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Abstract: The thioredoxin system plays a role in a variety of physiological functions, including cell growth, differenti-
ation, apoptosis, tumorigenesis, and immunity. We previously confirmed that butaselen (BS), a novel thioredoxin 
reductase inhibitor, can inhibit the growth of various human cancer cell lines, yet the underlying mechanism remains 
elusive. In this study, we investigated the anti-tumor effect of BS in vivo through regulating the immune system of KM 
mice. We found that BS inhibits tumor proliferation by promoting the activation of splenic lymphocytes in mice. BS can 
elevate the percentage of CD4

−CD8
+ T lymphocytes and the secretion of downstream cytokines in mice via down- 

regulating the expression of programmed death-ligand 1 (PD-L1) on the tumor cells’ surface in vivo. Further study in 
HepG2 and BEL-7402 cells showed that decrease of PD-L1 level after BS treatment was achieved by inhibiting signal 
transducer and activator of transcription 3 (STAT3) phosphorylation. Taken together, our results suggest that BS has a 
role in promoting the immune response by reducing PD-L1 expression via the STAT3 pathway, and subsequently 
suppresses tumorigenesis. 
 
Key words: Butaselen; Signal transducer and activator of transcription 3 (STAT3); Programmed death-ligand 1 (PD-L1); 

Immunity; Thioredoxin reductase 
https://doi.org/10.1631/jzus.B1700219                                   CLC number: R73 
 
 

1  Introduction 
 

Cancer is a pivotal global public health problem 
and is one of the major causes of deaths in both  
developed and developing countries. Primary liver 
cancer (hereinafter referred to as liver cancer), orig-
inating in liver cells or the intrahepatic bile duct, is 

one of the most common clinical malignancies, and 
the most frequent primary liver cancer (70%–90%) in 
the world is hepatocellular carcinoma (Torre et al., 
2015). In the United States, the incidence of liver 
cancer is still increasing rapidly, by about 3% per year 
in women and 4% per year in men (Siegel et al., 2017). 
About 782 500 patients with liver cancer and 745 500 
deaths newly occurred in 2012, and 50% of the cases 
and deaths happened in China (Torre et al., 2015). 

Thioredoxin reductase (TrxR), an NADPH- 
dependent dimeric selenase, is a member of the pyri-
dine nucleotide-disulfide oxidoreductase family (Lu 
and Holmgren, 2014). TrxR, together with thiore-
doxin and NADPH, composes the thioredoxin system, 
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which is a broad-spectrum thiol reduction system and 
plays an important role in maintaining the redox 
balance within the cells. The thioredoxin system is 
over-expressed in a variety of tumors, including 
lung cancer, liver cancer, colorectal cancer, and gas-
tric cancer, and is of great importance in promoting 
the proliferation, survival, and malignant transfor-
mation of abnormal cells in tumorigenesis (Nakamura 
et al., 2000; Mohler et al., 2002; Fernandes et al., 2009). 
Hence, the thioredoxin system can be used as a drug 
target for cancer treatment (Mahmood et al., 2013). 

Butaselen (1,2-[bis(1,2-benzisoselenazolone-3(2H)- 
ketone)]butane, BS) is a TrxR inhibitor independently 
designed by our research group, and the half maximal 
inhibitory concentration (IC50) of TrxR inhibitory 
activity in vitro is (1.03±0.05) μmol/L (He et al., 
2012). Our previous study confirmed the inhibitory 
effect of BS on TrxR activity in human colon cancer 
cell lines. However, the biological mechanism of 
tumor inhibition induced by BS remains unknown. 

T cell-mediated cellular immunity is an im-
portant mechanism of anti-tumor. Cytotoxic T cells 
can directly kill tumor cells with allergens. The pro-
grammed cell death protein 1 (PD-1) serves as a key 
part in the regulation of the self-balance between 
positive and negative impacts of T cell-mediated 
immunity. PD-1 binds to its ligand such as the pro-
grammed death-ligand 1 (PD-L1), which is highly 
expressed on the cell surface in many categories of 
tumors including liver cancer, and leads to the de-
crease in immune cell activity in the microenviron-
ment of tumor cells, allowing tumor cells to escape 
from immune damage (Uçeyler et al., 2010; Hassan  
et al., 2015; Meng et al., 2015; Ahmad et al., 2016; Li 
et al., 2016). The expression of PD-L1 is regulated by 
sophisticated mechanisms, including the extracellular 
signal-regulated kinase (ERK) pathway, phosphati-
dylinositol 3-kinase (PI3K)/protein kinase B (Akt)/ 
mammalian target of rapamycin (mTOR) pathway 
(PI3K/Akt pathway), hypoxia-inducible factor-1 (HIF-1), 
signal transducer and activator of transcription 3 
(STAT3), nuclear factor κ-light-chain-enhancer of 
activated B cells (NF-κB), etc. (Chen et al., 2016). 
STAT3 can bind to the PD-L1 promoter and enhance 
its expression, and inhibition of phosphorylated 
STAT3 (p-STAT3) by Janus kinase 3 (JAK3) inhibitor 
CP-690550 can reduce the expression of PD-L1 
(Fang et al., 2014). In addition, the expression of 

STAT3 can also be modulated by the ERK and 
PI3K/Akt pathways (O'Sullivan et al., 2016). 

Given the role of the thioredoxin system in reg-
ulation of the PI3K/Akt pathway (Meuillet et al., 2004; 
Kaimul Ahsan et al., 2005), we aimed to determine 
whether the TrxR inhibitor BS has a role in regulating 
the expression of STAT3 and PD-L1 and thus en-
hances the immunological function of the organism. 
In order to verify our conjecture, we studied the effect 
of BS on the immune system of the KM mouse using 
a tumor transplantation model, and carried out mo-
lecular and cellular experiments in vitro to investigate 
the effects of BS on the expression of STAT3 and 
PD-L1. Our study suggests that BS has a role in 
promoting the immune response by down-regulating 
the expression of PD-L1 by blocking STAT3 pathway, 
and finally leads to tumor inhibition. 

 
 

2  Materials and methods 

2.1  Animal treatment 

The experiments were subject to the require-
ments of Animal Ethics from Peking University 
Health Science Center Ethics Committee, Beijing, 
China. Twenty-four KM male mice (four weeks old, 
18–22 g; Peking University Medical Laboratory 
Animal Center, China) were randomly divided into 
four groups (n=6 in each group): BS low-dose group 
(90 mg/kg, intragastrical administration (i.g.), quāque 
diē (q.d.); BSL), BS medium-dose group (180 mg/kg, 
i.g., q.d.; BSM), BS high-dose group (360 mg/kg, i.g., 
q.d.; BSH), and control group (5 g/L carboxymethyl 
cellulose sodium (CMC-Na), i.g., q.d.). H22 tumor 
cell suspension (cell survival rate greater than 95%) 
was injected into KM male mice, 106 cells each. 
Treatments were performed on the 2nd day after tu-
mor inoculation. Basic status and the tumor volume 
(length×width2×π/6) were recorded every 2 d. The 
mice were sacrificed on the 9th day of our observation, 
and a blood test was then carried out. 

2.2  Cell culture 

Mouse hepatocellular carcinoma cell line H22 
was provided by the researcher Jia-chun FANG from 
Peking University Cancer Institute as a gift. Human 
hepatocellular carcinoma cell lines HepG2 and BEL- 
7402 were purchased from the Cell Resource Center 
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at Peking Union Medical College, Beijing, China. 
HepG2 and BEL-7402 cell lines were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; 
Macgene, Beijing, China) supplemented with 10% 
fetal bovine serum (Biological Industries, Israel) at 
37 °C with 5% CO2. 

2.3  Preparation of mouse spleen and tumor single 
cell suspension 

The spleen and tumor tissues were isolated using 
elbow tweezers and gently grinding with a 150-mesh 
cell filter to get single cell suspension liquid. The cell 
suspension liquid was centrifuged at 1200 r/min for  
5 min, discarding the supernatant and adding 4 ml of 
erythrocyte lysate (Beyotime Bio, Shanghai, China). 
After 4-min stewing, the liquid was centrifuged at 
1200 r/min for 5 min, discarding the supernatant to 
get the spleen cells. The cells were then prepared as 
previously described (Godoy-Ramirez et al., 2000). 
Finally, 5×106 cells of extracted single spleen cell 
suspension from each group were stimulated with  
20 ng/ml phorbol 12-myristate 13-acetate (PMA) and 
20 ng/ml ionomycin calcium (MultiScience, Hang-
zhou, China) for 48 h. The cells were then centrifuged 
to collect the supernatant for enzyme-linked im-
munosorbent assay (ELISA) analysis. 

2.4  Flow cytometry analysis 

Total 1×106 cells from the single spleen cell 
suspension were stained with fluorescence marked 
surface antibodies for 30 min. Total 1×106 cells from 
the single tumor cell suspension and HepG2, BEL- 
7402 cell lines were stained with antibodies for 1 h. 
Then cells were incubated with fluorescence second-
ary antibody for 30 min. The antibodies used were the 
following: anti-mouse CD8-PE, anti-mouse CD4-FITC 
(MultiScience, Hangzhou, China); CD274 antibody 
(Enogene, Nanjing, China); anti-human CD274 (B7-H1) 
purified (eBioscience Inc., USA); DyLight 488  
AffiniPure goat anti-rabbit IgG (Abbkine, USA). 
Mean fluorescence intensity (MFI) was used to 
quantify the protein expression level. 

2.5  ELISA analysis for the assessment of IL-2, IFN-γ, 
and TNF-α in the supernatant 

The concentrations of interleukin-2 (IL-2), tumor 
necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) in 
the supernatant were determined using mouse cytokine 
ELISA kits (Peak Albert Biotechnology, Beijing, China). 

2.6  Cell viability assay 

The effect of BS (designed and synthetized by 
our laboratory, patent cooperation treaty (PCT): 
100202) on the proliferation of HepG2 cells was  
determined under sulforhodamine B (SRB) assay  
(Vichai and Kirtikara, 2006). Cells were seeded in 
96-well plates (3600 per well) and treated with BS 
after attachment for 24, 48, and 72 h. 

2.7  Apoptosis analysis 

The influence of BS on the apoptosis of HepG2 
cells was determined after treatment for 48 h. Cells 
were collected and stained with Annexin V-FITC and 
propidium iodide (PI) using the Annexin V-FITC 
apoptosis kit (BioScience, Shanghai, China). 

2.8  In vitro TrxR activity assay 

5,5-Dithio-bis-(2-nitrobenzoic acid) (DTNB) re-
duction assay was used to determine the TrxR activity 
in cell extracts. The HepG2 and BEL-7402 cells 
treated with different concentrations of BS were 
cracked by radio-immunoprecipitation assay (RIPA) 
lysis buffer (Beyotime Bio, Shanghai, China) con-
taining protease inhibitors and protein concentration 
was measured by bicinchoninic acid (BCA) assay 
(Thermo, USA). Fifty micrograms of proteins dis-
solved in 80 μl reaction buffer (0.1 mol/L phosphate- 
buffered saline (PBS), 0.2 mg/ml bovine serum al-
bumin (BSA), 10 mmol/L ethylenediaminetetraacetic 
acid (EDTA), pH 7.0–7.4) were incubated for 30 min 
at 37 °C. After that 20 μl 2 mmol/L NADPH (Gen-
view, league City, TX, USA) and 100 μl 10 mmol/L 
DTNB (Sigma-Aldrich, St. Louis, MO, USA) were 
added to the mixture to start the reaction. Both 
NADPH and DTNB were dissolved in the reaction 
buffer. TrxR activity was quantified by the linear 
increase of absorption values at 405 nm in the first  
7.5 min on a microplate reader (Thermo Fisher Sci-
entific, USA). 

2.9  Western blot analysis 

HepG2 and BEL-7402 cells were treated with 0, 
10, 20, 30, 40, and 50 μmol/L BS for 48 h and har-
vested into RIPA lysis buffer with protease and 
phosphatase inhibitors. Thirty micrograms of proteins 
from diverse groups were separated by 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto polyvinylidene 
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difluoride (PVDF) membranes (Millipore, Bedford, 
MA, USA). The antibodies used are as follows:  
anti-β-actin (ZSGB-Bio, Beijing, China), anti-TrxR1 
(Abcam, Cambridge, MA, USA), anti-p-STAT3, anti- 
STAT3, anti-CD274 (Enogene, Nanjing, China), and 
horseradish peroxidase-conjugated secondary anti-
bodies (ZSGB-Bio, Beijing, China). The signal was 
detected using the ECL Western blotting detection 
reagent (Advansta, Menlo Park, CA, USA) and visu-
alized with a ChampGel 5000 Imager (Sagecreation, 
Beijing, China). The optical density of the protein 
bands was quantified using ImageJ software. 

2.10  Statistical analysis 

Statistical analysis was carried out using SPSS 
17.0 software (USA). All results were expressed as 
mean±standard deviation (SD) and analyzed by the 
two-tailed Student’s t-test. P<0.05 was considered 
statistically significant. 

 
 

3  Results 

3.1  Influence of BS on tumor volume of KM mice 

First, we evaluated the influence of BS on the 
immune system of KM mice. As shown in Fig. 1a,  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

there appeared to be no significant difference between 
the control and the BS treatment group on the body 
weights, while the tumor growth in the control group 
was much faster than that in the BS treatment group in 
a dose-dependent manner (Fig. 1b). We found that the 
tumor growth rate was significantly slower than that of 
the control group on Days 4‒6, illustrating that BS may 
be more effective in the early stage of tumorigenesis. 

3.2  Influences of BS on organ relative weight, the 
numbers of red blood cells, white blood cells, and 
platelet of KM mice 

The organs thymus, spleen, liver, and kidney 
were observed and weighed at the endpoint of the 
experiment. The numbers of white blood cells, 
erythrocytes, and platelets in peripheral blood were 
also measured. Table 1 shows that the spleen relative 
weight, thymus relative weight, and the number of 
white blood cells of the BS-treated group were sig-
nificantly higher than those of the control group, 
indicating that BS may have a certain immune- 
enhancing function. At the same time, there was no 
significant difference in liver or kidney relative 
weight between the control and the BS treatment 
groups, showing that there was no obvious liver or 
kidney toxicity induced by BS. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Influence of BS on KM mice 
(a) Influence of BS on weight of KM mice. The body weight was measured every 2 d (n=6). (b) Influence of BS on tumor 
volume of KM mice. The tumor volume was measured every 2 d (n=6). (c) The percentages of CD4

+CD8
− and CD4

−CD8
+ T 

lymphocyte in mice. (d) BS has a negative effect on the expression of PD-L1 on tumor cells (n=3). (a, b, d) Values are repre-
sented as the mean±SD. * P<0.05 vs. control; # P<0.01 vs. BSL; ∆ P<0.05 vs. BSM. BSL, BS low-dose group (90 mg/kg); BSM, 
BS medium-dose group (180 mg/kg); BSH, BS high-dose group (360 mg/kg) 
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3.3  BS elevates percentage of CD4−CD8+ T lym-
phocytes in mice 

After confirming the tumor inhibition effect of 
BS in vivo, we then tried to evaluate the influence of 
BS on the immune system on KM mice. The isolated 
spleen lymphocytes in mice were stained with 
FITC-labeled CD4+ and PE-labeled CD8+ antibody, 
and then detected by flow cytometry (Fig. 1c). The 
percentage of CD4+CD8− T lymphocyte in BSL group 
and the percentage of CD4−CD8+ T lymphocyte in 
BSM and BSH groups were significantly higher than 
those in the control group (Table 2), indicating that 
BS mainly affected CD4−CD8+ T cells in the immune 
system.  

 
 
 
 
 
 
 
 
 
 
 

 

3.4  BS down-regulates the expression of PD-L1 
protein on cell surface 

We then tried to elucidate the possible mecha-
nism by which BS regulates T cells. We first exam-
ined the changes of expression of PD-L1 protein on 
H22 tumor cells by flow cytometry after staining to 
investigate the effects of BS. As shown in Fig. 1d, the 
PD-L1 expression on the surface of H22 tumor cells 
decreased in a dose-dependent manner. When the 
treatment concentration of BS was 360 mg/kg, the 

 
 
 
 
 
 
 
 
 

 
 

expression of PD-L1 was reduced by 51.41%, com-
pared with the control group. Thus BS can signifi-
cantly down-regulate the PD-L1 expression on the 
surface of tumor cells in vivo. 

As previously reported, PD-L1 down-regulates 
the expression of various inflammatory cytokines 
when it binds to PD-1, such as IL-2, IFN-γ, and TNF-α 
(Nomi et al., 2007; Lee et al., 2009; Grzywnowicz  
et al., 2015). In order to confirm the effects of BS on 
immune system, IL-2, IFN-γ, and TNF-α were tar-
geted in our study. As shown in Table 3, we found 
that IL-2, IFN-γ, and TNF-α displayed significant 
up-regulation in KM mice with BS administration, 
after stimulation by PMA and ionomycin calcium for 
48 h. Taken together, the data above indicate that BS 
regulates the expression of PD-L1, thereby promoting 
the secretion of cytokines and enhancing the immune 
function. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

3.5  BS down-regulates PD-L1 expression through 
the STAT3 pathway in hepatocellular carcinoma 
cells 

Our previous work has indicated that TrxR can 
deactivate PI3K/Akt and ERK pathways, two cascades 

Table 2  Influences of BS on percentages of CD4
+, CD8

+ 
T lymphocytes of KM mice 

Group 
Dosage 
(mg/kg) 

CD4
+CD8

−  
(%) 

CD4
−CD8

+  
(%) 

Control 0 11.93±0.02 3.67±0.01 

BSL 90 17.25±0.03** 4.33±0.01 

BSM 180 13.05±0.03 5.46±0.00** 

BSH 360 12.09±0.05 6.25±0.02* 

Values are represented as the mean±SD (n=3). * P<0.05, ** P<0.01 
vs. control. BSL, BS low-dose group (90 mg/kg); BSM, BS medium- 
dose group (180 mg/kg); BSH, BS high-dose group (360 mg/kg) 

 

Table 3  Influences of BS on IFN-γ, IL-2, and TNF-α of 
KM mice 

Group
Dosage 
(mg/kg)

IFN-γ  
(ng/L) 

IL-2  
(pg/ml) 

TNF-α  
(ng/L) 

Control 0 280.14±55.68 4.52±0.41 122.07±24.11

BSL 90 285.57±64.29 4.69±1.44 123.96±34.36

BSM 180 299.38±129.43 4.98±1.63 128.95±30.68

BSH 360 369.00±83.10*#∆ 5.45±1.50* 151.25±54.08*

Values are represented as the mean±SD (n=3). * P<0.05 vs. control, 
# P<0.01 vs. BSL, ∆ P<0.05 vs. BSM. BSL, BS low-dose group 
(90 mg/kg); BSM, BS medium-dose group (180 mg/kg); BSH, BS 
high-dose group (360 mg/kg) 

Table 1  Influences of BS on organ relative weight and the numbers of RBC, WBC, and PLT of KM mice 

Group 
Organ relative weight (%) RBC  

(×1012 L−1) 
WBC  

(×109 L−1) 
PLT  

(×109 L−1) Spleen Liver Renal Thymus 

Control 0.50±0.10 6.67±0.65 1.51±0.22 0.15±0.02 9.23±0.77 7.92±2.99 641.5±165.7 

BSL 0.61±0.07* 6.66±0.54 1.39±0.12 0.27±0.07** 9.11±1.33 12.18±2.99* 503.2±198.6 

BSM 0.64±0.11* 6.92±0.79 1.53±0.21 0.22±0.04** 8.90±1.37 14.42±2.48** 617.3±134.3 

BSH 0.73±0.11** 7.06±0.52 1.42±0.17 0.24±0.05** 8.96±1.46 10.37±2.12 462.8±185.0* 

Values are represented as the mean±SD (n=6). * P<0.05, ** P<0.01 vs. control. BSL, BS low-dose group (90 mg/kg); BSM, BS medium-dose 
group (180 mg/kg); BSH, BS high-dose group (360 mg/kg); RBC, red blood cell; WBC, white blood cell; PLT, platelet 
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both regulating STAT3. Therefore, we suppose that 
BS may regulate the STAT3 pathway through TrxR. 
We first explored the effect of BS on the TrxR level. 
Compared with the control, the expression of TrxR 
was not altered significantly after treatment with BS for 
48 h (Figs. 2a and 2b). Then we conducted an ex-
periment to determine the influence of BS on intra-
cellular TrxR activity using DTNB assay. HepG2 and 
BEL-7402 cells were incubated with BS (0–50 μmol/L) 
for 48 h. As shown in Figs. 2c and 2d, TrxR activity in 
HepG2 and BEL-7402 cell lines decreased under high 
concentration of BS. TrxR activity was 53.15% and 
37.23% of the control group after 50 μmol/L BS 
treatment for 48 h in HepG2 and BEL-7402 cells, 
respectively. Taken together, the regulation function 
of BS on HepG2 and BEL-7402 cell lines is mediated 
by inhibition of TrxR activity, rather than TrxR pro-
tein expression. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Next we verified the influence of BS on the 
STAT3 pathway. Western blot analysis illustrated 
that the protein levels of p-STAT3 and STAT3 in 
HepG2 and BEL-7402 cells decreased after exposure 
to BS for 48 h (Figs. 2a and 2b). The relative protein 
levels of p-STAT3 and STAT3 in HepG2 cells under 
50 μmol/L BS treatment were only 37.68% and 
33.70% of that in the control group, while in BEL- 
7402 cells were 30.89% and 26.70%, respectively. 
Thus, these data suggest that BS could down-regulate 
the STAT3 pathway. 

3.6  BS decreases PD-L1 expression in hepatocel-
lular carcinoma cells 

As STAT3 is able to regulate the expression of 
PD-L1 (Chen et al., 2016), after confirming the effect 
of BS on STAT3 pathway, we investigated the effect 
of BS on PD-L1 expression. As shown in Figs. 3a and 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Expression of TrxR1, p-STAT3, STAT3, and β-actin protein levels, and TrxR activity after BS treatment for 48 h
Western blot analyses of TrxR1, p-STAT3, STAT3, and β-actin protein levels in HepG2 (a) and BEL-7402 (b) cells. BS de-
creased the intracellular TrxR activity and p-STAT3 and STAT3 protein levels in HepG2 (c) and BEL-7402 (d) cells. Values are 
represented as the mean±SD (n≥3). * P<0.05, ** P<0.01 vs. control; # P<0.05 vs. 10 μmol/L BS; Δ P<0.05 vs. 20 μmol/L BS; 
§ P<0.05 vs. 30 μmol/L BS 
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3b, BS markedly down-regulated PD-L1 expression 
in HepG2 and BEL-7402 cells after 48 h treatment in 
a dose-dependent manner. Furthermore, we investi-
gated the expression of PD-L1 protein on the surface 
of HepG2 and BEL-7402 cells after 20 μmol/L BS 
treatment for 5 d using flow cytometry analysis  
(Figs. 3c and 3d). The expression of PD-L1 protein on 
the surface of HepG2 and BEL-7402 cells was sig-
nificantly lower than that of the control group, which 
was consistent with the change of protein level. To-
gether, the data suggest that BS could down-regulate 
PD-L1 expression by inhibiting the STAT3 pathway. 

3.7  BS inhibits the survival and proliferation, and 
induces apoptosis of HepG2 cells 

SRB assay and Annexin-V/PI staining were  
then employed to examine the cytotoxic effect and  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

apoptosis induction of BS on the HepG2 cells. In SRB 
assay, HepG2 cells were treated with 0–100 μmol/L 
BS for 24, 48, and 72 h. The results indicated that  
BS inhibited cell proliferation in a dose- and time-  
dependent manner (Fig. 4a). Specially, the IC50 of BS 
on HepG2 cells was (25.42±5.36) μmol/L for 24 h, 
(18.67±3.50) μmol/L for 48 h, and (15.96±1.03) μmol/L 
for 72 h. In the apoptosis analysis, HepG2 cells were 
treated with 0, 20, 30, and 40 μmol/L BS for 48 h.  
Fig. 4c shows the typical results. As displayed in  
Fig. 4b, the total apoptosis rates of 20, 30, and  
40 μmol/L BS were 15.1%, 58.6%, and 66.3%, re-
spectively. The results showed that BS induced 
apoptosis of HepG2 cells in a dose-dependent manner. 
These data further confirm that BS also exerts sig-
nificant inhibitory and pro-apoptotic effects on the 
HepG2 cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3  Effect of BS on PD-L1 expression in hepatocellular carcinoma cells 
Western blot analyses of PD-L1 and β-actin protein levels in HepG2 (a) and BEL-7402 (b) cells (top panel); relative PD-L1 
protein level in HepG2 (a) and BEL-7402 (b) cells (down panel). The expression of PD-L1 protein level on the surface of 
HepG2 (c) and BEL-7402 (d) cells under 20 μmol/L BS treatment for 5 d. Values are represented as the mean±SD (n≥3). 
* P<0.05, ** P<0.01 vs. control; # P<0.05 vs. 10 μmol/L BS; ∆ P<0.05 vs. 20 μmol/L BS 
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4  Discussion 

 
We found that the TrxR inhibitor BS markedly 

decreased the expression of PD-L1 protein level by 
inhibiting the expression of total and phosphorylated 
STAT3. BS could down-regulate the expression of 
PD-L1 protein on the surface of tumor cells in vivo 
and in vitro. The reduced PD-L1 protein level on the 
surface of tumor cells can decrease its binding to 
PD-1 on T lymphocytes, thus enhancing the function 
of lymphocytes and the secretion of cytokines, and 
this was confirmed by the ELISA analyses of IL-2, 
IFN-γ, and TNF-α in the supernatant of KM mice. In 
addition, BS inhibited the survival and proliferation, 
and induced apoptosis of HepG2 cells, indicating that 
BS can kill tumor cells and inhibit PD-L1 expression 
to trigger immune response simultaneously. 

The thioredoxin system plays a significant role 
in immune function. Thioredoxin is shown to be a 
growth promoting factor in transformed T- and B- 
cells (Mahmood et al., 2013). However, little is known 
about how the thioredoxin system is involved in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

immunity. In the present study, we demonstrated that 
BS, as a selective TrxR inhibitor, could down-regulate 
the expression of PD-L1 on tumor cells via the 
STAT3 pathway to promote an immune response, 
indicating that the combinational use of TrxR inhib-
itor and other chemotherapeutic agents might become 
potential effective anticancer strategies on cancers 
which are resistant to chemotherapy because of im-
mune escape. 

The tumor microenvironment is a complex one 
on which tumor cells rely, mainly composed of a 
variety of different extracellular matrix and stromal 
cells. Components of the tumor microenvironment 
and tumor cells can stimulate each other, thereby 
promoting tumor progression and tumor cell metas-
tasis. The immune checkpoints on tumor-infiltrating 
T cells including cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4), PD-1, inducible T-cell co- 
stimulator (ICOS) and so on can be influenced by 
tumor cells to enhance suppressive activity. In our 
work, we investigated the influence of BS on spleen 
lymphocytes, not the tumor-infiltrating cells. Therefore, 

Fig. 4  Effects of BS on the survival, proliferation, and apoptosis of HepG2 cells 
(a) HepG2 cells were treated with 0, 10, 15, 20, 30, 50, and 100 μmol/L BS for 24, 48, and 72 h. (b) The percentage of total 
apoptosis of HepG2 cells after treatment for 48 h. (c) Pro-apoptotic effect of BS on HepG2 cells after treatment for 48 h with 
0 (control), 20, 30, or 40 μmol/L BS. Upper left quadrant: dead cells; Upper right quadrant: late apoptotic cells; Lower left 
quadrant: viable cells; Lower right quadrant: early apoptotic cells. Values are represented as the mean±SD (n≥3). * P<0.05 vs. 
control; # P<0.01 vs. 20 μmol/L BS; ∆ P<0.05 vs. 30 μmol/L BS 
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we may get more reliable evidence by exploring  
the influence of BS on lymphocytes in the tumor 
microenvironment. 

In summary, we provided experimental evidence 
that BS is able to suppress the expression of PD-L1 
protein through the STAT3 pathway. Given the ad-
vantage of BS compared with other current clinical 
anti-tumor drugs against liver cancer, it is reasonable 
to hypothesize that BS could potentially become a 
promising agent for tumor treatment. Still, more ex-
periments need to be performed to delineate the in-
trinsic mechanism by which the thioredoxin system 
interacts with immunity. 
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中文概要 
 
题 目：新型硫氧还蛋白还原酶抑制剂丁烷硒啉通过下调

PD-L1 的表达来抑制肿瘤的发生 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

目 的：评估新型硫氧还蛋白还原酶抑制剂丁烷硒啉（BS）

对小鼠免疫系统及肿瘤发生的影响，并初步探讨

其作用机制。 

创新点：实验室自主设计的硫氧还蛋白还原酶抑制剂 BS

对免疫系统的调节作用及机制探究。 

方 法：将 24 只体重为 18~22 g 的正常雄性 KM 小鼠随机

分为 4 组，分别为 BS 低、中、高剂量组和对照

组，每组 6 只动物。于接种小鼠肝癌 H22 细胞 

（1×106个/只）后第 2 天开始给药，给药剂量分

别为：空白对照组（5 g/L 羧甲基纤维素钠

（CMC-Na），灌胃（i.g.），每日一次（q.d.））；

BS低剂量组（90 mg/kg，i.g.，q.d.）；BS中剂量

组（180 mg/kg，i.g.，q.d.）；BS高剂量组（360 mg/kg，

i.g.，q.d.）。每天观察小鼠状态，连续 8 天。 

结 论：BS 通过促进小鼠脾淋巴细胞的活化来抑制肿瘤 

增殖。BS 能够通过下调体内肿瘤细胞表面的程序

性死亡配体 1（PD-L1）的表达，提高小鼠

CD4−CD8+ T 淋巴细胞百分比和下游细胞因子的

分泌。在 HepG2 和 BEL-7402 细胞中的进一步研

究表明，通过抑制信号传导子及转录激活子 3

（STAT3）磷酸化，BS 处理后 PD-L1 表达水平

降低。综上所述，BS 通过 STAT3 途径降低 PD-L1

表达，从而产生促进免疫应答的作用，抑制肿瘤

发生。 

关键词：丁烷硒啉；信号传导子及转录激活子3（STAT3）；

程序性死亡配体1（PD-L1）；免疫；硫氧还蛋白

还原酶 


