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Background: Microcystin-LR (MC-LR) and hepatitis B virus (HBV) are associated with hepatocellular carcinoma (HCC). However, 
the concentrations of MC-LR in drinking water and the synergistic effect of MC-LR and HBV on hepatocellular carcinogenesis 
through their disturbance of redox balance have not been fully elucidated.
Methods: We measured the MC-LR concentrations in 168 drinking water samples of areas with a high incidence of HCC. The 
relationships between MC-LR and both redox status and liver diseases in 177 local residents were analyzed. The hepatoma cell line 
HepG2 transfected with C-terminal truncated hepatitis B virus X gene (Ct-HBX) were treated with MC-LR. Reactive oxygen species 
(ROS), superoxide dismutase (SOD), glutathione (GSH) and malondialdehyde (MDA) were measured. Cell proliferation, migration, 
invasion, and apoptosis were assessed with cell activity assays, scratch and transwell assays, and flow cytometry, respectively. The 
mRNA and protein expression-related redox status genes were analyzed with qPCR and Western blotting.
Results: The average concentration of MC-LR in well water, river water and reservoir water were 57.55 ng/L, 76.74 ng/L and 132.86 
ng/L respectively, and the differences were statistically significant (P < 0.05). The MC-LR levels in drinking water were correlated 
with liver health status, including hepatitis, clonorchiasis, glutamic pyruvic transaminase abnormalities and hepatitis B surface antigen 
carriage (all P values < 0.05). The serum MDA increased in subjects who drank reservoir water and were infected with HBV (P < 
0.05). In the cell experiment, ROS increased when Ct-HBX-transfected HepG2 cells were treated with MC-LR, followed by a decrease 
in SOD and GSH and an increase in MDA. MC-LR combined with Ct-HBX promoted the proliferation, migration and invasion of 
HepG2 cells, upregulated the mRNA and protein expression of MAOA gene, and downregulated UCP2 and GPX1 genes.
Conclusion: MC-LR and HBV may synergistically affect redox status and play an important role in hepatocarcinoma genesis.
Keywords: hepatocellular carcinoma, microcystins-LR, hepatitis B virus X gene, redox balance

Introduction
Hepatitis B virus (HBV) infection, aflatoxin intake and microcystin-polluted drinking water have been verified the major 
three risk factors of liver cancer in high incidence areas of China since 1980s.1–3 In recent decades, through a series of 
comprehensive liver cancer preventive measures, such as vaccination against hepatitis B, elimination of aflatoxin in food 
and projects to renovate water sources, the hepatitis B surface antigen (HBsAg) carrying rate in China has decreased 
from 9.75% in 1992 to 5–6% in 2019;4,5 moreover, aflatoxin is now seldom present in food,6–8 and algal blooms in large 
lakes, such as Taihu Lake, and microcystin pollution in drinking water have also been effectively governed and 
controlled.9 As a result, the rising trend in liver cancer crude incidence in China has also been controlled and maintained 
at 26.92/100,000 in recent years, and the age-standardized incidence rate by Chinese standard population was 17.64/ 
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100,000.10 However, in the same period, the crude and age-standardized incidence rates of liver cancer in some high 
incidence areas, such as Guangxi, declined slowly and have been higher than the national average, reached to 45.61/ 
100,000 and 37.98/100,000 respectively in 2016.11 The HBsAg positive rate in local people with a high incidence of liver 
cancer was also higher than the national average, with a positive rate of 20.21% in men aged 35 to 64 years old and of 
13.18% in women aged 40 to 64 years old;12 In terms of the HBV genotype and genetic variation, the high incidence 
areas with a higher HBV infection rate dominated by HBV C genotype, while the low incidence areas were dominated by 
HBV B genotype.13,14 Moreover, Microcystins-LR (MC-LR) was detected in local water sources in the high incidence 
areas.15 However, the levels of MC-LR pollution in different drinking water sources, the synergistic effect of MC-LR and 
specific HBV infection on the pathogenesis of hepatocellular carcinoma and the mechanism involved have not been fully 
clarified.

MC-LR is toxic to liver cells and has been confirmed in many studies to promote abnormal hepatocyte proliferation, 
invasion and migration,16–19 and is also related to apoptosis and cell cycle changes.20,21 In addition, long-term exposure 
to MC-LR can induce human hepatitis and even hepatocellular carcinoma.22 However, the mechanism by which MC-LR 
is involved in the pathogenesis of hepatocellular carcinoma is still unclear. Moreover, disturbance of redox status due to 
MC-LR has recently become a concern. Several studies have shown that MC-LR can induce damage to hepatocytes by 
producing excessive reactive oxygen species (ROS), leading to oxidant/antioxidant system disorders, lipid peroxidation, 
and oxidative stress.23–25 Regarding the relationship between HBV and hepatocellular carcinoma, previous studies have 
shown that fragments of HBV DNA can be detected in 80% ~ 90% of human chromosomes in liver tissues of HBV- 
related hepatocellular carcinoma patients,26 and that more than half of the integrated fragments are the HBV X gene 
(HBX).27,28 HBX, with a full length of 465 bp, is usually integrated into human chromosomes in the form of a C-terminal 
truncation.29–31 Our previous study also revealed that 4 amino acid and 32 amino acid deletions in the C-terminus of 
HBX (HBXΔ4 and HBXΔ32) were the most common integrated fragments of the HBV genome found in Infected people 
in areas with high incidence of liver cancer. These two C-terminal truncated hepatitis B virus X (Ct-HBX) have been 
shown to play an important role in the occurrence and development of hepatocellular carcinoma.32–34 HBX can 
significantly increase the level of ROS in the liver of transgenic mice expressing HBX protein,35 leading to the loss of 
mitochondrial membrane potential, inducing mitochondrial-dependent cell death, and causing oxidative stress damage in 
hepatocytes and the occurrence of hepatitis and HCC.36–38 Therefore, the disturbance in hepatocyte redox status due to 
MC-LR and Ct-HBX may be related to the occurrence and development of hepatocellular carcinoma. However, the 
synergistic effects of MC-LR and Ct-HBX on cell ROS levels and oxidation/antioxidation systems have not been 
elucidated, and there is a need to explore whether the synergistic effects can lead to more serious cytotoxicity or 
carcinogenesis.

In this study, we first used high-performance liquid chromatography (HPLC) to investigate the level of MC-LR in the 
local water of a region with high liver cancer incidence and we analyzed the relationship of MC-LR concentrations with 
HBV infection, redox index, and liver diseases in local residents. Then, we performed a series of cell experiments in the 
hepatoma cell line HepG2 to explore the effects of MC-LR and Ct-HBX on cell redox balance, viability, invasion, 
migration and apoptosis. In addition, we examined the expression levels of 9 redox-related genes and the proteins they 
encode and conducted a preliminary analysis of the mechanism of MC-LR combined with Ct-HBX on hepatocyte 
carcinogenesis.

Materials and Methods
Water Sample Collection and Determination of MC-LR Concentration
A total of 168 water samples, including well water (n=72), river water (n=84) and reservoir water (n=12), were collected 
from sampling sites in the high liver cancer incidence area. Each bottle of water sample was 500mL. After collection, the 
water sample was stored and precipitated at 4°C for 24 h, filtered through a 0.45 μm filter membrane, extracted with 
a solid phase extraction column, and finally concentrated to 1 mL with 100% methanol, ultra-pure water and 0.05% 
trifluoroacetic acid. The concentration of MC-LR was tested by HPLC (LC-20A; Shimadzu, Kyoto, Kyoto, Prefecture, 
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Japan) according to one of our previous studies.39 The details of the water sample collection and detection methods are 
shown in Supplementary Material 1.

Investigation of Health Status in the Residents of Areas with High Liver Cancer 
Incidence
A total of 177 local residents (40~65 years old, 98 males and 79 females) were randomly selected from the three types of 
water sample sites abovementioned in the area with high incidence of liver cancer. The residents who lived around the 
same water sample collection site were all from the same village, where the living habits of the local villagers and the 
weather conditions are generally consistent, and the water samples we collected was derived from the main source of 
their daily drinking. The demographic characteristics of the subjects, the history of hepatitis and clonorchiasis, as well as 
the family history of liver cancer, were investigated by questionnaire. Blood samples were collected from the subjects, 
and serum HBsAg and glutamic pyruvic transaminase (GPT) were analyzed with an enzyme-linked immunosorbent 
assay (ELISA). The redox indexes, including superoxide dismutase (SOD), glutathione (GSH) and malondialdehyde 
(MDA), in serum were also measured with ELISA. Finally, the relationship between liver disease and drinking water was 
analyzed. The synergistic effects of drinking water and HBV infection on the serum redox index measurements of the 
residents were analyzed simultaneously.

Construction of HBX Transfection Cell Lines and MC-LR Exposure
The human hepatocellular carcinoma cell line HepG2 was purchased from Shanghai Shenggong Bioengineering Co., 
Ltd., China. The cell genetic quality identification report is detailed in Supplementary Material 2. The cells were cultured 
with Dulbecco’s modified Eagle medium (DMEM; Gibco, USA) containing 10% fetal bovine serum (FBS; Gibco, USA), 
100 μg/mL streptomycin (HyClone, USA), and 100 U/mL penicillin (HyClone, USA) in a 5% CO2 incubator at 37 °C. 
The construction of the HBXΔ32, HBXΔ4 and HBX eukaryotic expression vectors and the packaging of the virus were 
performed and confirmed by Shenggong Bioengineering Co., Ltd. (Shanghai, China). The packaged lentivirus was 
transfected into HepG2 cells, and the cell lines stably expressing the vector genes were selected and named the HBXΔ32, 
HBXΔ4 and HBX transfection groups, which were used in the follow-up cell experiments together with the negative 
control group (NC group) which represents a lentiviral vector with an empty plasmid. The HepG2 transfection map can 
be seen in Supplementary Material 3. MC-LR (purity > 95%) was purchased from Beijing Express Technology Co., Ltd., 
dissolved in DMEM to a concentration of 1 mg/mL and frozen at −20 °C for later use.

Cell Activity Assay
First, 100 μL of complete medium containing 0, 10, 20, 30, 50, or 100 μM MC-LR was added to the well plate and 
incubated with HepG2 cells in the logarithmic growth phase of the HBXΔ32, HBXΔ4, HBX and NC groups. After 12 h, 
24 h, 36 h and 48 h of culture, 10 μL of Cell-Counting Kit 8 (CCK8) solution was added to each well and the cells were 
incubated in the cell incubator for 2 h following the CCK8 manufacturer’s protocol (Dojindo, Japan). Then, the optical 
density (OD) value was tested at 450 nm by using an enzyme labeling instrument to assess the cell activity after MC-LR 
coculture.

Determination of Total Intracellular ROS Activity
HepG2 cells in the logarithmic growth phase of the HBXΔ32, HBXΔ4, HBX and NC groups were digested with trypsin 
and seeded in 96-well plates at a density of approximately 30,000 cells/100 μL/well in two replicate wells. The plates 
were wrapped with aluminum foil paper in the dark, placed in an incubator for 12 h, and then replenished with complete 
medium containing 0, 5, 10, 15, or 20 μM MC-LR. After 12 h, 24 h, 36 h and 48 h of culture, the intracellular ROS 
level was measured according to the instructions of a total intracellular ROS activity detection kit (AAT 
Bioquest, USA).
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Detection of Intracellular SOD, GSH and MDA
HepG2 cells in the logarithmic growth phase of the HBXΔ32, HBXΔ4, HBX and NC groups were digested with trypsin 
and seeded in 6-well plates at a density of 3×105 cells/mL. The cells were cultured at 37 °C for 24 h and then replenished 
with complete medium containing 0, 5, 10, 15 and 20 μM MC-LR for 12 h, 24 h, 36 h and 48 h, respectively. Then, the 
cells were treated with SOD, GSH and MDA detection kits (all purchased from Biyuntian Biological Co., Ltd.; Shanghai, 
China) according to the manufacturer’s instructions, and the supernatant was taken to determine the OD value with the 
enzyme labeling instrument to assess the levels of intracellular SOD, GSH and MDA.

Scratch Assay
HepG2 cells in the logarithmic growth phase of the HBXΔ32, HBXΔ4, HBX and NC groups were digested by using 
trypsin and were inoculated into 6-well plates. Serum-free culture medium with final concentrations of 0 μM and 20 μM 
MC-LR was added (according to the results of the above two experiments). The scratches at 0 h and after 24 h of 
incubation were imaged with a microscope (X 100 magnification, Leica DM4000B; Leica Microsystems, Wetzlar, 
Germany) to assess the cell migration distances.

Transwell Assay
Cell invasion and migration were assessed by using a transwell assay. The transwell chambers (8-μm well, Corning, NY, 
USA) were coated with or without 50 μL Matrigel (FBS-free medium diluted 1:6, Corning, NY, USA) and then dried at 
37°C for 4 h. The cells were suspended in FBS-free medium at a density of 2×105 cells/mL. Then, 100 μL of HepG2 cell 
suspension of HBXΔ32, HBXΔ4, HBX and NC groups were inoculated into the upper chamber, and 600 μL medium 
containing 20 μM MC-LR was added to the lower chamber. After 48 h of culture, the chamber was removed, and the 
upper chamber and Matrigel were wiped with cotton swabs, fixed with methanol for 20 minutes, stained with 0.1% 
crystal violet for 10 minutes, and washed twice with PBS. Images were obtained by using an optical microscope (X 200 
magnification, Olympus Corporation, Tokyo, Japan) according to the instructions of the manufacturer.

Flow Cytometry
HepG2 cells in the logarithmic growth phase of the HBXΔ32, HBXΔ4, HBX and NC groups were inoculated in 6-well 
plates after trypsin digestion. After treatment with 0 and 20 μM MC-LR for 48 h, cell apoptosis was detected by an APC- 
Annexin V and 7-AAD apoptosis detection kit (BD Bioscience, Bedford, NY, USA) according to the instructions.

Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT‒PCR)
HepG2 cells in the HBXΔ32, HBXΔ4 and HBX groups were cultured for 48 h after adding MC-LR (20 μM), and total 
RNA was extracted with a MiniBEST Universal RNA Extraction Kit (Takara, Japan). A reverse transcriptase kit (Takara, 
Kusatsu, Japan) was used to prepare cDNA, and the cDNA was used as a template to detect the mRNA expression levels 
of 9 common genes related to ROS regulation, including GSR, NQO1, MAOA, UCP2, NOS3, GPX1, SOD2, SOD1 and 
GCLC. The corresponding primers are shown in Table 1 and were synthesized by Guangzhou IGE Biotechnology Co., 
Ltd. Finally, with GAPDH as the internal control, the relative expression levels of the target gene mRNAs were 
calculated by the 2−ΔΔCT method.

Western Blot
HepG2 cells in the HBXΔ32, HBXΔ4 and HBX groups were cultured for 48 h after adding MC-LR (20 μM), and the 
total protein of the HepG2 cells was extracted with radio immunoprecipitation assay (RIPA) buffer containing 0.1% 
protease inhibitor (Solarbio, Beijing, China; Lot No. P1260). We used a preformed Biofuraw precast gel (Tianneng, 
Guangzhou, China; Lot No. 180–8001H) for Western blotting (WB), which is applicable for proteins with molecular 
weights from 10 to 180 kDa, equivalent to gel concentrations ranging from 4 to 20%. The immunoreactive bands 
were visualized using an enhanced chemiluminescence (ECL) WB detection reagent (Solarbio, Beijing, China) and 
then scanned using a Bio-Rad Universal Hood III (Bio-Rad, Hercules, CA, United States). The results were analyzed 
with ImageJ software (National Institutes of Health, USA). The relative expression of redox status-related proteins 
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MAOA, GPX1 and UCP2 was evaluated with the ratio of the target proteins’ gray value and GAPDH. The antibodies 
used in this experiment included GAPDH antibody (CST, Lot No. 2118), MAOA (Abcam, Lot No. ab126751), GPX1 
(Abcam, Lot No. ab108427) and UCP2 (Abcam, Lot No. ab97931).

Statistical Analysis
SPSS 24.0 statistical analysis software was used to process the data. The median MC-LR concentration in the water 
samples represented the level of MC-LR, which was compared by the rank-sum test in the difference groups. The chi- 
square test was used to analyze the correlation between the drinking water and the health status of the liver. Two-way 
ANOVA was used to analyze the synergistic effects of drinking water and HBV infection on the serum redox index 
measurements. The cytology experiments were repeated at least three times, and the results are shown as the mean ± 
standard deviation. The data derived from the cytology experiments were analyzed with one-way ANOVA. The 
difference was statistically significant when P < 0.05.

Results
MC-LR in Different Drinking Water Sources in Areas with High Incidence of Liver 
Cancer
The average concentrations of MC-LR in well water, river water and reservoir water were 57.55 ng/L, 76.74 ng/L and 
132.86 ng/L, respectively. The differences in MC-LR concentrations between these three kinds of drinking water were 
statistically significant (P < 0.05). The MC-LR levels of drinking water in areas with high incidence of liver cancer did 
not exceed the World Health Organization (WHO) recommended criterion (1 μg/L).

Table 1 Internal Reference and Primer Sequence of the Target Gene

Amplified Fragment/Gene Fragment Length Primer Sequence

HBXΔ4 453bp F:5’-GGTCTTTGTACTGGGAGGCT-3’
R:5’-GGATCCATCCCTAGGTAGAT-3’

HBXΔ32 369bp F:5’-GCCCAAGGTCTTACATAAGA-3’

R:5’-GGATCCATCCCTAGGTAGAT-3’
HBX 465bp F:5’-GGAGGAGATTAGGTTAAAGGT-3’

R:5’-GGATCCATCCCTAGGTAGAT-3’

GSR 111bp F:5’-CTGGAGTGCGGTGGTGCTATTTC-3’
R:5’-ATGGTGGTGCGTGCCTGTAATTC-3’

NQO1 95bp F:5’-AAGCCGCAGACCTTGTGATATTCC-3’
R:5’-CTCTCCTATGAACACTCGCTCAAACC-3’

MAOA 180bp F:5’-ATATGGAAGGGTGATTCGTCAA-3’

R:5’-GATTCAGGTTCTTGTACCCAGA-3’
UCP2 171bp F:5’-GTGGTCAAGACGAGATACATGA-3’

R:5’-CTGCTCATAGGTGACGAACATC-3’

NOS3 135bp F:5’-GATGTTACCATGGCAACCAAC-3’
R:5’-GAAAATGTCTTCGTGGTAGCG-3’

GPX1 90bp F:5’-GTTGCCTGGAACTTTGAGAAG-3’

R:5’-CTCGATGTCAATGGTCTGGAAG-3’
SOD2 134bp F:5’-CCCGACCTGCCCTACGACTAC-3’

R:5’-AACGCCTCCTGGTACTTCTCCT-3’

SOD1 226bp F:5’-ATCCTCTATCCAGAAAACACGG-3’
R:5’-GCGTTTCCTGTCTTTGTACTTT-3’

GCLC 116bp F:5’-TGTCCGAGTTCAATACAGTTGA-3’

R:5’-ACAGCCTAATCTGGGAAATGAA-3’
GAPDH 1125bp F:5’-AGAAGGCTGGGGCTCATTTG-3’

R:5’-AGGGGCCATCCACAGTCTTC-3’
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The Relationship Between Drinking Water and the Liver Health Status of Residents in 
Areas with High Incidence of Liver Cancer
As shown in Table 2, 87 (49.2%) of the 177 subjects drank water from wells, 59 (33.30%) from rivers and 31 (17.5%) 
from reservoirs. Drinking water was correlated with liver health status, including hepatitis, clonorchiasis, GPT abnorm-
alities and HBsAg carriage (all P values < 0.05). We further performed the stratified analyses by the age and gender of 
the subjects, and the results still showed the correlations of the liver diseases with three water types (Data shown in 
Supplementary Material 4). Furthermore, we explored the synergistic effects of drinking water and HBV infection on the 
serum redox index measurements, including those for SOD, GSH and MDA, and the results are shown in Table 3. The 
serum MDA increased in subjects who drank reservoir water and were infected with HBV (P < 0.05), but the difference 
in serum SOD was not statistically significant (P > 0.05). The GSH results were not analyzed in this study because the 
vast majority of subjects had serum GSH levels below the detection limit.

Effects of MC-LR and Ct-HBX on the Viability of HepG2 Cells
As shown in Figure 1, when incubated with MC-LR ≤ 20 μM from 0 h to 48 h, there was no significant difference in 
HepG2 cell viability in the HBXΔ32, HBXΔ4 and HBX group comparing with the NC group (All of P > 0.05). When 
MC-LR ≥ 30 μM, HepG2 cell viability decreased with increasing incubation time, and the declines were particularly 
significant in the HBXΔ32 and HBXΔ4 groups. These results suggested that when the intervention concentration of MC- 
LR was 20 μM or less, the HCC cell viability were not affected within 48 hours.

Table 2 The Relationship Between Drinking Water and the Liver Health Status of the Residents in Areas with 
High Incidence of Liver Cancer

Liver Health Status Well Water River Water Reservoir Water Χ2 P
n(%) n(%) n(%)

Hepatitis No 78(89.7) 24(40.7) 7(22.6) 59.810 <0.001
Yes 9(10.3) 35(59.3) 24(77.4)

Clonorchiasis No 81(93.1) 45(76.3) 12(38.7) 39.512 <0.001

Yes 6(6.9) 14(23.7) 19(61.3)
Family history of liver cancer No 76(87.4) 48(81.4) 21(67.7) 5.956 0.051

Yes 11(12.6) 11(18.6) 10(32.3)

GPT abnormal No 75(86.2) 30(50.8) 6(19.4) 49.010 <0.001
Yes 12(13.8) 29(49.2) 25(80.6)

HBsAg Negative 35(40.2) 4(6.8) 9(29.0) 19.973 <0.001

Positive 52(59.8) 55(93.2) 22(71.0)
Total – 87(49.2) 59(33.3) 31(17.5) – –

Abbreviations: GPT, glutamic pyruvic transaminase; HBsAg, hepatitis B surface antigen.

Table 3 The Synergistic Effect of Drinking Water and HBV Infection on Serum SOD(U/mL) and MDA(µM) of 
the Residents in Areas with High Incidence of Liver Cancer

Well Water River Water Reservoir Water Total HBsAg×Water

P P

SOD HBsAg − 64.65 87.61 63.64 0.294 0.117

+ 63.86 59.53 60.29

MDA HBsAg − 12.27 8.30 4.22 0.002 0.019
+ 15.40 14.50 26.45

Abbreviations: HBV, hepatitis B virus; SOD, superoxide dismutase; MDA, malondialdehyde; HBsAg, hepatitis B surface antigen. −, HBsAg 
negative; +, HBsAg positive.
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Effects of MC-LR and Ct-HBX on ROS Levels in HepG2 Cells
Figure 2 shows that the intracellular ROS levels in the HBXΔ32, HBXΔ4 and HBX groups began to increase when MC- 
LR ≥10 µM and the exposure time ≥ 12 h in a concentration-time-dependent manner and peaked at MC-LR =20 µM and 
the exposure time = 48 h, and were significantly higher than the NC group (All of P < 0.05), suggesting that the ROS 
activity in HCC cells was the highest when cocultured with 20 µM MC-LR for 48h.

Figure 1 The variation in cell viability in HepG2 cells after MC-LR exposure. There was no significant effect in the cell viability when MC-LR ≤ 20 µM and the exposure time 
≤ 48 h in the (A) HBXΔ32, (B) HBXΔ4 and (C) HBX group comparing with the NC group, while the cell viability began to decrease when MC-LR ≥ 30 µM and the time ≥ 
24 h. Data are presented as the percentage; *P < 0.05, **P < 0.01. 
Abbreviations: MC-LR, Microcystins-LR; HBXΔ32, the 32 amino acid deletions in the C-terminus of HBX; HBXΔ4, the 4 amino acid deletions in the C-terminus of HBX; 
HBX, Hepatitis B virus X gene; NC, negative control that represents a lentiviral vector with an empty plasmid.
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Synergistic Effects of MC-LR and Ct-HBX on SOD, MDA and GSH in HepG2 Cells
Figure 3A and B show that the SOD activity and GSH concentration were negatively correlated with MC-LR in 
a concentration-dependent manner and reached the lowest point when MC-LR = 20 µM, whether in the HBXΔ32, 
HBXΔ4, HBX group or NC group (All of P > 0.05); Figure 3C shows the MDA concentration was positively correlated 

Figure 2 The variation in ROS levels in HepG2 cells after MC-LR exposure. The intracellular ROS levels in the (A) HBXΔ32, (B) HBXΔ4 and (C) HBX groups began to 
increase when MC-LR ≥ 10 µM and the exposure time ≥ 12 h in a concentration-time-dependent manner and peaked at MC-LR =20 µM and the exposure time = 48 h, and 
were significantly higher than the NC group. Data are presented as the ratio; *P < 0.05, **P < 0.01. 
Abbreviations: ROS, reactive Oxygen Species; MC-LR, Microcystins-LR; HBXΔ32, the 32 amino acid deletions in the C-terminus of HBX; HBXΔ4, the 4 amino acid 
deletions in the C-terminus of HBX; HBX, Hepatitis B virus X gene; NC, negative control that represents a lentiviral vector with an empty plasmid.
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with MC-LR in a concentration-dependent manner in each group and peaked at MC-LR = 20 µM (All of P < 0.05). As 
shown in Figure 3D–F, When MC-LR = 0 µM, there were no statistically significant difference in the SOD activity, GSH 
and MDA concentration between the HBXΔ32, HBXΔ4, HBX group and NC group (All of P > 0.05); However, when 

Figure 3 Synergistic effects of MC-LR and Ct-HBX on SOD, MDA and GSH in HepG2 cells. (A) The SOD activity and (B) GSH concentration were negatively correlated 
with MC-LR whether in the HBXΔ32, HBXΔ4 and HBX group or the NC group; (C) the MDA concentration was positively correlated with MC-LR in each group. (D–F) 
When MC-LR = 0 µM, there were no statistically significant difference in the SOD activity, GSH and MDA concentration between the HBXΔ32, HBXΔ4, HBX group and 
NC group; However, when cocultured with MC-LR = 5, 10, 15 or 20 µM, the SOD and GSH in the HBXΔ32, HBXΔ4, and HBX group were significantly higher than NC 
group, and the MDA was significantly lower. Data are presented as the mean ± SD; **P < 0.01 vs 0 µM MC-LR; #P < 0.05 and ##P < 0.01 vs NC group. 
Abbreviations: MC-LR, Microcystins-LR; HBXΔ32, the 32 amino acid deletions in the C-terminus of HBX; HBXΔ4, the 4 amino acid deletions in the C-terminus of HBX; 
HBX, Hepatitis B virus X gene; Ct-HBX, C-terminal truncated hepatitis B virus X; NC, negative control that represents a lentiviral vector with an empty plasmid; SOD, 
Superoxide dismutase; GSH, Glutathione; MDA, malondialdehyde.
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cocultured with MC-LR = 5, 10, 15 or 20 µM, the SOD and GSH in the HBXΔ32, HBXΔ4, and HBX group were 
significantly higher than NC group, and the MDA was significantly lower, especially in the HBXΔ32 and HBXΔ4 group 
when MC-LR = 20 µM (All of P < 0.05). This suggested that the disturbance of the redox balance in HCC cells by Ct- 
HBX requires the existence of MC-LR.

Synergistic Effects of MC-LR and Ct-HBX on the Migration and Invasion Ability of 
HepG2 Cells
A scratch test was used to observe the effects of MC-LR and Ct-HBX on the motor ability of HepG2 cells. The results 
showed that the migration tendency of HBXΔ32, HBXΔ4 and HBX treated with MC-LR was higher than that of the NC 
group treated with MC-LR (Figure 4). The effects of MC-LR and Ct-HBX on the migration (Figure 5A) and invasion 
(Figure 5B) of HepG2 cells were observed by Transwell assay. After 48 h of treatment, the migration and invasion 
abilities of HBXΔ32, HBXΔ4 and HBX treated with MC-LR (20 μM) were significantly higher than that of the NC 
group. In addition, the number of migratory and invasive cells in the MC-LR-treated HBXΔ32, HBXΔ4 and HBX groups 
was significantly higher than that in the MC-LR-untreated group. These results confirmed that MC-LR and Ct-HBX can 
synergistically promote the migration and invasion of HepG2 cells in vitro.

Synergistic Effect of MC-LR and Ct-HBX on HepG2 Cell Apoptosis
The effect of MC-LR and Ct-HBX on the apoptosis of HepG2 cells was detected with flow cytometry. The results in 
Figure 6 showed that there was no significant difference in the apoptosis rate among the HBXΔ32, HBXΔ4, HBX and 
NC groups, whether the early nor the late apoptosis rates (P > 0.05).

The Expression of Redox Regulation Genes and Proteins in HepG2 Cells Treated with 
MC-LR and Ct-HBX
The effects of MC-LR on the expression of genes regulating redox status in the HBXΔ32, HBXΔ4 and HBX groups were 
measured with qRT‒PCR (Figure 7A). The results showed that the expression of the MAOA gene in the HBXΔ32 group 

Figure 4 Synergistic effects of MC-LR and Ct-HBX on the migration ability of HepG2 cells. A scratch test was used to observe the effects of MC-LR and Ct-HBX on the 
motor ability of HepG2 cells. Images were captured with a microscope at 100X magnification. 
Abbreviations: MC-LR, Microcystins-LR; HBXΔ32, the 32 amino acid deletions in the C-terminus of HBX; HBXΔ4, the 4 amino acid deletions in the C-terminus of HBX; 
HBX, Hepatitis B virus X gene; Ct-HBX, C-terminal truncated hepatitis B virus X; NC, negative control that represents a lentiviral vector with an empty plasmid.
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was upregulated and that the GPX1, NQO1, SOD2 and UCP2 genes were downregulated (Figure 7B). In the HBXΔ4 
group, the MAOA and GCLC genes were upregulated, and the GPX1, SOD2 and UCP2 genes were downregulated 
(Figure 7C). In the HBX group, the MAOA gene was upregulated, and the GPX1, SOD1 and UCP2 genes were 
downregulated (Figure 7D). The expression levels of the MAOA, GPX1 and UCP2 genes in HBXΔ32, HBXΔ4 and 
HBX changed consistently. In addition, the protein expression levels of MAOA, GPX1 and UCP2 in these three groups 
were measured with Western blotting. The results showed that the expression levels of these three proteins changed 
consistently with those of the genes. The expression of MAOA protein was upregulated, while the expression of GPX1 
and UCP2 protein was downregulated (Figure 8).

Discussion
By assessing the MC-LR levels in areas with high incidence of liver cancer, we found that in these areas MC-LR could 
be detected in drinking water sources, including well water, river water and reservoir water. Although the average MC- 
LR concentration did not exceed the WHO criterion of 1 μg/L, researchers have found that the serum MC-LR level in 
healthy people in areas with high incidence of liver cancer was higher than that of people in low incidence areas, which 
indicates an accumulation effect of MC-LR in the human body, and suggests that the risk of long-term exposure to low- 

Figure 5 Synergistic effects of MC-LR and Ct-HBX on the migration and invasion ability of HepG2 cells. Images were captured with a microscope at 200X magnification. The effects of 
MC-LR and Ct-HBX on (A) the migration and (B) invasion of HepG2 cells were observed by Transwell assay. Data are presented as the mean ± SD; **P < 0.01 vs 0 µM MC-LR; ##P < 0.01 
vs NC group. 
Abbreviations: MC-LR, Microcystins-LR; HBXΔ32, the 32 amino acid deletions in the C-terminus of HBX; HBXΔ4, the 4 amino acid deletions in the C-terminus of HBX; 
HBX, Hepatitis B virus X gene; Ct-HBX, C-terminal truncated hepatitis B virus X; NC, negative control that represents a lentiviral vector with an empty plasmid.
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Figure 7 The expression of redox regulation genes in HepG2 cells treated with MC-LR and Ct-HBX. The effects of MC-LR on the expression of genes regulating redox 
status were measured by qRT‒PCR. (A) The qRT‒PCR dissolution curves of 9 redox regulation genes, including GSR, NQO1, MAOA, UCP2, NOS3, GPX1, SOD2, SOD1 and 
GCLC. (B) In the HBXΔ32 group, the expression of the MAOA gene was upregulated and that the GPX1, NQO1, SOD2 and UCP2 genes were downregulated. (C) In the 
HBXΔ4 group, MAOA and GCLC genes were upregulated, and GPX1, SOD2 and UCP2 genes were downregulated. (D) In the HBX group, the MAOA gene was upregulated, and 
the GPX1, SOD1 and UCP2 genes were downregulated. ** P < 0.01. 
Abbreviations: MC-LR, Microcystins-LR; HBXΔ32, the 32 amino acid deletions in the C-terminus of HBX; HBXΔ4, the 4 amino acid deletions in the C-terminus of HBX; 
HBX, Hepatitis B virus X gene; Ct-HBX, C-terminal truncated hepatitis B virus X.

Figure 6 Synergistic effect of MC-LR and Ct-HBX on HepG2 cell apoptosis. The effect of MC-LR and Ct-HBX on the apoptosis of HepG2 cells was detected by flow 
cytometry. Data are presented as the percentage; All of P > 0.05 vs 0 µM MC-LR and NC group. 
Abbreviations: MC-LR, Microcystins-LR; HBXΔ32, the 32 amino acid deletions in the C-terminus of HBX; HBXΔ4, the 4 amino acid deletions in the C-terminus of HBX; 
HBX, Hepatitis B virus X gene; Ct-HBX, C-terminal truncated hepatitis B virus X; NC, negative control that represents a lentiviral vector with an empty plasmid.
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dose MC-LR should not be ignored.40 In this study, by investigating the health status of local residents, we also found 
that the concentration of MC-LR in drinking water was significantly related to hepatitis, clonorchiasis, GPT abnormalities 
and HBsAg carriage in the local population, suggesting that long-term low-dose MC-LR exposure combined with HBV 
infection and other liver damage factors may increase the risk of liver disease. In addition, we found that drinking high 
levels of MC-LR polluted water and infection with HBV increased the serum MDA, an index of oxidative damage of the 
cytomembrane. Considering the close relationship between these risk factors and HCC, as well as the high morbidity and 
mortality rates of liver cancer in these areas, further exploration of the synergistic effect and specific mechanism of MC- 
LR and HBV on hepatocarcinoma genesis through the regulation of redox balance was warranted.

Figure 8 The expression of redox regulation proteins in HepG2 cells treated with MC-LR and Ct-HBX. The protein expression levels of (A) MAOA, (B) GPX1 and (C) 
UCP2 were measured by Western blotting. The expression of MAOA protein was upregulated, while the expression of GPX1 and UCP2 protein was downregulated in each 
group. ** P < 0.01. 
Abbreviations: MC-LR, Microcystins-LR; HBXΔ32, the 32 amino acid deletions in the C-terminus of HBX; HBXΔ4, the 4 amino acid deletions in the C-terminus of HBX; 
HBX, Hepatitis B virus X gene; Ct-HBX, C-terminal truncated hepatitis B virus X.
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Thus, we constructed a cell model in which Ct-HBX was transfected into HepG2 cells to further explore the effects of 
HBX integration and MC-LR on cell ROS levels and the redox system, according to the common HBX integration 
fragments found in areas with high incidence of liver cancer.28,34 Given that MC-LR plays dual roles in the biology of 
redox signaling and oxidative stress—where redox signaling refers to low levels of ROS that activate signaling pathways 
to initiate biological processes, while oxidative stress denotes high levels of ROS that damage DNA, proteins or lipids41 

we needed to determine an appropriate concentration and duration of MC-LR intervention in vitro to avoid the toxic and 
lethal effects of MC-LR on cells and to ensure that the biological processes induced by MC-LR could be observed under 
the condition of cell survival. The results showed that when the intervention concentration of MC-LR was 20 μM or less, 
the cell viability of the HBXΔ32, HBXΔ4 and HBX transfection groups was not affected for 48 h, while the ROS activity 
was at its highest. This is basically consistent with the findings of other researchers.22,42 Therefore, we chose 20 μM as 
the intervention concentration of MC-LR to carry out the follow-up experiments.

In the cell experiments in this study, we detected the SOD activity and GSH and MDA levels in HepG2 cells in the 
HBXΔ32, HBXΔ4 and HBX transfection groups after treatment with MC-LR. The antioxidant enzyme SOD, as the first 
line of defense against ROS, maintains the dynamic balance between the production and clearance of ROS and protects 
cells from oxidative stress.43 MDA is the product of peroxidation of polyunsaturated fatty acids and is typically used as 
an indicator of oxidative damage to the cell membrane.44 The results of our study showed that SOD and GSH decreased 
in a concentration-dependent manner after MC-LR intervention, and that the degree of decline in the NC group was 
slower than that in the MC-LR treatment groups. These results were basically consistent with those of other studies and 
indicated that MC-LR and HBX could play a role in regulating redox status by interfering with SOD and GSH.45–47 At 
the same time, we found that the concentration of MDA began to increase in a concentration-dependent manner after 
MC-LR intervention, and that the degree of increase in the NC group was slower than that in the MC-LR treatment 
groups, indicating that MC-LR combined with Ct-HBX caused obvious oxidative damage to the HepG2 cell membrane. 
We also found that the disturbance of the redox balance in HCC cells by Ct-HBX requires the existence of MC-LR; and 
an increase in serum MDA in local residents who drank water with higher MC-LR levels and who were infected with 
HBV. These results confirmed our previous suspicion that MC-LR and Ct-HBX might induce excessive ROS and cause 
disturbance in redox status, which may be one of the major pathogenic mechanisms of hepatoma. Other studies have 
reported that MC-LR exposure can lead to the disturbance of intracellular redox status.48,49 The level of HBX protein can 
increase significantly with the accumulation of intracellular ROS, which aggravates the progression of liver disease.50

We further analyzed the effects of MC-LR and Ct-HBX on the migration and invasion ability of HepG2 cells. The 
results showed that the migration and invasion abilities of the HBXΔ32, HBXΔ4 and HBX groups treated with MC-LR 
were significantly higher than those of the control group. This finding was consistent with the results of other studies 
showing that HBX can promote the invasion and metastasis of hepatocellular carcinoma by upregulating thioredoxin 
interacting protein, which is the key medium of intracellular ROS;51 MC-LR has been shown to promote liver 
oxidative damage caused by large amounts of ROS produced in mouse liver cells23,24 and to stimulate cancer cell 
migration and invasion.52–54 The findings of these studies suggest that MC-LR and Ct-HBX may promote the migration 
and invasion of HepG2 cells through ROS. With regard to the effect of MC-LR combined with Ct-HBX on apoptosis, 
we found that there was no significant difference in apoptosis rates between the experimental group and the control 
group under the conditions of 20 μM MC-LR. However, other researchers have found that 30 μM and 50 μM MC-LR 
can significantly upregulate the exogenous apoptosis regulatory genes Fas and FasL to induce apoptosis in HepG2 
cells,22 and that the apoptosis of mouse liver cells increased significantly in response to 3.125 μg/(kg d) MC-LR 
treatment compared with mouse liver cells under negative control conditions.55 In this study, we did not observe an 
effect of MC-LR and Ct-HBX on apoptosis of hepatocellular carcinoma cells, which may be related to the fact that the 
concentration and duration of MC-LR intervention did not create conditions sufficient for reaching the level of 
apoptosis.

The common genes and proteins that regulate redox status include GSR, NQO1, MAOA, UCP2, NOS3, GPX1, SOD2, 
SOD1 and GCLC, which are directly related to ROS levels. Studies have shown that MC-LR can induce the production 
of ROS by misregulating the expression and activity of the pro-oxidants SOD1, MAOA and NOX4 and the antioxidant 
GPX1.56 In this study, to understand the relationship between ROS production and redox regulation genes, HepG2 cells 
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transfected with Ct-HBX were treated with 20 μM MC-LR for 48 h, and the mRNA expression levels of oxidative stress- 
related genes were measured. The results showed that the MAOA gene was upregulated, while the GPX1 and UCP2 
genes were downregulated. MAOA produces H2O2 in the metabolism of 5-hydroxytryptamine and catecholamine, which 
is an important source of oxidative stress.57 Therefore, the upregulation of the MAOA gene promotes the production of 
ROS. GPX1 is an antioxidant enzyme in mammals that can degrade intracellular ROS into water or alcohol with GSH or 
other related mercaptan as cofactors.58 We found that GPX1 gene downregulation may reduce the degradation of ROS, 
and that ultimately, excessive ROS accumulation leads to downstream redox biological processes or oxidative stress. 
According to the latest evidence, UCP2 is an antioxidant protein that can participate in mitochondrial uncoupling, that 
limits the formation of reactive oxygen species and that is closely related to oxidative stress.59,60 In this study, the 
expression of the UCP2 gene was downregulated, which would lead to a limiting effect on the inhibition of the 
production of ROS, resulting in an increase in the production of ROS being increased. Similar to our results, Xiong 
et al showed that ROS can regulate the activity of antioxidant enzymes and affect their transcriptional changes by 
regulating the level of mRNA, thus promoting oxidative stress in cells.61 Further detection of the protein expression level 
of related genes also revealed that the protein level of MAOA was upregulated, while the protein levels of GPX1 and 
UCP2 were downregulated. According to these results, we surmised that the upregulated expression of MAOA oxidation 
genes and the downregulated expression of GPX1 and UCP2 antioxidant genes can disturb the process of ROS 
production and degradation and can disrupt the dynamic redox balance, which might be associated with the abnormal 
proliferation of hepatocytes.

Besides MC-LR in water source and HBV infection concerned in this study, there are other risk factors are 
contributors to the development of liver cancer, including the genetics and ethnicity, age, gender, lifestyle, behavioral 
and environmental risk factors, as well as the underlying liver disease and metabolic disorders such as fatty liver disease, 
obesity and insulin resistance. Hepatocellular carcinoma-related mortality can be prevented by avoiding these risk 
factors.62,63

Conclusion
MC-LR can be detected in drinking water in areas with a high incidence of liver cancer, and it is related to the occurrence 
of liver diseases in local residents. MC-LR and Ct-HBX can synergistically induce ROS production in hepatocytes to 
cause redox disturbance and to become a potential pathogenic factor in the occurrence of hepatocellular carcinoma. 
However, there are still several limitations to this study. First, the monitoring of MC-LR in water samples has a certain 
practical significance, but we need to increase the quantity of monitoring time points and sampling sites to enable a full 
evaluation of the risk of exposure to MC-LR. Moreover, we need to develop a convenient and sensitive detection method 
to monitor the exposure level of MC-LR in vivo to evaluate the harm of MCs to the human body more intuitively. 
Because the cytological experiment in this study only used a single cell line in vitro to explore the synergistic effect of 
MC-LR and Ct-HBX from the perspective of redox status regulation, the results of this study need to be more 
comprehensively and thoroughly verified in other hepatocyte lines and in animal experiments, and the specific synergistic 
carcinogenic mechanism of MC-LR and Ct-HBX needs to be further studied.
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