 
These results suggest that NO inhibited the proliferation of 
HepG2 cells by inducing G0/G1 phase arrest.

NO induces apoptosis of HepG2 cells. To investigate whether 
the decreased viability observed following NO treatment was 
caused by increased apoptosis, HepG2 cells were cultivated 
in the presence of SNP (0, 0.5, 1.0 and 1.5 mM) for 24 h, and 
then flow cytometric analysis was conducted to quantify the 
apoptotic HepG2 cells. Following treatment with 0, 0.5, 1.0 
and 1.5 mM SNP, the percentages of apoptotic cells were 
4.25±1.26, 14.12±2.49, 23.78±4.13 and 30.62±3.22%, respec-
tively, with significant differences in apoptosis between the 
SNP‑treated and untreated cells (P<0.05, Fig. 3). The results 
revealed that NO induced apoptosis in HepG2 cells in a 
concentration‑dependent manner.

Effect of NO on the cell migration of HepG2 cells. To explore 
whether NO affects the migration potential of HepG2 cells, 
cell migration was examined using a wound healing assay. The 
wound healing assay demonstrated that the migration ability 
of HepG2 cells incubated with SNP (0.5, 1.0 and 1.5 mM) 
for 24 h was significantly impaired compared with that of 
the negative control (0 mM; all P<0.05, Fig. 4). Following 
treatment for 24 h, the percentage of wound healing area was 
86.59±3.75% for the negative control cells, 60.06±4.32% for 
the cells treated with 0.5 mM SNP, 27.51±1.97% for the cells 
treated with 1.0 mM SNP and 14.45±2.49% for the cells treated 
with 1.5 mM SNP (Fig. 4). This indicates that the migration 
capacity of HepG2 cells was inhibited by NO.

Effect of NO on the invasion of HepG2 cells. The invasion 
ability of HepG2 cells treated with SNP (0, 0.5, 1.0 and 
1.5 mM) for 24 h was also examined using a Transwell assay. 
The numbers of invading cells in the control group and the 
SNP‑treated groups (0.5, 1.0 and 1.5 mM) were as follows: 
112.0±13.11, 80.25±8.65, 24.47±6.91 and 11.30±2.79, respec-
tively. For all concentrations of SNP, the difference in the 
number of invading cells between the SNP‑treated cells and 
the control was significant (P<0.05, Fig. 5). The results of the 
Transwell chamber assay showed that NO inhibited cell inva-
sion in a concentration‑dependent manner.

Discussion

NO is known to be involved in diverse processes in numerous 
physiological and pathophysiological conditions; previous 
studies have suggested that NO can exert a negative effect on the 

Figure 1. NO production and inhibitory effect of SNP on the viability of 
HepG2 cells. (A) NO levels in HepG2 cells following treatment with various 
SNP concentrations for 24 h. (B) HepG2 cell viability following incubation 
with different concentrations of SNP for 24 h , as detected by MTT assay. 
Data are presented as the mean ± standard deviation from three independent 
experiments. *P<0.05 vs. the un‑treated control (0 mmol/l), #P>0.05 vs. cells 
treated with 1.5 mmol/l SNP. NO, nitric oxide;.SNP, sodium nitroprusside; 
MTT, methyl thiazolyl tetrazolium.
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regulation of tumor cell behavior and an anti‑neoplastic effect 
in vivo and in vitro (10,12‑18). However, studies concerning the 
effects of NO on HCC cells are rare. In the present study, the 
effects of chemically derived NO on the biological behavior 
of the human hepatocellular carcinoma cell line HepG2 were 
investigated.

The typical characteristics of tumor cell proliferation are 
out‑of‑control cell division and excessive growth. Therefore, 
inhibiting tumor cell proliferation is an important aspect of the 
control of tumorigenesis. In the present study, the effect of NO 

on the proliferation of HepG2 cells was evaluated. As shown 
in Fig. 1B, the proliferation of HepG2 cells was significantly 
inhibited by NO, with a greater degree of suppression when 
increasing concentrations of SNP were used. This observation 
is consistent with a previous study, which demonstrated that 
NO generated by treatment with SNP inhibited the cell prolif-
eration of gastric cancer cells in a concentration‑dependent 
manner (16).

In eukaryotic cells, cell cycle checkpoints are regula-
tory pathways that control the order and timing of cell cycle 

Figure 3. SNP induced apoptosis in HepG2 cells. (A) Representative results of an apoptosis assay for HepG2 cells treated with various concentrations of 
SNP for 24 h, with assessment using Annexin V‑FITC/PI double staining. (B) Statistical analysis of the apoptosis rates in HepG2 cells treated with various 
concentrations of SNP. Data presented are the mean ± standard deviation from three independent experiments. *P<0.05 vs. the un‑treated control (0 mmol/l). 
SNP, sodium nitroprusside; FITC, fluorescein isothiocyanate; PI, propidium iodide

  A   B

Figure 2. SNP induced cell cycle arrest in HepG2 cells. (A) Representative results of cell cycle analysis for HepG2 cells treated with various concentrations of 
SNP for 24 h and assessed using PI staining. (B) Statistical analysis of the percentage of cells in the G0/G1, S and G2/M phases of the cell cycle. SNP, sodium 
nitroprusside; PI, propidium iodide.

  A   B
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transitions and ensure that critical events, such as DNA replica-
tion and chromosome segregation, are completed (19). During 
the cell cycle, the regulation of cells transformation from the 
G1 phase into the S phase is particularly important, as the 
G1‑S checkpoint allows for the replication of DNA (20). In the 
present study, cell cycle analysis revealed that in SNP‑treated 
HepG2 cells, a significant increase in the proportion of 
G0/G1 phase cells occurred, accompanied by a reduction in the 
proportion of G2/M phase cells. These data indicate that NO 
arrested HepG2 cells in the G1 phase. Sang et al observed that 
SNP‑derived NO inhibited the proliferation of gastric cancer 
cells by blocking the conversion from the G1 to the S phase, 
and the G1 arrest was mediated through the regulation of cell 
cycle‑related proteins, which was likely to be associated with 
the inactivation of Akt signaling (16). These results suggest 

that NO can regulate cell cycle transition, thereby suppressing 
cancer cell proliferation.

Apoptosis is programmed cell death that plays a major 
role during developmental processes and is circumvented 
during the malignant transformation and progression of 
tumors  (21,22). The induction of apoptosis is a common 
mechanism underlying the cytotoxic effects of anticancer 
agents, in addition to cell cycle arrest (23,24). In addition to 
cell proliferation, apoptosis in NO‑treated HepG2 cells was 
investigated in the present study. The results indicated that 
NO induced cell apoptosis in a concentration‑dependent 
manner. Previously, SNP‑derived NO has exhibited potent 
pro‑apoptotic effects on lung carcinoma cells and cutaneous 
T cell lymphoma cells (13,14). The induction of apoptosis by 
NO involves downregulation of the expression of survivin, 

Figure 4. SNP inhibited HepG2 cell migration in a wound healing assay. (A) Migration of HepG2 cells was photographed under a light microscope following 
treatment with various concentrations of SNP for 24 h. Results from a representative experiment are shown (magnification, x100). (B) Statistical analysis of 
the wound healing area in HepG2 cells treated with various concentrations of SNP. Data presented are the mean ± standard deviation from three independent 
experiments. *P<0.05 vs. the untreated control (0 mmol/l). SNP, sodium nitroprusside.

Figure 5. SNP inhibited HepG2 cell invasion in the Matrigel invasion assay. (A)  HepG2 cells were treated with various concentrations of SNP  
for 24 h and the invading cells were photographed under a light microscope. Results from a representative experiment are shown (magnification, x200). 
(B) Statistical analysis of number of invading HepG2 cells treated with various concentrations of SNP. Data presented are the mean ± standard deviation from 
three independent experiments. *P<0.05 vs. the untreated control (0 mmol/l).
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constitutive nuclear factor‑κB and B‑cell lymphoma‑extra 
large (Bcl‑xL) (13,14).

Metastasis is a typical characteristic of HCC, including 
intrahepatic metastasis and metastasis to extrahepatic 
organs (25). Tumor metastasis involves a series of interrelated 
events; cell migration and invasion are two critical steps. 
In our previous study, it was noted that the level of NO was 
higher in HCC tissues without metastasis than those with 
metastasis (10). This implied that NO could partially inhibit 
the metastatic cascade in HCC. Therefore, the effect of NO on 
the migration and invasion of HepG2 cells was examined in 
the present study using a wound healing assay and a Transwell 
invasion assay. The results showed that NO significantly inhib-
ited cell migration and invasion in a concentration‑dependent 
manner in vitro. These results were concordant with those of 
other studies, in which it was observed that NO suppressed 
migration and invasion in different tumor cell lines, and the 
anti‑metastasis effects were shown to be associated with 
the upregulation of N‑Myc downstream‑regulated gene 1 
(NDRG1), inhibition of hypoxia‑inducible factor 1 (HIF‑1) 
and impairment of mitochondria (17,26). However, this is in 
contrast to another study, which demonstrated that long‑term 
(7 or 14 day) treatment with NO significantly increased the 
migratory action of human lung cancer cells through increased 
expression of caveolin‑1 (Cav‑1) and cell division cycle 42 
(Cdc42) proteins  (27). These conflicting results could be 
explained by the observation that the final activity of NO in 
oncology is dependent upon its working microenvironment, 
including the type of cell exposed to the compound, the redox 
state of the reaction, as well as the final intracellular concen-
tration and the duration of intracellular exposure to NO (5).

In conclusion, the present study indicated that NO 
effectively suppressed proliferation, migration and invasion, 
arrested the cell cycle and induced apoptosis in HepG2 cells; 
however, the detailed mechanism underlying these effects is 
unclear. Further investigation is required to identify cellular 
targets of NO and the precise molecular mechanism of action 
underlying the effects of NO in HepG2 cells, with the aim of 
preventing and treating HCC with NO.
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