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A B S T R A C T

Hepatocellular carcinoma (HCC) accounts for most of primary liver cancer, of which five-year survival rate
remains low and chemoprevention has become a strategy to reduce disease burden of HCC. We aim to explore
the in vivo chemopreventive effect of an organoselenium-containing compound butaselen (BS) against hepato-
carcinogenesis and its underlying mechanisms. Pre- and sustained BS treatment (9, 18 and 36 mg/Kg BS) could
dose-dependently inhibit chronic hepatic inflammation, fibrosis, cirrhosis and HCC on murine models with 24
weeks treatment scheme. The thioredoxin reductase (TrxR), NF-κB pathway and pro-inflammatory factors were
activated during hepatocarcinogenesis, while their expression were decreased by BS treatment. BS treatment
could also significantly reduce tumor volume in H22-bearing models and remarkably slow tumor growth. HCC
cell lines HepG2, Bel7402 and Huh7 were time- and dose-dependently inhibited by BS treatment. G2/M arrest
and apoptosis were observed in HepG2 cells after BS treatment, which were mediated by TrxR/Ref-1 and NF-κB
pathways inhibition. BS generated reactive oxygen species (ROS), which could be reduced by antioxidant N-
acetyl-L-cysteine (NAC) and NADPH oxidase inhibitor DPI. NAC could markedly increase HepG2 cells viability.
TrxR activity of HepG2 cells treated with BS were significantly decreased in parallel with proliferative inhibition.
The TrxR1-knockdown HepG2 cells also exhibited low TrxR1 activity, high ROS level, relatively low pro-
liferation rate and increased resistance to BS treatment. In conclusion, BS can prevent hepatocarcinogenesis
through inhibiting chronic inflammation, cirrhosis and tumor progression. The underlying mechanisms may
include TrxR activity inhibition, leading to ROS elevation, G2/M arrest and apoptosis.

1. Introduction

Primary liver cancer ranks the sixth most common cancer worldwide;
what is worse, it ranks as the second most common causes of cancer
death around the world [1]. 70–90% primary liver cancer is classified as
hepatocellular carcinoma (HCC). Major high-risk factors for HCC include
virus infection (HBV, HCV), aflatoxin B1 and alcohol abuse. Hepato-
carcinogenesis is closely correlated with cirrhosis, which develops after
20–40 years of chronic liver inflammation and will increase the risk of
HCC exponentially. [2]. Current therapeutic regimes includes resection,
ablation and transplantation for early stage HCC; chemoembolization

and sorafenib for intermediate and advanced stage HCC respectively [3].
However, most patients cannot be diagnosed at early stage, resulting in
delayed treatment; besides, recurrence is of high frequency due to mi-
croscopic dissemination [4], which ultimately lead to only 20–40% five-
year survival rate of HCC [5,6]. Therefore, prevention has become a
primary strategy to reduce disease burden of liver cancer [7,8]. Specifi-
cally, chemoprevention is an essential way to confront HCC since anti-
viral agents cannot entirely abolish the risk of HCC in patients with
cirrhosis, especially those caused by HCV infection [9]. The objective of
chemoprevention is to impede, arrest or reverse the early phase of car-
cinogenesis or halt its progression to malignancy [10].
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NF-κB/Rel family has been reported to connect chronic inflamma-
tion with carcinogenesis [11]. NF-κB is a hetero- or homodimer tran-
scriptional factors and p50-p65 heterodimer is the most abundant form
in mammals. NF-κB can be activated by phosphorylation and de-
gradation of NF-κB inhibitory proteins (IκBs). Activated NF-κB trans-
locating from cytoplasm to nucleus joins in regulation of transcription
factors involved in inflammation, cell cycle progression, cellular sur-
vival and immune response [12]. In a prototype of HCC caused by
cholestatic hepatitis, induction of IκB-super-suppressor inhibited the
progression of transformed hepatocytes to HCC [11]. NF-κB activity has
been demonstrated to be mediated by the activity of thioredoxin re-
ductase (TrxR) in thioredoxin (Trx) system [13].

Trx system (Trx, TrxR and NADPH) plays a key role in maintaining
redox balance, tumorigenesis and development [14]. Oxidized Trx
could be reduced by TrxR with NADPH providing electron and Trx has
protein disulfide reductase activity. Three isoforms of TrxR have been
identified in mammals: TrxR1, TrxR2 and TrxR3. Serum TrxR level has
also been recognized as a promising survival indicator in patients with
HCC [15] and TrxR as a target of cancer prevention and treatment [16].
Butaselen (BS) is an organoselenium-containing compound designed to
target TrxR.

In this study, we aim to explore the chemopreventive effect of BS
against hepatocarcinogenesis and progression in vivo with a two-stage
chemically induced HCC model and H22 hepatoma-bearing mouse
model, and investigate its underlying mechanisms on cellular level.

2. Materials and methods

2.1. Chemicals

Butaselen (Fig. 1A, MW: 452 g/mol) was synthesized in the State
Key Laboratory of Natural and Biomimetic Drugs, Peking University.
Diethylnitrosamine (DEN) and CCl4 were purchased from Sigma‑Al-
drich (St. Louis, USA). Ethanol was obtained from Hinbio, China. The
NADPH oxidase inhibitor diphenyleneiodonium chloride (DPI) was
purchased from Gene Operation (Michigan, USA). Mitochondria-tar-
geted antioxidant mito-tempo (MT) was obtained from Santa Cruz
(Texas, USA). Antioxidant N-acetyl-L-cysteine (NAC) was purchased
from Sigma‑Aldrich.

2.2. Cell culture and animals

The human HCC cell lines HepG2, Bel7402, Huh7 and murine HCC
cell line H22 were purchased from Cell Resource Center at Peking
Union Medical College (Beijing, China). Cells were cultured in DMEM
(Macgene, China) supplemented with 10% fetal bovine serum (Excell
Bio, China) and incubated at 37 °C with 5% CO2.

Six-week-old male C57BL/6J mice (18–20 g) and four-week-old
male Balb/c mice (16–18 g) were purchased from the Animal Center,
Peking University Health Science Center. All animals were kept in
standard laboratory conditions and provided with ad libitum food and
water. The animal experiments were approved by the Research Ethics
Committee of Peking University Health Science Center.

2.3. Measurement of chemopreventive effect of butaselen against
hepatocarcinogenesis

Two-stage model of chemically initiated HCC was employed to as-
sess the cancer preventive effect of BS following the schedule in Fig. 1B.
C57BL/6J mice were randomly assigned into five groups: Control (n =
28), Model (n = 60), BSL (Model + 9 mg/kg BS, n = 40), BSM (Model
+ 18 mg/kg BS, n = 40), BSH (Model + 36 mg/kg BS, n = 40).
Briefly, animals were given single dose of DEN (100 mg/kg, i.p.) at
week 1. From day 3, animals were treated with 20% CCl4 in olive oil
(5 ml/kg, i.g.) twice a week by oral gavage. Then mice were given
another injection of DEN (50 mg/kg, i.p.) at week 3 along with 10%

ethanol solution as drinking water ad libitum simultaneously. The do-
sage of 20% CCl4 was increased to 8 ml/kg twice a week from week 8,
and 8 ml/kg thrice a week from week 12. Animals in control group were
given solvent. BS was orally treated from week 0 to week 24, 6 times/
week. Body weight were recorded every 14 days. Six mice were ran-
domly sacrificed at week 6 and week 16 and ten mice at week 24.
Serum and liver tissue samples were collected for further tests and
pathological analyses.

2.4. Determination of in vivo tumor inhibitory effect of butaselen

In order to select a suitable dose for HCC treatment, Balb/c mice
were randomly divided into 4 groups (control, BS 90 mg/kg, 180 mg/
kg and 360 mg/kg, 6/group) and pretreated with 5‰ CMC-Na or BS for
3 days. Mice were injected subcutaneously with 106 H22 cells and BS
were daily given by gavage. The weight and tumor volume were re-
corded every 3 days (volume = length × (width)2 × 0.5236).

To further validate the inhibitory effect of BS against HCC, 12 Balb/
c mice were randomly assigned into two groups: control (5‰ CMC-Na,
i.g., q.d., n = 6) and BS (180 mg/kg, i.g., q.d., n = 6). After three days
of pre-treatment, mice were inoculated subcutaneously with 106 H22
cells and BS were daily administered. The inhibitory effects of BS on the
growth of tumors developed from 105 or 104 H22 cells per mouse were
studied simultaneously. Tumor volume was calculated every three days.
Mice were sacrificed until tumor volume reached about 2000 mm3 in
the control group and serum was collected for analysis.

2.5. Histopathological and immunohistochemical analyses

The liver tissues were soaked in 4% paraformaldehyde for 24 h.
After dehydrated and embedded in paraffin, 4 µm sections were cut for
H & E and Masson staining. The pathological changes were assessed by
an experienced pathologist who was blind to the treatments as
Supplementary material Table S1. Immunohistochemical analysis with
CD34 antibody (Abgent, USA) was conducted as standard procedures.
Photos were taken with an optical microscope (Olympus, Japan).

2.6. Blood examination and liver function analysis

The mice blood test was conducted by Laboratory Animal
Department of Peking University Health Science Center. ALT and AST
analyses were assisted by Peking University Third Hospital. Alpha-
foetoprotein (AFP) was measured with ELISA as instructions
(Dingsheng Bio, China).

2.7. Enzymes activity assay

Determination of serum and intracellular TrxR, glutathione re-
ductase (GR) and glutathione peroxidase (GPx) activity were practiced
as described before [17].

2.8. Immunoblotting

Proteins were separated by SDS-PAGE and electrically transferred to
PVDF membrane (Millipore, USA). The membrane was subsequently
blocked by 5% non-fat milk at room temperature, followed by in-
cubation with primary antibodies at 4 °C overnight, including β-actin
(Santa Cruz Biotech., USA), Glypican-3 (GPC3), TrxR, TNF-α, IL-6,
Cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS,
ProteinTech, China), CD34, Trx, pIκB-α and pNF-κB p65 (Abgent, USA).
The membrane was incubated with HRP-conjugated secondary anti-
bodies (Santa Cruz Biotech., USA), visualized with ECL detection re-
agent (Advansta, USA) and imaged by ChampGel 5000 Imager
(Sagecreation, China).
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Fig. 1. Experimental schedule and preventative effect of butaselen against hepatocarcinogenesis. (A) Chemical structure of butaselen (BS). (B) Diethylnitrosamine (DEN), CCl4 and 10%
ethanol were used to induce model of hepatocellular carcinoma (HCC) for 24 weeks in C57BL/6J mice. Different doses of butaselen (BS) were administered in other three groups. (C) The
body weight change and (D) survival proportions of mice in 180 days. (E) Representative hepatocellular damage at week 6. (F) Gross pathology and HE stain of cirrhosis at week 16. (G)
Gross and pathological change of HCC at week 24. Data were shown as mean± std, n ≥ 28 and analyzed with ANOVA or Log-rank test. *, # p<0.05 compared with control or model
group. BSL, 9 mg/kg BS; BSM, 18 mg/kg BS; BSH, 36 mg/kg BS.
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2.9. Reverse transcription-PCR (RT-PCR)

Total RNA was extracted with TRIzol reagent (Bioteke, China). 1 μg
RNA was reverse-transcribed to cDNA according to the kit instruction
(Thermo Fisher, USA). 20 µl reactions containing 2 × Taq PCR Master
Mix (Tiangen, China) were adopted in DNA amplification. The primers
were listed in Supplementary material Table S2. PCR products were
electrophoresed with DuRed staining in 2% agarose gel. Images were
recorded and analyzed by ChampGel 5000 Imager.

2.10. Cell viability assay

The sulforhodamine B (SRB) assay [18] was performed to measure
the inhibitory effect of BS on the proliferation of HepG2, Bel7402 and
Huh7 cells.

2.11. Lentiviral vector construction and cell transfection

The siRNA sequence targeting TrxR1 and a negative control were
from Eriksson et al. [19], they are listed in Supplementary material
Table S3 and synthesized by GenePharma (GenePharma, Shanghai,
China). The lentivirus construction and plasmid packaging were per-
formed as previously reported [20]. HepG2 cells were transfected with
multiplicity of infections (MOIs) 20 with 5 µg/ml polybrene and se-
lected with 1 µg/ml puromycin for 4 days.

2.12. Reactive oxygen species (ROS) measurement

Cells were exposed to 10 µM 2′,7′-Dichlorodihydrofluorescein dia-
cetate (DCF-DA), which could be oxidized by H2O2, for 30 min at 37 °C
after indicated treatments. Subsequently, cells were collected with
0.25% trysin-EDTA, washed twice with PBS and filtered through
membrane before fluorescence at 340 nm could be measured by flow
cytometer (BD FACSCalibur, USA). Dihydroethidium (DHE, Kaiji,
China), another oxidative fluorescent dye was adopted to evaluate su-
peroxide anion (O2·﹣) production after BS treatment as previously de-
scribed [21].

2.13. Assay of glutathione (GSH) and glutathione disulfide (GSSG) levels

HepG2 cells were exposed to BS for 24 h before protein extraction
with NP-40 lysate added with sulfosalicylic acid to prevent loss of GSH.
The assay measured GSH and GSSG were conducted as previously re-
ported [22].

2.14. Annexin V/PI assay

Cells were collected and stained with Annexin V/PI (Biosea, China)
following the manufacturer's instructions. Apoptotic cells were ex-
amined using a flow cytometer.

2.15. Cell cycle analysis

Cells after BS treatment were harvested and fixed in 70% ethanol at
−20 °C overnight. Cells were incubated with RNase and stained with PI
before analyzed by the flow cytometer.

2.16. Immunofluorescence imaging

Cells were washed twice with ice-cold PBS and fixed with 4% par-
aformaldehyde. After permeabilizaiton with 0.2% Triton X-100, cells
were blocked with 1% BSA and incubated with Trx antibody (Abgent,
USA) at 4 °C overnight. After PBS rinsing and incubation with sec-
ondary antibody, nuclei were visualized by DAPI staining. Images were
obtained using a confocal microscope (Nikon A1, Japan).

2.17. Statistical analysis

Data collected from at least three independent experiments were
expressed as mean± standard deviation. One-way ANOVA was used to
assess statistical differences. Log-rank test was used to compare survival
and length of tumor formation between groups. P<0.05 was con-
sidered statistically significant.

3. Results

3.1. Butaselen protects mice from developing hepatocellular carcinoma

At the beginning of DEN/CCl4/ethanol administration, mice in the
model and BS treatment groups were lean, dispirited and their fur was
lusterless; however, the body conditions of mice in BS treatment groups
gradually improved and became active. Fig. 1C shows that body weight
of mice in control group continuously increased from 19 g to approxi-
mately 35 g, while the weight of model group fluctuated and were only
1.09 fold of initial weight at the end of experiment. The mice in BS
groups were relatively resistant to dosage increase of 20% CCl4 from
5 ml/kg to 8 ml/kg at week 8 and frequency raising from twice/week to
3 times/week at week 12, thus their body weight were dose-depen-
dently higher than that in model group. Cumulatively, 21.7% (13/60)
mice in the model group died after 24 weeks, while the death rate was
17.5% (7/40), 10.0% (4/40) and 7.5% (3/40) respectively in BSL, BSM
and BSH groups, with significant reduction in BSM and BSH group
compared with model group (Fig. 1D).

BS treatment could impede chronic hepatocellular damage. The li-
vers in model group after 6-weeks exposure to DEN/CCl4/ethanol were
swollen and the surface was coarsely covered with little granule. While
in BS treatment groups, liver volumes were smaller than the model
group and fewer granules were observed. The H & E staining showed
normal cellular architecture in all the control groups (Fig. 1E–G). After
6 weeks, hepatocellular edema, ballooning degeneration and confluent
necrosis connecting portal field to central vein accompanied by
sporadic neutrophils infiltration were observed in model group; after BS
treatment, hepatocellular necrosis and inflammation were significantly
ameliorated, especially in BSH group (Figs. 1E and 2A). The levels of
serum ALT and AST also reflected the protective effect of BS treatment
against hepatocellular damage (Fig. 2B).

BS treatment could protect mice from developing fibrosis and cir-
rhosis. At the week 16, mice liver in model group turned yellowish-tan
with diffuse uniform micronodules separated by fibrous septa. Steatosis,
severe centrilobular necrosis, porto-portal and porto-central bridging
fibrosis, rearrangement of blood circulation and pseudolobule with
macrophage infiltration were observed in the model group. After BS
treatment, liver gradually regained red color and number of nodules
was declined; inflammation, hepatocellular necrosis and fibrosis were
lessened in a dose-dependent manner (Figs. 1F and 2C). Masson
staining showed collagen fibers formed in porto-portal and porto-cen-
tral areas in model group, which were significantly reduced after BS
treatment (Fig. 2D).

BS treatment could reduce murine HCC incidence without im-
munosupression. At week 24, HCC formation rate in model group was
80% (Table 1), hepatic gray nodule were developed varying from 0.1 to
0.8 cm in diameter; normal liver lobule destruction, altered hepatic
foci, hepatocellular edema, steatosis and marked nuclear polymorphism
in H & E staining were seen in model group (Fig. 1G). The HCC for-
mation rate, number of gray nodules, hepatic lobule damage and he-
patocellular dysplasia were significantly ameliorated by BS adminis-
tration (Table 1, Figs. 1G and 2E). At necropsy, thymus in model group
was markedly atrophied compared with control group, spleen was re-
markably swollen; WBC, RBC and PLT were about 2.1, 0.9 and 0.7 fold
of those in control group, indicating chronic inflammation and im-
munological suppression after long-term DEN/CCl4/ethanol exposure
(Table 1). Liver/body weight, spleen/body weight and WBC were
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significantly attenuated after BS treatment; meanwhile, thymus/body
weight, RBC and PLT were improved, showing that BS positively
regulated the immunological functions.

Recognized markers for HCC including GPC3, CD34 and serum AFP
were measured at week 24. Immunohistochemical analysis showed that
CD34 was diffusely expressed in model group, and the expression was
gradually declined upon BS treatment. The expression of GPC3 and
CD34 from mice liver were elevated in model group and dose-depen-
dently attenuated in BS groups (Fig. 3A, Supplementary material Fig.
S1A and B). AFP was approximately 4.1 fold in model group compared
with control group and was reduced to normal level under BSH treat-
ment (Fig. 3B). TrxR activity were markedly elevated from 13.1 U/mg
in control group to 70.7 U/mg in model group and was significantly
reduced to 57.0, 36.7 and 22.7 U/mg respectively in BSL, BSM and BSH
groups (Fig. 3C). TrxR and Trx expression were raised in model group
and were remarkably attenuated by BS treatment (Fig. 3D,

Supplementary material Fig. S1C and D), indicating that BS may pre-
vent hepatocarcinogenesis through TrxR and Trx inhibition. As NF-κB
pathway plays an essential role connecting inflammation and cancer,
pIκB-α and pNF-κB p65 expression were explored in this study, which
were also enhanced in model group and lowered by BS in dose-de-
pendent manner, indicating that NF-κB pathway was activated during
hepatocarcinogenesis and could be suppressed by BS (Fig. 3D,
Supplementary material Fig. S1E and F). NF-κB activation was pre-
viously reported to upregulate expression of inflammatory factors [12],
in our study, the gene and protein levels of TNF-α, IL-6, COX2 and iNOS
were significantly improved in model group, demonstrating their role in
the process of hepatocarcinogenesis (Fig. 3E and F, Supplementary
material Fig. S2). Consistently, the above inflammatory factors upre-
gulation under DEN/CCl4/ethanol exposure were also attenuated by BS
treatment.

Fig. 2. Biomarkers and pathological changes during hepatocarcinogenesis. (A) Histogram analysis of necrosis grade of hepatocytes at week 6. (B) Serum ALT and AST levels at week 6. (C)
Statistical analysis of hepatic fibrosis grade and (D) Masson stain of mice liver tissue at week 16. Collagen is in blue color. (E) Histogram analysis of hepatocellular dysplasia grade at week
24. Data were shown as mean± std, n ≥ 6 and analyzed with ANOVA. *, # p<0.05 compared with control or model group. BSL, 9 mg/kg BS; BSM, 18 mg/kg BS; BSH, 36 mg/kg BS.

Table 1
The HCC rate and nontoxicity of butaselen in mice models at the 24th week.

Groups No. HCC (%) Liver/body weight (%) Thymus/body weight (%) Spleen/body weight (%) WBC (× 109/L) RBC (× 1012/L) PLT (× 109/L)

Control 10 0 5.17± 0.22 0.25± 0.02 0.27±0.06 7.10± 1.52 9.76± 0.55 685.40± 37.58
Model 10 80 8.18± 0.39* 0.13± 0.04* 0.54±0.12* 15.20± 3.73* 8.34± 0.41* 506.60± 57.40*

BSL 10 40 7.03± 0.53*# 0.16± 0.03* 0.44±0.11* 13.26± 3.4* 9.06± 0.12 523.40± 38.96*

BSM 10 20 6.18± 0.46*# 0.19± 0.03*# 0.32±0.07# 12.78± 3.06* 9.13± 0.36 615.50± 34.29#

BSH 10 10 5.65± 0.38# 0.22± 0.04# 0.29±0.04# 9.80± 1.82# 9.15± 0.62# 631.40± 25.22#

Data were shown as mean± std, n ≥ 6 and analyzed with One-way ANOVA. *, # p<0.05 compared with control group or model group. BSL, 9 mg/kg BS; BSM, 18 mg/kg BS; BSH,
36 mg/kg BS. WBC, white blood cells; RBC, red blood cells; PLT, platelet.
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3.2. Butaselen halts progression of hepatocarcinoma in mice models

To investigate an effective dose of BS to inhibit HCC growth in vivo,
90, 180 and 360 mg/Kg BS were administered to murine models in-
jected with 1 × 106 H22 cells. The tumor sizes in the groups of 180 and
360 mg/Kg BS treatment were significantly smaller than that in the
control group from the 9th day (Fig. 4A). Overall, BS showed a dose-
dependent inhibitory effect towards tumor volume in H22 tumor
bearing mice model (Fig. 4A and B) and we selected 180 mg/Kg BS for
further experiments. The body weight, ratios of organ to body weight
and WBC in the BS treatment groups were not significantly different
from the control group (Table 2).

1 × 104–1 × 106 H22 cells were inoculated in Balb/c mice, with
the number of H22 cells declined, tumor volumes in the 180 mg/kg BS
group were much smaller than control groups (Fig. 4C and D). At the
end of experiment, the inhibitory rate of tumor volumes in BS treatment
group was 49.26%, 60.94% and 92.29% respectively in the groups
implanted 1 × 106, 1 × 105 and 1 × 104 H22 cells per animal. In
addition, BS treatment significantly prolonged time needed for tumors
to reach 100 mm3 (Fig. 4E). With 1 × 104 H22 cells implantation in the
control group, all mice developed tumor at day 12, while in the BS
treatment group, only 50% (3/6) mice developed tumors larger than
100 mm3 at day 21.

3.3. Butaselen induces G2/M arrest and apoptosis in hepatocellular
carcinoma cells by inhibiting TrxR activity

As displayed in Fig. 5A, BS inhibited the proliferation of HCC cell
lines Bel7402, HepG2 and Huh7 in a dose- and time-dependent manner.
The IC50 values of the three cell lines were shown in Table 3. Due to
relatively high TrxR1 expression and activity (Fig. S3A), HepG2 cells
were used for subsequent studies.

It was observed that HepG2 cells in G2/M phase were significantly
augmented as BS concentration increased (Fig. 5B). Besides, BS treat-
ment dose-dependently induced early and total apoptosis in HepG2
cells (Fig. 5C).

To explore the anti-proliferation mechanisms, intracellular ROS le-
vels were evaluated. The fluorescent probes DCF-DA and DHE reacted
with H2O2 and superoxide respectively were used. DCF fluorescence
intensity was dose-dependently increased by BS, while reduced mark-
edly by pretreatment of antioxidant NAC (Fig. 6A). Likewise, the DHE
fluorescence intensity was elevated with 30–40 µM BS treatment and
decreased by NAC. The unstable nature of superoxide, which could be
rapidly converted to H2O2, may account for the relatively minor ele-
vation of DHE fluorescence intensity compared with DCF after BS
treatment [23]. Besides, the ratio of intracellular GSH to GSSG, another
ROS production marker, was significantly decreased (Fig. 2B). In a

Fig. 3. The biomarkers change and underlying mechanisms of butaselen (BS) to prevent hepatocarcinogenesis. (A) Histoimmunochemical and immunoblotting analysis of glypican-3
(GPC3) and CD34. Serum level of (B) alpha-fetal protein (AFP), and (C) thioredoxin reductase (TrxR) activity at week 24. (D) Protein expression of TrxR and NF-κB pathway in liver of
every group. (E) Gene and (F) protein level of inflammatory factors in mice liver. Data were shown as mean± std, n ≥ 6 and analyzed with One-way ANOVA. *, # p<0.05 compared
with control or model group.
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consequence, NAC significantly reduced the BS inhibition on HepG2
cells (Fig. 6C). In the anti-oxidant system, GPx could reduce H2O2 to
water with GSH oxidized to GSSG and GR would reduce GSSG back to
GSH; peroxiredoxin, one of the substrates of Trx which could be

reduced by TrxR, could convert H2O2 to water as well [23]. Therefore,
the intracellular activities of TrxR, GPx and GR were measured. TrxR
activity of HepG2 cells was inhibited by 14.55%, 35.70% and 66.78%
respectively after 20, 30 and 40 µM BS treatment for 24 h; the

Fig. 4. The in vivo inhibitory effect of butaselen (BS) on hepatocellular carcinoma (HCC). (A) The tumor volume changes and (B) gross pathology of H22 mice models injected with 1 ×
106 cells after BS treatments. (C) Tumor volume analysis, (D) Gross pathology and (E) HCC formation rate in control or 180 mg/kg BS treatment mice models implanted with 1 × 104–1
× 106 H22 cells. Data were shown as mean± std, n = 6, analyzed with One-way ANOVA and Log-rank test. *, # p<0.05 compared with control or BS 180 mg/kg group.

Table 2
The nontoxicity of butaselen in mice transplanted with 1 × 106 H22 cells.

Groups No. Body weight (g) Liver/body weight (%) Thymus/body weight (%) Spleen/body weight (%) WBC (× 109/L)

Control 6 32.36± 1.32 5.07±0.93 0.17± 0.05 0.63±0.11 9.80± 3.03
BS 90 mg/kg 6 31.02± 2.67 5.23±0.48 0.19± 0.03 0.67±0.14 10.20± 2.06
BS 180 mg/kg 6 30.86± 1.83 5.19±0.56 0.17± 0.04 0.60±0.12 9.95± 2.75
BS 360 mg/kg 6 30.59± 0.84 5.13±0.98 0.18± 0.05 0.62±0.14 9.70± 1.69

Data were shown as mean± std, n = 6 and analyzed with One-way ANOVA. BS, butaselen; WBC, white blood cell.
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corresponding HepG2 growth inhibition rate was 31.05%, 57.83% and
71.62% (Fig. 6D), which was in high consistency with TrxR activity
decrement. However, the GPx activity were slightly increased under
high ROS conditions and GR activity almost remained unchanged,
which was in consistence with GSH/GSSH decrement. To validate the
role of TrxR in maintaining intracellular redox balance, HepG2 cell line
stably expressing low levels of TrxR1 was established by using shRNA
(Fig. 6E). TrxR activity in LV-TR1-shRNA transfected cells were de-
creased about 75% compared with control cells (Fig. 6E). Consequently,
ROS was markedly higher after TrxR1 knockdown in HepG2 cells

(Fig. 6E). In order to confirm the source of ROS, DPI and MT which
were inhibitors of NADPH oxidase and mitochondrion, were pretreated
before 40 μM BS. Surprisingly, MT did not affect ROS level induced by
BS; on the contrary, DPI significantly reduced the ROS (Fig. 6F).

TrxR1 knockdown led to slower proliferation and increased re-
sistance to BS treatment compared with LV-NC-shRNA and HepG2 cells
(Fig. 7A and B). As a substrate of TrxR1, the expression of Trx was
explored and found to be significantly lowered by BS treatment dose-
dependently, which was verified by immunofluorescence, RT-PCR and
immunoblotting (Fig. 7C–E, Supplementary material Fig. S3B),

Fig. 5. Proliferative inhibition, G2/M arrest and apoptosis in hepatoma cells induced by BS treatment. (A) Dose- and time-dependent inhibition of BS on Bel7402, HepG2 and Huh7 cells
after 24–72 h treatment. (B) Representative figure and histogram analysis of G2/M arrest in HepG2 cells after 20–40 µM BS treatment for 24 h. (C) Annexin V-PI analysis and statistical
analysis of early and total apoptosis rate after BS treatment for 24 h on HepG2 cells. Data were shown as mean± std, n ≥ 3 and analyzed with One-way ANOVA. *, #, ※ p<0.05
compared with control group, 20 μM BS group or 30 μM BS group.

Table 3
Proliferation inhibition of butaselen against hepatocellular carcinoma cells.

Time (h) Bel7402 HepG2 Huh7

IC50 (µmol/L) MI (%) IC50 (µmol/L) MI (%) IC50 (µmol/L) MI (%)

24 20.01± 0.45 90.68 25.49±0.59 80.68 48.21± 0.57 62.68
48 14.26± 0.35 93.10 16.25±0.30 91.10 27.37± 0.51 71.10
72 8.32± 0.39 96.83 10.26±0.45 96.83 18.92± 0.46 89.00

Data were shown as mean± std, n ≥ 3 and analyzed with One-way ANOVA. MI, maximum inhibition rate.
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indicating that BS not only inhibited TrxR activity, but also decreased
its substrate Trx expression, disrupting intracellular redox balance.

It has been reported that transcription factor AP-1 plays an im-
portant role in regulating proliferation, apoptosis and cell cycle etc.
[24], while the DNA binding activity of AP-1 is regulated by Ref-1. In
our study, the gene and protein expression of Ref-1 were also sig-
nificantly attenuated after BS exposure (Fig. 7D and E, Supplementary
material Fig. S3C), indicating the involvement of Trx/Ref-1/AP-1
pathway in G2/M arrest. Gene and protein levels of cyclin B1 and
CDK1, which form a complex to propel cells to go through mitosis
phase, were examined and found to be remarkably decreased upon BS
treatment (Fig. 7D and E, Supplementary material Fig. S3D and E).

Expressions of NF-κB and mitochondrial apoptosis pathway were
measured to explore the mechanisms controlling apoptosis. The pIκB-α

and pNF-κB p65 expression after 24 h BS treatment were significantly
decreased (Fig. 7F, Supplementary material Fig. S4A and B). The Bcl-2/
Bax ratio of both mRNA and protein were significantly diminished; in
addition, pro-Caspase-3 was dose-dependently attenuated by BS treat-
ment (Fig. 7G and H, Supplementary material Fig. S4C and D).

4. Discussion

We found that BS treatment was able to prevent hepatocarcino-
genesis and progression in mice models. The initiation and promotion
of two-stage chemically induced rodent model of HCC can effectively
simulate the injury-fibrosis-malignancy pathological process observed
in human hepatocarcinogenesis, thus it has become a well-recognized
animal model to study the prevention and therapy of HCC [25]. DEN,

Fig. 6. ROS production mediated by TrxR activity inhibition after butaselen (BS) treatment for 24 h. (A) Representative histogram plot and statistical analysis of ROS stained by DCF-DA
and DHE. Pretreatment of antioxidant N-acetyl-L-cysteine (NAC, 5 mM) decreased ROS level induced by BS. (B) The ratio of glutathione (GSH) to glutathione disulfide (GSSG) was
markedly reduced after BS treatment. (C) Proliferative inhibition was significantly lower of BS added with 5 mM NAC compared with BS alone. (D) TrxR activity inhibition were generally
in parallel with proliferative inhibition of HepG2 cells. Glutathione peroxidase and glutathione reductase activities were to some extent elevated. (E) Significantly lower TrxR1 expression,
TrxR activity and higher ROS level after HepG2 cells transfected with LV-TrxR1-shRNA compared with LV-NC-shRNA. (F) The ROS induced by 40 μM BS was inhibited by NADPH oxidase
inhibitor DPI. Data were shown as mean± std, n ≥ 3 and analyzed with One-way ANOVA. *, #, ※,★ p<0.05 compared with control group, 20 μM BS group, 30 μM BS group or 40 μM BS
group. DPI, diphenyleneiodonium chloride; MT, mito-tempo.

Fig. 7. The effects of TrxR1 knock down on proliferation, viability and mechanisms mediating G2/M arrest and apoptosis of HepG2 cells (A) Knock-down of TrxR1 inhibited HepG2 cells
proliferation and (B) increased resistance to BS treatment. (C) Immunofluorescent analysis of Trx level upon BS treatment. (D) Gene and (E) protein levels of Trx, Ref-1 and molecules
mediating G2/M arrest. (F) Downregulation of NF-κB pathway. Level of (G) mRNA and (H) proteins mediating mitochondria-dependent apoptosis. Data were shown as mean± std, n ≥ 3
and analyzed with One-way ANOVA. *, # p<0.05 compared with control or LV-NC-shRNA group.
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used as a tumor initiator, can dose-dependently alkylates DNA struc-
tures and produce ROS which lead to protein, lipid and DNA damage
[26]. CCl4 can be metabolized to damage membrane and promote
Kupffer cells to secret proinflammatory factors such as TNF-α and IL-6
[27], thus served as a promoting agent along with ethanol to trigger
HCC. In consistence with previous report [25], the mice in the model
group could not tolerate acute and chronic liver toxicity or lung in-
fection induced by DEN/CCl4, causing dropped body weight (Fig. 1C),
21.7% of which even died after 90 days (Fig. 1D). The severe damage of
DEN/CCl4/ethanol to liver was manifested by the elevation of ALT and
AST after 6 weeks exposure in the model group, which were enhanced
by 10 and 5 folds respectively compared to control group (Fig. 2B).
When hepatocytes injury occurs, ALT and AST could be released from
cytoplasm and mitochondrion into extracellular space and circulation,
leading to the elevation of serum ALT and AST.

Based on the histopathological analysis, it is noted that chronic
injury, liver fibrosis and HCC established after chemicals exposure
could be significantly ameliorated by BS treatment (Figs. 1E–G, and 2).
The H& E staining showed that hepatocellular damage, inflammation,
fibrosis, cirrhosis and dysplasia in mice liver were remarkably im-
proved by BS treatment, resulting in a significant decrease of liver/body
weight and HCC formation rate (Table 1). The HCC rate declined from
80% in the model group, which was similar to the data reported by Luo
et al. [25], to 40%, 20% and 10% respectively in BSL, BSM and BSH
groups. Furthermore, in the hepatoma-bearing mouse model under 1 ×
104 H22 cells injection, 50% mice did not developed tumors larger than
100 mm3 after 180 mg/kg BS treatment for consecutive 21 days and the
tumor volumes were reduced by 92.29% compared with control group
(Fig. 4C–E). As the number of implanted H22 cells decreased, BS
treatment showed stronger inhibition of HCC development and pro-
gression, indicating that once tumor cells appear in vivo, BS should be
administered as early as possible to achieve maximal chemopreventive
effect. However, the exact inhibitory rate of BS from the stage of cir-
rhosis to HCC is unclear, since BS inhibited hepatocarcinogenesis from
the initiation of chronic inflammation. For patients, the development
from cirrhosis to HCC takes only a few years, thus it is critical to in-
tervene progression at the cirrhosis stage. So far, anti-viral regimes are
not able to abate HCC risk in patients with cirrhosis infected with HCV
[28], and further studies can focus on whether BS can retard cirrhosis
progressing into HCC.

BS treatment on one hand could reduce a panel of biomarkers of
HCC (AFP, GPC3 and CD34). On the other hand, it exhibited very low
toxicity in mice models. GPC3 is mainly expressed in HCC tissue, but
not in other liver diseases or cancers [29]. CD34, an endothelial cell
marker, has also been proved to predict prognosis in patients with HCC
[30], and can be combined with GPC3 to differentiate HCC from benign
hepatic nodules [31]. In our study, AFP, GPC3 together with CD34 were
adopted to improve the sensitivity and specificity of HCC diagnosis in
mice models after chemicals exposure, and their decrement after BS
treatment (Fig. 3A and B) reflected that BS could effectively inhibit
hepatocarcinogenesis. At the same time, the general physical conditions
of mice in BS treatment groups were much better than those in the
model group during the experiment. The significantly higher body
weight and lower death rate in BS treatment groups supported that BS
treatment could partly counteract the long-term toxicity of DEN/CCl4/
ethanol (Fig. 1C and D). The ratio of thymus to body weight was dose-
dependently increased back to 0.22±0.04% after BS treatment, which
was not significantly different from 0.25±0.02% in control group
(Table 1). Likewise, the number of RBC and PLT were also augmented
after BS treatment, neutralizing poisonousness of DEN/CCl4/ethanol.
Furthermore, in the H22-bearing mouse model, BS brought substantial
reduction in terms of tumor volume while showed little influence on the
body weight, organs/weight and WBC (Table 2). The above results
showed that BS could effectively prevent hepatocarcinogenesis through
intercepting all stages, namely chronic inflammation, fibrosis, cirrhosis
and tumor progression without suppressing immunological functions of

mice models, indicating that BS could potentially be used as HCC
chemopreventive agent.

BS treatment inhibited the TrxR and NF-κB pathway in vivo and in
vitro. Kumar et al. reported that tumor promoters (phorbol ester (TPA)
and others) would enhance activity of both Trx and TrxR in mice epi-
dermis [32]. Trx mRNA in human lymphocytes was increased by TPA,
and Trx can be secreted into medium [33]. During hepatocarcinogen-
esis, DEN produce ROS and Trx system was activated to lessen oxidative
damage (Fig. 3C and D). Long-lasting activation of Trx system would
lead to cellular proliferation, apoptotic evasion, sustained angiogenesis
and invasion, which ultimately result in malignancy [16]. Therefore,
mitochondrial TrxR2 were found to overexpress in human HCC tumor
tissues compared with adjacent normal tissues [34]. Besides, the TrxR1
activity in cytosol was increased 3.5 fold and mRNA of TrxR in nodules
was significantly higher than normal rat liver in chemically-induced
liver nodules of rats [35]. He et al. proved that BS could decrease ac-
tivity of rat liver TrxR in vitro [36]. In our study, liver tissue and in-
tracellular TrxR activity were dose-dependently decreased by BS
treatment and in high consistence with proliferative inhibition (Figs. 3C
and 6D). The higher proliferative inhibition may be a result of an en-
largement of TrxR activity inhibition, since trx could reduce a broad of
substrates, including peroxiredoxin, ribonucleotide reductase and ASK-
1 and so on [14]. After TrxR1 was inhibited by BS or downregulated by
shRNA, the intracellular ROS of HepG2 cells were significantly elevated
(Fig. 6A and E), demonstrating an essential role of TrxR1 in regulating
redox homeostasis. Consistent with our results, Zhang et al. also re-
vealed that serum TrxR activity of mice HCC models were highly ele-
vated and can be decreased by TrxR inhibitors (auranofin or cisplatin)
[37]. We also found that TrxR and Trx expression were down-regulated
by BS treatment both in vivo and in vitro (Figs. 3D and 7C–E). The de-
crement of TrxR and Trx are known to mediate a series of redox-de-
pendent proteins, including NF-κB and Ref-1 [16]. IκBα usually in-
tegrates with NF-κB and stops NF-κB from translocating into nucleus.
Previous report proved that two conserved serine residues in N-terminal
of IκBα are phosphorylated and gets degraded once cells are stimulated,
thus NF-κB is released and activated [12]. Hence in our study, the pIκBα
and pNF-κB p65, representing the active state, were also investigated
and found to increase in model group and decrease after BS treatments,
proving that NF-κB pathway was activated during hepatocarcinogenesis
and could be inhibited by BS (Figs. 3D and 7F).

BS treatment could impede hepatocarcinogenesis through anti-in-
flammation. In our study, the gene and protein expression of proin-
flammatory factors TNF-α, IL-6, COX-2 and iNOS in liver tissue were
gradually diminished by BS treatments (Fig. 3E and F). In hepatic
stellate cells (HSC), TNF-α and IL-6 secreted by Kupffer cells will acti-
vate intracellular NF-κB pathway, resulting in increased HSC survival,
fibrogenesis and cirrhosis [38]. COX-2, the rate-limiting enzyme to
produce prostanoids, plays vital roles in inflammation and correlated
with key molecules in hepatocarcinogenesis (VEGF, p-Akt and iNOS
etc.) [39]. The COX-2 inhibitor celecoxib has been proved by FDA to
prevent familial adenomatous polyposis. iNOS catalyzes nitric oxide
production, which enhances oxidative DNA damage, inhibits DNA re-
pair and cellular apoptosis; combined negative iNOS and COX-2 ex-
pression significantly improved survival in patients with HCC [40].
Furthermore, the anti-inflammatory effect of BS was echoed by the
WBC number decrement in BS groups (Table 1). Meanwhile, the ratio of
liver and spleen to body weight were remarkably decreased by BS
treatment compared with model group. The above results demonstrated
that BS could inhibit TrxR/NF-κB/proinflammatory factors to achieve
anti-inflammation and hepatocarcinogenesis prevention.

To confirm that BS induce ROS through inhibiting TrxR, an in vitro
TrxR1-knockdown HepG2 cell line was established by RNA interference
(Fig. 6E). LV-TR1-shRNA cells exhibited significantly lower TrxR ac-
tivity, higher ROS level and diminished proliferative rate compared
with LV-NC-shRNA cells (Figs. 6E and 7A), which were similar to the
inhibition of HepG2 cells after BS administration. Furthermore, the cell
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viability was markedly higher in LV-TR1-shRNA cells after treated with
BS compared with HepG2 and LV-NC-shRNA cells (Fig. 7B), showing
that reduced TrxR1 expression level could directly increase BS re-
sistance. The correlation between IC50 values (Table 3) and basal TrxR
levels (Fig. S3A) of three HCC cell lines also revealed that BS is an
inhibitor of TrxR1. Gan et al. also showed that TrxR antisense RNA
suppress growth of another HCC cell line SMMC-7721 by inducing G2/
M arrest, increasing p53 and decreasing Bcl-2 mRNA levels [41]. To our
surprise, the NADPH oxidase inhibitor DPI, instead of mitochondrion
inhibitor MT, significantly lessened ROS induced by BS (Fig. 6F), since
the potential target of BS -TrxR2 is located in mitochondrion. It has
been reported that the inhibition of TrxR C-terminal active site sele-
nocysteine would induce strong NADPH oxidase activity of TrxR, pro-
mote its pro-oxidant effects and rapidly cause cell death [42]. Small
molecules targeting TrxR have been proved to shift TrxR to NADPH
oxidase to produce ROS, like parthenolide [43], curcumin [44] and
juglone [45]. Therefore, we speculated that mitochondrial TrxR2 may
also be shifted to act as NADPH oxidase. Although we have demon-
strated that ROS was significantly increased after either BS treatment or
TrxR1 downregulation in HCC cells, the exact influence of long-term
(24 weeks) and low-dose (9–36 mg/kg) BS treatment on hepatic cells,
fibroblast and other liver cells remains to be answered in further stu-
dies. As TrxR is a selenoprotein, we speculate that the selenium of BS
may be metabolized to synthesize TrxR to scavenge ROS induced by
DEN during hepatocarinogenesis [46].

BS treatment could induce G2/M arrest and apoptosis in HepG2
cells. Trx has been proved to interact with Ref-1 to activate AP-1
through nuclear translocation [47]. Ref-1 can function as a redox factor
to reduce transcription factors, including AP-1 and NF-κB, and has been
taken as a therapeutic and chemopreventive target [48]. In mammals,
AP-1 regulates cell cycle through cyclin D and p21, influencing G1/S
and G2/M phase progression [49]. In our study, both gene and protein
level of Ref-1 were down-regulated by BS treatment (Fig. 7D and E),
implying that AP-1 activation would also be suppressed by BS and lead
to G2/M arrest in HepG2 cells (Fig. 5B). Besides, significant apoptosis
was observed after 20–40 µM BS exposure for 24 h in HepG2 cells
(Fig. 5C), which may explain the pronounced proliferative inhibition
against HepG2, Bel7402 and Huh7 cells (Fig. 5A). Since NF-κB pathway
is involved in apoptosis regulation [11], Bax, Bcl-2 and Caspase-3 ex-
pression were explored and results proved that BS induced mitochon-
dria-dependent apoptosis in HepG2 cells. The G2/M arrest and apop-
tosis induction of BS may explain the significant tumor volume
decrement and prolonged tumor formation in mice models implanted
with 1 × 104–1 × 106 H22 cells (Fig. 4). Similar to our data, another
HCC chemopreventive compound curcumin also triggers apoptosis,
anti-inflammation and anti-proliferation by downregulating AP-1 and
NF-κB pathways etc. [50].

In conclusion, the organoselenium-containing BS exerted preventive
effect on hepatocellular injury-cirrhosis-HCC process in chemically in-
duced mice models without significant immunosuppression. Besides, BS
treatment could increase ROS level, induce G2/M arrest and apoptosis
in HCC cells so that HCC formation could be significantly inhibited and
tumors remarkably shrinked. The TrxR and NF-κB pathway down-
regulation may contribute to prevention of BS against hepatocarcino-
genesis. More in vivo studies are necessary to confirm the preventive
function of BS, especially at the stage from cirrhosis to HCC; in vitro
experiments should also be practiced to explore the precise sources of
ROS induced by BS and the effects of BS on hepatic cells, fibroblast cells
and vascular cells. Based on the results, BS may be a chemopreventive
strategy to reduce HCC incidence in the future, especially in selenium
deficient areas.
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