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Abstract
AIM: To investigate H2O2-induced promotion proliferation and malignant transformation in WB-F344 cells and anti-tumor effects of Ursolic acid (UA) and Oleanolic acid (OA).
METHODS: WB-F344 cells were continuously exposed to 7 x 10-7 mol/L H2O2 for 21 d. Observations of cell morphology, colony formation rates, flow cytometric analysis of cell cycle changes and aneuploidy formation indicated that H2O2 was able to induce malignant transformation of WB-F344 cells. We treated malignantly transformed WB-F344 cells with 4 μmol/l OA or 8 μmol/l UA for 72 h and analyzed the cell cycle distribution by flow cytometry.
RESULTS: MTT assay showed that 7 x 10-7 M H2O2 decreased G1 phase subpopulation from 73.8% to 49.6% compared with the control group, and increased S phase subpopulation from 14.5% to 31.8% ( P < 0.05 vs control group). Cell morphology showed that nucleus to cytoplasm ratio increased, many mitotic cells, polykaryocytes and even tumor giant cells were obversed in H2O2-induced WB-F344 cells. FACS analysis showed that WB-F344 cell aneuploidy increased to 12% following H2O2 treatment. Flow cytometry analysis of the transformed WB-F344 cells following treatment with OA (4 μmol/l), UA (8 μmol/l) showed that OA increased G1 subpopulation to 68.6%, compared to 49.7% in unexposed cells. UA increased G1 subpopulation to 67.4% compared to 49.7% in unexposed cells (P < 0.05 vs H2O2 model group).
CONCLUSION: H2O2 could cause the malignant transformation of WB-F344 cells. OA and UA can inhibit the proliferation in malignantly transformed WB-F344 cells showing their anti-tumor effects.
© 2013 Baishideng Publishing Group Co., Limited. All rights reserved.
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Core tip: It is known that H2O2 can promote tumorigenesis. Here, we used H2O2 as a premalignant and malignant lesioning agent to induce proliferation and malignant transformation in quiescent rat liver oval cell line WB-F344. Multistage carcinogenic processes provide the basis for interrupting and reversing precancerous changes; therefore, reversing precancerous changes is critical for tumor prevention and treatment. The salient and novel findings of the study are that ursolic acid (UA) and oleanolic acid (OA) induced malignantly transformed WB-F344 cell arrest in the G1 phase and apparently inhibited the proliferation of these cells. These results improve our understanding of the antitumor effects of OA and UA.
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INTRODUCTION
Hepatocarcinogenesis is a multistage developmental process that is divided into three stages: initiation, promotion and progression[1]. The initiation stage is characterized by irreversible genetic mutations. The promotion stage is characterized by a process of clonal cell hyperplasia, a process that is generally considered to be reversible and thus to be an ideal target for cancer prevention[2]. The promotion stage is also referred to as the stage of hepatic precancerous lesions, and its principle pathological feature is oval cell hyperplasia. Oval cells are involved in liver regeneration and can mobilize and differentiate into hepatocytes and bile duct cells when the liver is injured. However, changes in the liver microenvironment can lead to the malignant transformation of oval cells during the process of hyperplasia, which is involved in the initiation and promotion stages of liver cancer development[3-5]. 

Reactive oxygen species ROS induce oxidative stress, serve as a major intrinsic factor in multistage carcinogenic processes and are involved in every step of this progression. Therefore, ROS and their downstream effects may be targets for cancer prevention[6,7]. Our previous results demonstrated that ROS levels were significantly increased in aflatoxin- and diethylnitrosamine-induced rat hepatic precancerous lesions, whereas the activity of antioxidant enzymes decreased significantly[8]. To further explore the mechanism of ROS-induced hepatocellular carcinoma (HCC) development, we used 7 ( 10–7 mol/L hydrogen peroxide (H2O2) as a premalignant and malignant lesioning agent to induce proliferation and malignant transformation in quiescent rat hepatic oval cells (WB-F344 cells). In this way, a model of oval cell malignant transformation was established[9]. Multistage carcinogenic processes provide the basis for interrupting and reversing precancerous changes. Ursolic acid (UA) and its isomer oleanolic acid (OA) are triterpenoic acids that naturally coexist in many Chinese herbs, such as cornel[10], glossy privet fruit[11] and Chinese hawthorn[12]. On the basis of our previous studies, we here explored the efficacy of OA and UA in the prevention and treatment of precancerous changes. Flow cytometry analysis of cell cycle distribution revealed differences in malignantly transformed WB-F344 cells following UA and OA treatment. We observed that OA and UA can inhibit the proliferation of malignantly transformed WB-F344 cells, an effect that may explain the anti-tumor effects of UA and OA.
MATERIALS AND METHODS
Cell culture

The rat oval cell line WB-F344 (a gift from the researcher Geng-Tao Liu, China Union Medical University) was grown in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) with 100 U/ml penicillin and 100 μg/ml streptomycin and with or without 10% fetal bovine serum (FBS). The cells were maintained in the logarithmic growth phase at 37 °C in 5% CO2. The BRL rat hepatocyte cell line (purchased from Life Research Institute, Chinese Academy of Medical Sciences, Shanghai, China) was cultured in high-glucose DMEM media that was supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. These cells were maintained in the logarithmic growth phase at 37 °C in 5% CO2. The WB-F344 cells were stimulated with 7 ( 10–7 mol/L H2O2 for 12 h per day. After 21 d, these cells served as the malignant transformation model group cells (H2O2). The WB-F344 cells that were cultured in complete medium were used as one control group (con). The cells in both of these groups were cultured for western blotting and flow cytometric analyses.

Drugs and drug treatment
Oleanolic acid (OA), ursolic acid (UA) and fluorouracil (5-FU) were purchased from Sigma (St Louis, MO, United States). OA and UA were dissolved in dimethyl sulfoxide (DMSO) and added to the cultures at a final concentration of 4 μmol/l or 8 μmol/l for 24, 48, 72 or 96 h. For the control experiments, an equal volume of DMSO was added to the control group. Fluorouracil (5-FU), a positive control, was added to the cultures at a final concentration of 0.05 mmol/l for 24, 48, 72 or 96 h.

Colony forming cell assays
The model group and the control group cells were resuspended in DMEM that was mixed with methylcellulose, which consisted of 1% methylcellulose, 10% bovine serum albumin, 100 U/ml penicillin and 100 μg/ml streptomycin. Next, 500 cells were suspended in 1.0 ml and were then plated in 24-well plates and cultured for 7–10 d. The colonies were counted at 400 × magnification under a microscope.

Cell proliferation assay (MTT method)

This assay was performed as described previously[13], with slight modifications. Briefly, 24 h prior to the experiment, the WB-F344 cells and the transformed WB-F344 cells were added into 96-well dishes. The WB-F344 cells were exposed to 7 x 10-4-7 x 10-9 mol/L H2O2 for 6, 9, 12, 15, 18 h. The transformed WB-F344 cells were treated with OA at 0.5, 1, 2, 4 or 8 μmol/l or with UA at 1, 2, 4, 8 or 16 μmol/l and allowed to incubate for 24, 48, 72 or 96 h. Prior to harvesting, 20 μl of 5 mg/ml MTT [3-(4,5-dimethythiazolzyl)-2,5-diphenyl tetrazolium bromide; Sigma, St Louis, MO, United States] was added to each well. After incubating for 4 h, 0.2 ml of DMSO was added to stop the reactions. The absorbance values for each well were determined spectrophotometrically at 490 nm on a Microplate Reader (BIO-TEK, Rockville, MA, United States).

Flow cytometry (FACS)

The cell cycle analysis was performed as previously described[14]. Briefly, aliquots of cells (1.5 × 106) were pelleted (1300 rpm × 5 min at 4 °C) and were washed twice in ice-cold phosphate-buffered saline (PBS). The cells were fixed in 70% ethanol overnight at 4 °C. The cells were then washed in PBS and digested with DNase-free RNase A (10 μg/ml) at 37 °C for 30 min. Prior to FACS analysis, the cells were resuspended in 200 μl of propidium iodide (PI, 10 μg/ml; Sigma, St Louis, MO, United States) for DNA staining. A BD FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, United States) flow cytometer was used to analyze cellular DNA contents.

Statistical analysis

The experimental data are given as the means ± SD, and the SPSS 11.5 statistical package was used for data analysis. The data were compared using single factor analysis of variance (one way). P values < 0.05 were considered to be statistically significant.

RESULTS
H2O2 promoted WB-F344 cell proliferation
To estimate the effects of H2O2 on cell proliferation, WB-F344 cells were exposed to 7x10-4-7x10-9 mol/L H2O2 for 6, 9, 12, 15, 18 h, respectively. Cell proliferation was evaluated using the MTT assay. Our results showed that 7x10-7 mol/L H2O2 promoted WB-F344 cell proliferation obviously (Figure 1A), so we used 7 ( 10–7 mol/L H2O2 as a premalignant and malignant lesioning agent to induce proliferation and malignant transformation in quiescent rat hepatic oval cells. To determine whether the H2O2-induced effect on cell growth was closely related to cell cycle control, we determined the cell cycle distribution of WB-F344 cells using FACS analysis. In H2O2-exposed WB-F344 cells, the G1 phase subpopulation decreased from 73.8% to 49.6% compared with the control group, and the S phase subpopulation increased from 14.5% to 31.8% (Figure 1B and 1C). Our results indicated that H2O2 promoted WB-F344 cell proliferation, an effect that is potentially involved in the carcinogenic effects of this ROS.
H2O2 induced WB-F344 malignant transformation
Cell morphology was observed under a microscope to further investigate the H2O2-induced tumorigenicity of WB-F344 cells. The cells in the control group exhibited a regular shape and abundant cytoplasm and grew with contact inhibition. After H2O2 stimulation for 21 d, the cells became anomalous and changed in size. An increasing nucleus to cytoplasm ratio was observed (Figure 2A, green arrow indicating), as were many mitotic cells (Figure 2A, yellow arrow indicating), polykaryocytes (Figure 2A, blue arrow indicating) and even tumor giant cells (Figure 2A, red arrow indicating). Compared with normal WB-F344 cells, there was no contact inhibition between the cells, and overlapping growth was often present (Figure 2A). The cell morphology changes indicated that H2O2 had induced the malignant transformation of WB-F344 cells. Moreover, H2O2-treated WB-F344 cells formed clones in methylcellulose medium culture (Figure 2B). Our results indicate that oxidative stress plays an important role in the progression of hepatocarcinogenesis.
FACS analysis was used to examine the tumorigenicity of H2O2 in WB-F344 cells. DNA was stained with propidium iodide to analyze cellular DNA content. The population of > 4N cells represent aneuploidy cells. WB-F344 cell aneuploidy increased to 12% following H2O2 treatment (Figure 2C). Thus, H2O2 significantly induced aneuploidy in WB-F344 cells. These results suggest that H2O2 could cause the malignant transformation of WB-F344 cells.
OA and UA inhibited the proliferation of malignantly transformed WB-F344 cells but had no obvious effect in normal rat liver BRL cells
We analyzed the inhibitory effects of OA and UA on the proliferation of malignantly transformed WB-F344 cells using the MTT method. The time– and dose–effect curves revealed that 4 μmol/l OA or 8 μmol/l UA caused significant growth inhibition in malignantly transformed WB-F344 cells within 24–96 h (Figure 3A and 3B). Based upon these results, we chose 4 μmol/l OA or 8 μmol/l UA as the final concentrations and 72 h as the drug intervention time. To estimate the genotoxicity of OA and UA, the normal rat liver cell BRL line was also exposed to 4 μmol/l OA or 8 μmol/l UA for 72 h. However, no obvious inhibitory effect on the growth of BRL cells was observed (Figure 3C). To estimate the genotoxicity of OA and UA on quiescent WB-344 cells, the quiescent WB-344 cells were also exposed to 4 μmol/l OA or 8 μmol/l UA for 72 h. Also no obvious inhibitory effect on the growth of quiescent WB-344 cells was observed (Figure 3D)
OA and UA induced the arrest of malignantly transformed WB-F344 cells in the G1 phase
Using FACS analysis, we observed that treatment with 4 μmol/l OA increased the G1 subpopulation of H2O2-treated WB-F344 cells to 68.6% within 72 h, compared to 49.7% in unexposed cells (Figure 4A and 4B). In H2O2-treated WB-F344 cells, 8 μmol/l UA increased the G1 subpopulation to 67.4% at 72 h, compared to 49.7% in unexposed cells. As a positive control, 5-FU also increased the G1 subpopulation to 75.5% compared to unexposed cells (49.7%). In addition, OA, UA and 5-FU decreased the size of the G2/M phase and S phase subpopulations in transformed WB-F344 cells. These results indicate that OA and UA could inhibit DNA replication in malignant transformed WB-F344 cells, leading to cell cycle arrest in the G1 phase. 
DISCUSSION
The hypothesis that cancers arise from stem cells is currently an active research field. The main premise of this hypothesis is that cancer results from a subset of cancer stem cells that do not mature into terminally differentiated cells but instead continue to proliferate[15]. Certain cancer cells can express the same surface markers as do stem cells, providing support for this theory[16,17]. Stem cell differentiation is affected by microenvironment changes in tissues and organs. When the stem cell microenvironment changes, it is possible for stem cells to malignantly differentiate, providing a certain degree of evidence that these cells are involved in tumorigenesis[18,19]. Many studies have demonstrated that oxidative stress produces excess ROS, which can be involved in various stages of tumor development[20]. ROS, as an important microenvironment factor, can play important roles in stem cell differentiation. Oval cells are hepatic stem cells with a distinct phenotype and have been demonstrated to be a bipotential progenitor of epithelial cells that are found in the liver, namely, hepatocytes and bile duct cells[21]. In the present study, we used a low dose of H2O2 to continuously stimulate WB-F344 cells (an in vitro model of liver oval cells) to explore the effects of oxidative stress on the malignant transformation of oval cells.
The MTT colorimetric experiments led us to select the concentration of 7 × 10–7 mol/L H2O2 to stimulate WB-F344 cells. This concentration, when applied to WB-F344 cells for 12 h per day for 21 d, clearly stimulated proliferation. Specifically, the treated cells exhibited characteristics of transformed cells, e.g., mitotic activity, a loss of contact inhibition, and multinucleation, with tumor giant cells also being observed. The H2O2-treated cells were able to form colonies that cultured in methylcellulose semi-solid medium, indicating that the anchorage dependence of cells was lost following H2O2 stimulation, an event that is an important feature of transformed cells[22]. It has been reported that cancer is a disease that is caused by a cell cycle disorder[23,24]. Mutations can be clonally amplified in the promotion, or precancerous lesion stage; therefore, cancer cells exhibit active proliferation and an increase in the S phase fraction[25]. Our results demonstrated that continuous stimulation of WB-F344 cells with H2O2 significantly increased the S phase fraction and the number of aneuploid cells. Increased aneuploidy is an important feature of tumor cells[26]. Flow cytometric analysis indicated that the proportion of hypotetraploid cells may have increased, but specific karyotype changes require further confirmation. The important features that were observed in the malignant transformed cells provide strong evidence that the continuous stimulation of liver oval cells with H2O2 causes these cells to transform. Thus, a malignant transformation model was successfully created; however, the behavior of the transformed cells should be further confirmed by experiments in nude mice.

The prevention and treatment of liver cancer has been receiving a great deal of attention. Traditional Chinese medicines (TCMs), with their low toxicity and many targets, have huge advantages as potential treatments[27,28]. However, the pharmacological effects of TCM are complex. To further explore the mechanism of tumor suppression in TCM, the purification of the active ingredients and their use in research has become a popular area of research. Ursolic acid (UA) and its isomer oleanolic acid (OA) are triterpenoic acids that coexist in many Chinese herbs. There are multiple uses in TCM of herbs that contain UA and OA. To further examine the role of OA and UA in hepatic precancerous lesions, we designed experiments to investigate the abnormal proliferation of oval cells in hepatic precancerous lesions. 

Cell cycle checkpoint disorders are closely related to the development of tumors. Once the function of the cell cycle monitoring point is weakened, mutant genes can accumulate (i.e., the accumulation of genetic instability). Additionally, the accumulation of mutant genes can destroy the normal progress of the cell cycle, resulting in a vicious cycle. Thus, genetically modified tumor cells are not like normal cells, which are controlled by all cell cycle checkpoints, but instead exhibit uncontrolled growth[29]. One mechanism of anticancer drugs is to control the growth of tumor cells. The present study demonstrated that the cell cycle distribution changed in malignantly transformed WB-F344 cells following UA and OA treatment. The S phase fraction was significantly reduced compared with the control group, and the proportion of cells in G1 phase was significantly increased, indicating that an inhibition of cell proliferation may be involved in the anti-tumor effects of UA and OA.

COMMENTS

Background

Hepatocarcinogenesis is a multistage developmental process that is divided into three stages: initiation, promotion and progression. The promotion stage is also referred to as the stage of hepatic precancerous lesions, and its principle pathological feature is oval cell hyperplasia. However, changes in the liver microenvironment can lead to the malignant transformation of oval cells during the process of hyperplasia, which is involved in the initiation and promotion stages of liver cancer development.

Research frontiers

Oleanolic acid (OA) and ursolic acid (UA) naturally coexist in many plants and herbs and have been reported to possess hepatoprotective effect and anticancer activities. Based on a large number of chemical and pharmacological research studies, numerous bioactive compounds have been found in Chinese medicinal plants for prevention and treatment of tumor. OA and UA as monomer drugs show potential prevention and anti-tumor properties in our experiment.

Innovations and breakthroughs  

It is known that H2O2 can promote tumorigenesis. Here, the authors used H2O2 as a premalignant and malignant lesioning agent to induce proliferation and malignant transformation in quiescent WB-F344 cells. Multistage carcinogenic processes provide the basis for interrupting and reversing precancerous changes; therefore, reversing precancerous changes is critical for tumor prevention and treatment. The salient and novel findings of the study are that OA and UA induced malignantly transformed WB-F344 cell arrest in the G1 phase and apparently inhibited the proliferation of these cells. These results improve our understanding of the antitumor effects of OA and UA. 
Applications
Hepatocellular carcinoma is one of the most prevalent human malignancies. The prevention and treatment of liver cancer has been receiving a great deal of attention. Traditional Chinese medicines (TCMs), with their low toxicity and many targets, have huge advantages. The separation and extraction of effective monomer from TCM is an important direction of anti-tumor drug discovery currently. OA and UA as monomer drugs show potential prevention and anti-tumor properties in hepatocarcinogenesis.
Terminology

Premalignant lesion is a morphologically altered tissue or cells in which cancer is more likely to occur than its apparently normal counterpart. Malignant lesion is a state in which cancer has occurred.

Peer review

The authors induced malignant transformation into rat hepatic oval cells WB-F344 by low dose H2O2 treatment and evaluated the effects of OA and UA. Overall the data is convincing. The manuscript by Han et al. describes the effect of the phytochemicals OA and UA on the malignant phenotype of tumor cells. The authors analyzed cell morphology and colony formation rates. The data presented in this manuscript is with great interest.
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Figure 1 H2O2 promoted WB-F344 cell proliferation. A: The effect of H2O2 on cell proliferation. WB-F344 cells were exposed to 7 x 10-4-7 x 10-9 M H2O2 for 6, 9, 12, 15, 18 h. Cell proliferation was evaluated using the MTT assay (see materials and methods). The data represent the means ± SD derived from three independent experiments; B: Flow cytometric analyses of the cell cycle in H2O2-treated WB-F344 cells. The cells in the control and the H2O2 groups were stained with 10 μg/ml propidium iodide, and the DNA content was analyzed as described in the materials and methods; C: Histograms indicating the percentages of WB-F344 cells in the control and H2O2 exposure groups in the G1, G2/M and S phases. The data represent the means ± SD derived from three independent experiments. aP﹤0.05 vs control group.
Figure 2 H2O2 induced WB-F344 malignant transformation. A: The morphology of H2O2-treated WB-F344 cells. The cells were cultured in complete medium (con) or treated with 7 ( 10–7 mol/L H2O2 12 h per day for 21 d. Cell morphology was observed under a microscope (400 ×); B: The tumorigenicity of transformed WB-F344 cells as determined using the methylcellulose culture assay. Cell colony formation was observed under a microscope (400 ×); C: H2O2 increased WB-F344 cell aneuploidy. The cells were cultured in complete medium (con) or treated with 7 ( 10–7 mol/L H2O2 12 h per day for 21 d and harvested for flow cytometry. DNA was stained with propidium iodide (10 μg/ml), and a BD FACSCalibur was used to analyze cellular DNA content. The population of > 4N cells represent aneuploidy cells. Histograms indicating the aneuploidy cells among the control cells and the H2O2-treated cells. The data represent the means ± SD derived from three independent experiments.
Figure 3 The effect of oleanolic acid and ursolic acid on cell proliferation. A, B: The inhibitory effect of oleanolic acid (OA) and ursolic acid (UA) on H2O2-induced cell proliferation. Cell proliferation was evaluated using the MTT assay (see materials and methods). The data represent the means ± SD derived from three independent experiments; C: The effects of OA and UA on quiescent BRL rat liver epithelial cell proliferation. BRL cells were exposed to 4 μmol/l OA or 8 μmol/l UA for 72 h. Cell proliferation was evaluated using the MTT assay. The data represent the means ± SD derived from three independent experiments; D: The effects of OA and UA on quiescent WB-344 cells proliferation. WB-344 cells were exposed to 4 μmol/l OA or 8 μmol/l UA for 72 h. Cell proliferation was evaluated using the MTT assay. The data represent the means ± SD derived from three independent experiments.
Figure 4 The inhibitory growth effects of oleanolic acid and ursolic acid on H2O2-treated WB-F344 cells. A: Flow cytometry analyses of the cell cycle of H2O2-treated WB-F344 cells following treatment with oleanolic acid (OA) (4 μmol/l), ursolic acid (UA) (8 μmol/l) or 5-FU (0.05 mmol/l, positive control). After 72 h, the cells were harvested and stained with 10 μg/ml PI, and the DNA content was analyzed, as described in the materials and methods; B: Cell cycle quantitative analysis. Histograms indicating the fraction of H2O2-treated WB-F344 cells and those that were treated with OA, UA or 5-FU in the G1, G2/M and S phases. The data represent the means ± SD derived from three independent experiments. aP﹤0.05 vs H2O2 model group.
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