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Abstract. Liver cancer is one of the most common malignant 
tumors worldwide. Thioredoxin reductase (TrxR) is highly 
expressed in liver cancer cells. The present study aimed to 
investigate the effect of inhibiting TrxR on liver cancer and 
to better understand the underlying molecular and immuno
logical mechanisms associated with inhibition. It was 
demonstrated that targeting TrxR inhibited the growth and 
induced apoptosis of liver cancer cells, which was accompa-
nied by activation of the mitogen associated protein kinase 
pathway. This inhibition was dependent on the production of 
reactive oxygen species (ROS). Blockage of ROS production 
reversed TrxR inhibitor‑induced antitumor effects. Blocking 
the Trx/TrxR system activated the mammalian target of 
rapamycin pathway and inhibited autophagy, which occurred 
in a ROS‑independent manner. TrxR inhibition led to lesions 
in the mitochondrial membrane, indicated by alterations in 
membrane potential. Mouse xenograft experiments were 
highly consistent with in  vitro studies. Most importantly, 
blocking the Trx/TrxR system improved the tumor immune 
microenvironment. Together, these data demonstrated that 
TrxR is a potential target for liver cancer therapy, which could 
inhibit hepatocarcinogenesis and progression, and improve the 
antitumor immune response.

Introduction

Liver cancer, including hepatocellular carcinoma (HCC) and 
cholangiocarcinoma in adults, and hepatoblastoma mainly 
in children, is one of the most common malignant tumors 
and is the most frequent cause of cancer‑associated death 
worldwide (1). Much progress has been made in liver cancer 

research and current options for the treatment of the early 
stage liver cancer include radio frequency ablation, hepatic 
resection and transplantation (2,3). Unfortunately, >50% of 
HCC cases are diagnosed at an intermediate or advanced 
tumor stage  (4). Oral administration of sorafenib, a small 
molecule multikinase inhibitor, is currently the only treat-
ment that substantially prolongs survival in patients with 
advanced HCC, making sorafenib the standard treatment for 
advanced stage HCC. Although sorafenib treatment improves 
survival among patients with advanced HCC, toxicity and 
unsatisfactory antitumor effects remain unsolved issues with 
this drug (5,6). Although novel molecular targeting agents 
including regorafenib have been approved, none of the inhibi-
tors have demonstrated satisfactory results. Therefore, there 
remains a need for improved therapeutics for liver cancer.

Thioredoxin (Trx) and thioredoxin reductase (TrxR) 
provide a coupled redox system, which serves key roles in 
maintaining redox reactions in biosynthetic pathways and 
controlling redox homeostasis in cells. Trx, a redox regula-
tory protein, can be oxidized by abundant reactive oxygen 
species (ROS). TrxR reactivates Trx by reduction, providing a 
circuit for sequential turnover in multiple oxidation/reduction 
cycles (7).

It has been suggested that TrxR serves important roles in 
diverse physiological and pathological processes, including 
apoptosis, cancer, chronic inflammation, autoimmune diseases 
and neurodegenerative disorders (7). In previous years, several 
studies have reported that Trx or TrxR are overexpressed in 
tumors including lung, breast, colorectal, pancreatic, hepa-
tocellular, gastric, myeloma, non‑Hodgkin lymphoma and 
acute lymphocytic leukemia (8,9). TrxR contributes to tumor 
growth through the hypoxia inducible factor‑1 pathway and is 
essential to maintain tumor phenotypes and metastasis (10,11). 
Accumulating evidence indicates that TrxR/Trx is an impor-
tant modulator of tumor development. Therefore, targeting 
TrxR/Trx is a promising strategy for cancer treatment (8,12).

Due to its involvement in pathological processes, inhib-
iting TrxR is an important clinical goal. Recently, several 
studies have described inhibitors of TrxR, for example, gold 
(I) N‑heterocyclic carbene complexes, that exhibit clear and 
strong anti‑proliferative effects on a wide range of tumor 
cells (13). Generally, TrxR inhibitors display antitumor effects 
by promoting the apoptosis of tumor cells  (8,9,14). TrxR 
expression has been demonstrated to be associated with liver 
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cancer (15,16); however, whether TrxR can serve as a thera-
peutic target for liver cancer has yet to be determined.

In the present study, whether blocking TrxR using the 
inhibitor chloro(triethylphosphine)gold(I) (AA1), could inhibit 
the growth of liver cancer cells in vitro and in vivo was exam-
ined. Targeting TrxR resulted in the production of ROS, the 
inhibition of autophagy and the induction of lesions in the 
mitochondrial membranes in liver cancer cells. Additionally, 
AA1 induced a profound antitumor immune response in the 
tumor immune microenvironment.

Materials and methods

Cell culture and reagents. Human liver cancer cell line 
HepG2 (17), the C57BL/6‑derived hepatoma cell line Hepa1‑6, 
MDA‑MB231, Hela, B16, K562, HL‑60, A549, H7402, PLC 
and HepG2.2.15 cells were purchased from the Cell Bank of 
Type Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). Cells were cultured in Dulbecco's modified 
Eagle's medium (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) supplemented with 10% fetal bovine serum (Sijiqing; 
Zhejiang Tianhang Biotechnology Co., Ltd., Hangzhou, 
China) at 37˚C with 5% CO2. AA1, a potent TrxR inhibitor, 
was kindly provided by Professor Minyong Li at the School 
of Pharmaceutical Sciences, Shandong University (Shandong, 
China)  (18). Cisplatin was obtained from Sigma‑Aldrich 
(Merck KGaA, Darmstadt, Germany), and was dissolved in 
0.9% NACl at a final concentration of 100 mg/ml.

Animal models. 6‑week‑old male nude mice (n=6, 19‑21 g) 
and C57BL/6 mice (n=7, 21‑23 g) were purchased from Beijing 
HFK Bioscience Co., Ltd., (Beijing, China) and maintained 
under specific pathogen‑free conditions (temperature 25˚C, 
relative humidity 45%) with a 12‑h light‑dark cycle. A total of 
2x106 Hepa1‑6 cells in 200 µl PBS were injected into nude mice 
or C57BL/6 mice and seven days later, AA1 (2 mg/kg) or PBS 
as a control was intraperitoneally injected into tumor‑bearing 
mice every two days for seven total injections. Cisplatin 
(3 mg/kg) was as a positive control in tumor‑bearing nude 
mice. Tumor volumes were determined by measuring 
length (l) and width (w) at the indicated time points. At the end 
of treatment, the mice were sacrificed and the tumors removed 
and used for ROS and tumor immune environment evaluation. 
All animals were kept in standard laboratory conditions and 
provided with food and water ad libitum. The animal experi-
ments were approved by the Research Ethics Committee of 
Shandong University.

TrxR activity analysis by 3‑carboxy‑4‑nitrophenyl disulfide 
(DNTB) assay. HepG2 or Hepa1‑6 cells were incubated with 
different concentrations of AA1 for 48 h. Cells were harvested 
and cell lysates were prepared with a RIPA lysis buffer 
(Beyotime Institute of Biotechnology, Shanghai, China) in the 
presence of protease inhibitors. Protein concentration of the 
supernatant was determined using the Bradford reagent. A 
total of 25 µg of extract were incubated with 1 mM NADPH 
and 2 mM selenocystine (SC) in Tris EDTA buffer [50 mM 
Tris‑HCl and 2 mM EDTA, (pH 7.5)] in a total volume of 
100 µl. Samples of protein only, protein and NADPH, and 
protein and SC were used as controls. The reaction mixture 

was placed into 96‑well microplates and monitored at 30 sec 
intervals over a 20  min period, and the absorbance was 
measured at 412 nm (BioRad Laboratories, Inc., Hercules, CA, 
USA) (9).

Cell viability assay. HepG2 and Hepa1‑6 cells (4x103) were 
seeded in 96‑well plates, then HepG2 were treated with AA1 
(1.25, 2.5, 5 and 10 µM), and Hep1‑6 cells were treated with 
AA1 (0.3, 0.6, 1.25, 2.5 and 5 µM) at the indicated time points 
(24 and 48 h), then MTT assays performed to measure the 
inhibitory effects of AA1 on the proliferation of liver cancer 
cell. At last, DMSO was used to dissolve the purple formazan, 
and the absorbance of the plate was measured at 490 nm.

Cell cycle analysis and apoptosis assay. HepG2 cells (1.5x105) 
were seeded in 12‑well plates. The following day, cells were 
treated with AA1 at the indicated concentrations (2.5, 5 and 
10 µM). Following 24 h, cells were harvested, washed twice with 
ice‑cold PBS and fixed in 70% ethanol at 4˚C overnight. Cells 
were then washed once with ice‑cold PBS and re‑suspended in 
1 ml of staining reagent containing 50 mg/ml propidium iodide 
(PI) and 100 mg/ml RNase. Cells were incubated for 30 min 
in the dark, then cell cycle analysis was performed using a 
flow cytometer (BD FACS Calibur; BD Biosciences, Franklin 
Lakes, NJ, USA) (19). To determine rates of apoptosis, cells 
underwent the same treatment and analysis as for cell cycle 
analysis but were stained with Annexin V‑fluorescein isothio-
cyanate (FITC)/PI (eBioscience; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. The data were 
analyzed using WinMDI version 2.8 software (The Scripps 
Research Institute, La Jolla, CA, USA).

Evaluation of mitochondrial membrane potential (MMP). 
HepG2 and Hepa1‑6 cells (1x105) were seeded in 60 mm cell 
culture dishes. Then, HepG2 cells were treated with 2.5 and 
5 µM, Hep1‑6 cells were treated with 1.25 and 2.5 µM, 48 h 
later, cells were harvested and washed twice with ice‑cold 
PBS, then incubated with JC‑1 (10 µg/ml; cat. no. C2006; 
Beyotime Institute of Biotechnology) in the dark for 15 min 
at 37˚C. Cells were washed three times with ice‑cold PBS and 
analyzed by fluorescence microscopy (Olympus Corporation, 
Tokyo, Japan) using emission wavelengths of 590 and 525 nm.

Determination of ROS production. HepG2 and Hepa1‑6 cells 
(1.5x105) were seeded in 60‑mm cell culture dishes. Following 
treatment with AA1 for 6 h, cells were incubated with 10 µM 
2',7'‑dichlorofluorescein diacetate (DCFH‑DA; cat. no. D6883; 
Sigma‑Aldrich; Merck KGaA) for 15 min in the dark, washed 
three times with ice‑cold PBS and the ROS levels analyzed by 
fluorescence microscopy (Olympus Corporation) (20).

Nuclear staining. HepG2 and Hepa1‑6 cells (1.5x105) were 
seeded in 60‑mm cell culture dishes. Following treatment 
for 12 h, cells were harvested and washed three times with 
cold PBS, following which cells were fixed with 4% poly-
oxymethylene for 10 min at room temperature. Then, cells 
were rinsed with PBS, and incubated with 1 µM DAPI (cat. 
no. C1002; Beyotime Institute of Biotechnology) for 10 min at 
37˚C in dark. Then, the cells were imaged using a fluorescent 
microscope (CK30‑F200; Olympus Corporation).
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Reverse transcription‑quantitative polymerase chain reaction 
analysis. Total RNA was extracted from cells using TRIzol 
(Invitrogen; Thermo Fisher Scientific, Inc.) and used to synthe-
size cDNA using M‑MLV Reverse Transcriptase (Invitrogen; 
Thermo Fisher scientific, Inc.) in accordance with the manu-
facturer's protocol. The mRNA level of Bcl‑2 was determined 
by Reverse transcription‑quantitative PCR (RT‑qPCR) with 
SYBR Green Master Mix (Roche Diagnostics, Indianapolis, 
IN, USA) using an iCycleriQ real‑time PCR system (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). qPCR amplification 
was conducted for 35 cycles, each cycle consisting of denatur-
ation (95˚C for 5 sec), annealing (55˚C for 20 sec) with a single 
fluorescence measurement taken at the end of the annealing step, 
and extension (72˚C for 20 sec). The ∆∆Cq method was applied 
for gene number determination (21). The expression of human 
Bcl‑2 was normalized to GAPDH levels. Primer sequences for 
quantitative real‑time PCR were as follows: GAPDH (forward 
primer, 5'‑TGC​ACC​ACC​AAC​TGC​TTA​GC‑3'; reverse primer, 
5'‑GGC​ATG​GAC​TGT​GGT​CAT​GAG‑3') and Bcl‑2 (forward 
primer, 5'‑CTG​AGT​ACC​TGA​ACC​GGC​A‑3'; reverse primer, 
5'‑GAG​AAA​TCA​AAC​AGA​GGC​CG‑3').

Western blotting. Total protein was extracted from cells lysed 
with a RIPA lysis buffer (Beyotime Institute of Biotechnology) 
and the concentrations were determined with bicinchoninic 

acid methods. Then, proteins (30 µg/lane) were separated 
by SDS‑PAGE on a 10% polyacrylamide gel and transferred 
onto polyvinylidene difluoride membranes membranes (EMD 
Millipore, Billerica, MA, USA). The membranes were blocked 
with TBS buffer containing 5% non‑fat milk for 1 h at room 
temperature. Then the protein were incubated with specific 
antibodies (1:1,000): Phosphorylated (p)‑38 (cat. no. 4511; Cell 
Signaling Technology, Inc., Danvers, MA, USA), P38 (cat. 
no. 8690; Cell Signaling Technology, Inc.), p‑mitogen‑activated 
protein kinase 8 (p‑JNK; cat. no.  4668S; Cell Signaling 
Technology, Inc.), JNK (cat. no.  3708S; Cell Signaling 
Technology, Inc.), p‑extracellular signal regulated kinase 
(p‑ERK; cat. no. 14227S; Cell Signaling Technology, Inc.), ERK 
(cat. no. 4348S; Cell Signaling Technology, Inc.), p‑mamma-
lian target of rapamycin (p‑mTOR; cat. no. ab109268; Abcam, 
Cambridge, UK), mTOR (cat. no. ab32028; Abcam), p62 (cat. 
no. ab109012; Abcam), light chain‑3 (LC3B; cat. no. 2275S), 
Bcl‑2 (cat. no. ab32124; Abcam) and β‑actin (cat. no. 3700; 
Cell Signaling Technology, Inc.). The membranes were then 
washed and incubated with goat anti‑rabbit (cat. no. A0208; 
Beyotime Institute of Biotechnology) or goat anti‑mouse (cat. 
no. A0216; Beyotime Institute of Biotechnology) horseradish 
peroxidase‑conjugated secondary antibody (1:10,000) for 
1  h. After being washed, the membranes were developed 
using enhanced chemiluminescence (ECL; EMD Millipore). 

Figure 1. Targeting TrxR inhibits growth of liver cancer cells. (A) HepG2 and (B) Hepa1‑6 cells were treated with designated concentrations of AA1 for 24 
or 48 h and cell viability was determined using the MTT assay. Following treatment with AA1, the activity of TrxR in (C) HepG2 and (D) Hepa1‑6 cells was 
tested using a 3‑carboxy‑4‑nitrophenyl disulfide assay and measuring absorbance at 420 nm. Data are expressed as the mean ± standard deviation from at least 
three independent experiments. *P<0.05 and **P<0.01. TrxR, thioredoxin reductase; AA1, chloro(triethylphosphine)gold(I); OD, optical density.
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Densitometric analysis of blots was performed in ImageJ 
(version 1.41o; National Institutes of Health, Bethesda, MD, 
USA).

Autophagy flux assays. HepG2 cells were seeded in a 
12‑well plate (1.5x105) and infected with Ad‑mCherry‑green 
fluorescence protein (GFP)‑LC3B (Beyotime Institute of 
Biotechnology) (Multiplicity of infection 15) for 48 h, then 
preincubated for 2 h with or without 1 mg/ml N‑acetylcysteine 
(NAC). This was followed by treatment with 10 µM AA1 for 
6 h. Cells were fixed with 4% paraformaldehyde for 24 h at 
4˚C and microphotographs of mCherry‑GFP‑LC3 fluores-
cence were acquired by fluorescence microscopy (Olympus 
Corporation).

Flow cytometry. Infiltrating mononuclear cells were isolated 
from the whole tumor tissue. Flow cytometric analysis was 
performed using BD FACSCalibur and FACSAria III instru-
ments. Antibodies used in this study included FITC‑labeled 

anti‑Natural killer (NK)1.1 (cat. no. 11‑5941‑85) and anti‑cluster 
of differentiation (CD)4 (cat. no.  11‑0041‑82); phyco-
erythrin (PE)‑labeled anti‑mouse‑CD69 (cat. no. 12‑0691‑83); 
PE‑cyanine 5.5‑labeled anti‑mouse CD3e (cat. no. 45‑0031‑82) 
and PE‑labeled anti‑CD8 (cat. no. 12‑0081‑82). Antibodies were 
obtained from eBioscience; Thermo Fisher Scientific, Inc. (22). 
The cells were blocked with 10% normal rat serum (prepared in 
our lab) for 30 min, and stained with a saturating amount of the 
antibodies for 1 h at 4˚C, then washed with PBS for three times. 
Cells were acquired on a FACSCalibur flow cytometer (BD 
Bioscience) and analyzed using WinMDI version 2.8 software 
(The Scripps Research Institute, San Diego, CA, USA).

Statistical analyses. All values are presented as the 
mean  ±  standard error of the mean of three independent 
experiments. Statistical analysis was performed using a paired 
Student's t‑test or one‑way analysis of variance followed by 
Tukey's post‑hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Figure 2. Inhibition of thioredoxin reductase induces apoptosis in liver cancer cells. HepG2 and Hepa1‑6 cells were treated with AA1 for 12 h. (A) The 
percentage of cells undergoing apoptosis was determined by flow cytometry using an Annexin V/PI assay. (B) HepG2 and Hepa1‑6 cells treated with AA1 
for 12 h were stained with DAPI. Images were acquired by fluorescence microscopy (scale bar 10 µm). (C) Expression of the anti‑apoptotic gene Bcl‑2 was 
assayed by quantitative polymerase chain reaction and western blotting following treatment by AA1 for 12 h. Data are expressed as the mean ± standard 
deviation of at least three independent experiments. *P<0.05 and **P<0.01 vs. the untreated group (0 µM). PI, propidium iodide; Bcl‑2, B cell lymphoma‑2; AA1, 
chloro(triethylphosphine)gold(I); NS, not significant. 
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Results

Targeting TrxR inhibits liver cancer cell growth. To evaluate 
the feasibility of targeting TrxR in liver cancer, TrxR activity 
was first examined using a DNTB assay. Among various 
cancer cell lines including MDA‑MB231 (breast cancer), Hela 
(cervical cancer), B16 (melanoma cells), K562 and HL‑60 
(leukemia cell), A549 (lung cancer), HepG2, H7402, PLC 
and HepG2.2.15 cells (liver cancer), liver cancer cell lines, 
including HepG2 and H7402, were demonstrated to exhibit a 
high level of TrxR activity (data not shown). Subsequently, the 
effects of the TrxR inhibitor AA1 on the growth of HepG2 
cells and the mouse hepatoma cell line Hepa1‑6 in vitro was 
analyzed using an MTT assay. As demonstrated in Fig. 1A 
and B, treatment with AA1 for 24 or 48 h inhibited the prolif-
eration of HepG2 and Hepa1‑6 cells significantly at ≥2.5 µM 
(P<0.05). In addition, it was observed that TrxR activity was 
inhibited in HepG2 and Hepa1‑6 cells treated with a range 

of AA1 concentrations and significant inhibition occurred at 
10 µM (P<0.05; Fig. 1C and D). These results demonstrated 
that targeting TrxR can inhibit the growth of liver cancer cells 
in vitro.

Targeting TrxR induces apoptosis in liver cancer cells in a 
ROS‑dependent manner. Cell cycle analysis demonstrated 
that TrxR inhibition by AA1 has no effect on the cell cycle 
progression of liver cancer cells (data not shown). Therefore, 
the pro‑apoptotic effects of AA1 in liver cancer cell lines 
were examined using an Annexin  V/PI staining assay. As 
demonstrated in Fig. 2A, HepG2 and Hepa1‑6 cells underwent 
dose‑dependent apoptotic cell death following treatment with 
AA1 for 12 h, with a significant increase in apoptosis was 
demonstrated at ≥5 µM (P<0.05). Cell nuclear morphology was 
also examined as an indicator of apoptosis. As demonstrated 
in Fig. 2B, compared with the untreated cells, which remained 
dim, HepG2 cells treated with the TrxR inhibitor exhibited a 

Figure 3. Inhibition of TrxR induces apoptosis in liver cancer in a ROS‑dependent manner. HepG2 and Hepa1‑6 cells were treated with different concentra-
tions of AA1 for 6 h. Accumulation of ROS in the cells was evaluated following DCFH‑DA staining. Images were acquired by fluorescence microscopy 
(scale bar, 10 µm for HepG2 cells and 20 µm for Hepa1‑6 cells) (A) HepG2 and Hepa1‑6 cells were either treated with AA1, pretreated with NAC followed 
by AA1 treatment, or treated with NAC alone for the designated periods of time. (B) Levels of p‑p38‑MAPK, p‑JNK and p‑ERK levels were examined by 
western blotting. (C) HepG2 and Hepa1‑6 cells either pre‑treated with NAC or untreated were subsequently treated with AA1 for 12 h. The percentage of 
cells undergoing apoptosis was detected by flow cytometry using an Annexin V/propidium iodide assay. Data are expressed as the mean ± standard devia-
tion from at least three independent experiments. *P<0.05: AA1‑treated group vs. the untreated group (0 µM); #P<0.05: AA1+NAC vs. AA1‑treated group. 
p‑ERK, phosphorylated‑extracellular signal regulated kinase; JNK, mitogen‑activated protein kinase 8; MAPK, mitogen‑activated protein kinase; NAC, 
N‑acetylcysteine; AA1, chloro(triethylphosphine)gold(I).
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bright blue appearance and the nucleus appears to be condensed 
and fragmented. Examination of expression of the anti‑apoptotic 
gene Bcl‑2 by qPCR and western blotting demonstrated that 
inhibition of TrxR significantly decreased expression in a 
dose‑dependent manner in HepG2 cells (P<0.01; Fig. 2C), a 
similar trend of Bcl‑2 mRNA inhibition was also observed in 
Hep1‑6 cells after AA1 treatment (data not shown).

It was reported that TrxR inhibition promotes apoptosis 
in a ROS‑dependent manner in pancreatic and lung cancer 
cells (9,23). Therefore, whether TrxR inhibition‑induced apop-
tosis of liver cancer cells was associated with an increase in 
ROS levels was examined. Using the redox‑sensitive fluorescent 
probe DCFH‑DA, TrxR inhibition by AA1 was demonstrated 
to cause a dose‑dependent increase in ROS levels in HepG2 
and Hepa1‑6 cells (Fig.  3A). The p38‑mitogen associated 
protein kinase (MAPK) signaling pathway is activated by ROS 
production, which has previously been suggested to promote 
cell apoptosis (24). As demonstrated in Fig. 3B, TrxR inhibition 
by AA1 increases the levels of p‑p38, p‑JNK and p‑ERK in a 

time‑dependent manner; notably, the ROS inhibitor NAC almost 
completely abolished p38, JNK, ERK activation induced by 
AA1 in HepG2 and Hepa1‑6 cells. Furthermore, AA1‑induced 
pro‑apoptotic effects in HepG2 and Hepa1‑6 cells are almost 
abolished by pre‑treatment with NAC (Fig. 3C). These results 
indicated that AA1‑induced ROS activate the MAPK signal 
pathway and promote apoptosis in liver cancer cells.

Targeting TrxR inhibits autophagy of liver cancer cells in a 
ROS‑independent way. As previously described, ROS induce 
autophagy which then contributes to a reduction of ROS levels. 
Autophagy serves important roles in cell survival as well as in 
the regulation of cell death, especially in apoptosis‑signaling 
pathways. To investigate whether the activation of autophagy 
contributes to the effects of AA1, the activation of autophagy 
in AA1‑treated HepG2 and Hepa1‑6 cells was examined. LC3 
expression was demonstrated to decease significantly in cells 
treated with AA1 for 6 h (P<0.05); however, NAC treatment 
does not reverse autophagosome inhibition resulting from 

Figure 4. Targeting TrxR inhibits autophagy of liver cancer cells in a reactive oxygen species‑independent manner. HepG2 or Hepa1‑6 cells were infected 
with Ad‑mCherry‑green fluorescent protein‑LC3B for 48 h and following pretreatment with NAC for 2 h or no treatment, cells were then treated with 10 µM 
AA1 for 6 h. (Aa) Autophagosomes were imaged by fluorescence microscopy (scale bar 20 µm), quantitative analysis of LC3 expression was presented in (Ab). 
(B) LC3‑II and LC3‑I levels were examined by western blotting following treatment with AA1 (10 µM), AA1+NAC pretreated, or NAC alone for different time 
points in Hepa1‑6 and HepG2 cells. (C) The levels of p62 protein were detected following treatment with an increasing concentration (0‑2.5 µM) of AA1 for 3 h 
in Hepa1‑6 and HepG2 cells with or without NAC pretreatment. (D) Activation of mTOR in HepG2 and Hepa1‑6 cells treated as described above was detected 
by western blotting. The western blots are presented on the left and quantitative analysis is presented in the right panel. Experiments were run in triplicate. 
*P<0.05 vs. the untreated group (0 µM). mTOR, mammalian target of rapamycin; LC3, light chain 3; NAC, N‑acetylcysteine; AA1, chloro(triethylphosphine)
gold(I); TrxR, thioredoxin reductase; NS, not significant.
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AA1 treatment (Fig. 4A). The conversion of LC3‑I to LC3‑II 
was monitored using western blot analysis. Consistently, the 
ratio of LC3‑II to LC3‑I in HepG2 and Hepa1‑6 cells treated 
with AA1 decreased significantly compared with the control 
group (P<0.05). This effect is also observed following NAC 
pretreatment (P<0.05; Fig. 4B).

The p62 protein has previously been demonstrated to be 
preferentially degraded by autophagy, so levels of p62 reflect 
alterations in autophagy (25). As the levels of p62 were exam-
ined by western blotting, it was noticed that the levels of p62 
increased noticeably in 1.25 or 5 µM AA1‑treated HepG2 and 
Hepa1‑6 cells, and that NAC does not influence the expres-
sion of p62 (Fig. 4C). These data further support that AA1 
inhibition of autophagy is not dependent on ROS.

Activity of the mTOR is associated with the status of 
autophagy (26). TrxR inhibition with increasing concentrations 
of AA1 was demonstrated to significantly induce phosphoryla-
tion of mTOR in Hepa1‑6 and HepG2 cells (P<0.05) and NAC 
pretreatment does not prevent AA1‑induced mTOR activation 
(Fig. 4D). Together, these results indicate that targeting TrxR 
inhibits autophagy in liver cancer cells in an ROS‑independent 
manner.

Inhibition of TrxR induces mitochondrial membrane lesions 
in liver cancer cells. Since increases in ROS may occur due 
to dysfunctional mitochondria (9), the MMP was analyzed 

in HepG2 and Hepa1‑6 cells treated with AA1 using JC‑1 
dye. An increase in green fluorescence and a decrease of red 
fluorescence was noted, indicating a decline in the MMP in 
AA1‑treated cells without NAC. NAC significantly suppressed 
the inhibition of MMP induced by AA1 in HepG2 (P<0.05; 
Fig. 5A) and Hepa1‑6 cells at 2.5 µM (P<0.05; Fig. 5B). These 
observations provide a clear indication that TrxR inhibition 
induces lesions in the mitochondrial membrane in liver cancer 
cells.

Targeting TrxR inhibits tumor growth in HepG2 tumor‑bearing 
nude mice. To investigate the effects of targeting TrxR on liver 
cancer growth in vivo, AA1 was administered to nude mice 
subcutaneously injected with 2x106 HepG2 cells. A widely used 
anticancer drug cis‑diamine dichloroplatinum (Cis‑Dic) was 
used for comparison (Fig. 6A). The body weights of AA1‑and 
Cis‑Dic‑treated groups were not significantly different from 
the untreated control group (Fig. 6B). The size of the tumors 
in the AA1‑ and Cis‑Dic‑treated mice were significantly 
smaller compared with the control mice, with the inhibitory 
effects of AA1 similar to Cis‑Dic (P<0.01; Fig. 6C and 6D). 
Furthermore, as demonstrated in Fig.  6E, AA1 treatment 
significantly increases the expression of ROS in HepG2 cells 
isolated from tumor‑bearing nude mice (P<0.01). These data 
suggest that TrxR inhibition efficiently inhibits the growth of 
liver cancer in vivo.

Figure 5. Targeting TrxR induces lesions in the mitochondrial membranes of liver cancer cells. (A) HepG2 cells and (B) Hepa1‑6 cells were treated with 
different concentration of chloro(triethylphosphine)gold(I) for 6 h then incubated with the JC‑1 probe (5 µM) for 30 min. MMP was detected by fluorescence 
microscopy. Membrane depolarization is reflected in a shift from green to red. Images demonstrate one representative result from the assay, which was run in 
triplicate (scale bar 50 µm). Quantitative analysis of the MMP among groups. The ratio of red to green fluorescence was used as the indicator for MMP. Data 
are expressed as the mean ± standard deviation from at least three independent experiments. *P<0.05: AA1‑treated group vs. untreated group (0 µM). MMP, 
mitochondrial membrane potential; TrxR, thioredoxin reductase; NAC, N‑acetylcysteine; CTRL, control.
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Targeting TrxR improves the tumor microenvironment. To 
identify whether TrxR inhibition affects the tumor microen-
vironment, another mouse model was adopted with an intact 
immune system. A total of 2x106 Hepa1‑6 cells were inoculated 
into C57BL/6 mice and beginning seven days post‑inoculation, 
AA1 or a solvent control were administered every two days 
for a total of seven injections (Fig. 7A). Similar to what was 
observed in HepG2 tumor‑bearing nude mice, the growth of 
liver cancer was significantly suppressed by AA1 treatment as 
compared with the control group (P<0.01; Fig. 7B and 7C) and 
is accompanied by a significant increase in ROS levels (P<0.01; 
Fig. 7D). Next mononuclear cells were isolated from tumor 
tissues and the phenotypes of immune cells were analyzed. 
Compared with the control mice, a significantly increased 
infiltration of mononuclear cells was observed in tumor tissues 
from mice treated with AA1 (P<0.05; Fig. 7E). Since it is well 
known that CD8+ T and natural killer (NK) cells serve key 
roles in antitumor immunity, the frequency and activation of 

these cells was next evaluated by fluorescence‑activated cell 
sorting. As demonstrated in Fig. 7F, although the percentage 
of CD8+ T cells is not significantly affected by AA1 treatment, 
the expression of the activation marker CD69 is significantly 
increased in CD8+ T cells from AA1‑treated mice (P<0.05). 
In addition, the frequency and CD69 expression levels of NK 
cells increased in tumor tissues from AA1‑treated mice, while 
the CD69 upregulation was non‑significant. (Fig. 7G). These 
data suggested that targeting TrxR can stimulate the activation 
of the immune response, enhancing antitumor efficiency.

Discussion

In the present study, it was demonstrated that targeting TrxR 
inhibits the growth of liver cancer cells by inducing apoptosis 
through a ROS‑dependent pathway. Mechanistically, TrxR 
inhibition results in the production of ROS, which activates 
the MAPK signaling pathway. Additionally, lesions in the 

Figure 6. AA1 inhibits tumor growth in vivo. Nude mice were inoculated with 2x106 HepG2 cells. (A) Beginning at seven days post‑inoculation, mice were 
intraperitoneally injected with AA1 (25 mg/kg) or Cis‑Dic (3 mg/kg) every two days for a total of seven injections. Solvent was used as a control. (B) The 
side effects of treatments were evaluated in terms of body weight variation. (C) Tumor growth curves were generated for the experimental period. Data are 
presented as the mean ± standard deviation. (D) Tumors from the treated or control groups. (E) The ROS levels in tumor cells isolated from mice treated as 
above. Data presented represents the mean ± standard deviation of n=6 and were analyzed with an analysis of variance test. **P<0.01 vs. ctrl (PBS injection). 
ROS reactive oxygen species; Cis‑Dic, cisplatin; AA1, chloro(triethylphosphine)gold(I); MFI, mean fluorescence index. 
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mitochondrial membranes in liver cancer are induced by 
targeting TrxR and are accompanied by the inhibition of the 
protein kinase B (Akt)/mTOR pathway and autophagy. The 
results of xenograft experiments in nude mice were highly 
consistent with in  vitro studies. Notably, TrxR inhibition 
improves the tumor immune microenvironment in mouse 
model.

The Trx/TrxR system is a major protein disulfide reduction 
system in mammalian cells. TrxR is required to convert oxidized 
Trx into its functional reductive form, which can scavenge ROS 
and improves cell viability under oxidative stress (27). TrxR, is 
overexpressed in a number of tumor cells including liver cancer, 
pancreatic cancer and lung cancer, and has emerged as a novel 
target for cancer treatment (9,23). To date, a number of synthetic 
and natural therapeutic compounds that exhibit anticancer 
properties have been classified as TrxR inhibitors. The results 
of the present study demonstrated that TrxR inhibition inhibits 
the growth of liver cancer in vitro and in vivo. Although no 
disruption to the cell cycle of HepG2 cells is observed following 
treatment with the TrxR inhibitor AA1, the number of apoptotic 
cells was increased. Further investigation demonstrated that 
the levels of ROS increased with TrxR inhibition and medi-
ated AA1‑induced liver cancer cell apoptosis, in conjunction 
with downregulation of Bcl‑2. This is consistent with previous 

observations demonstrating that the accumulation of ROS can 
result in DNA damage and apoptosis (24,28). Trx is a physi-
ological inhibitor of mitogen‑activated protein kinase kinase 
kinase 5 (ASK1) that interacts directly and therefore disrupts 
ASK1‑p38‑MAPK‑dependent apoptosis (9,29,30). Given that 
this interaction only occurs with Trx in its reduced form, AA1 
likely reduces the binding of ASK1 to Trx. As a result, free 
ASK1 leads to phosphorylation of p38‑MAPK, which is detected 
in liver cancer cells, as well as the activation of JNK and ERK.

The phosphoinositol 3 kinase/Akt/mTOR signaling 
pathway and the Ras/Raf1/ERK1/2 pathway are known to 
regulate autophagy in cellular responses (31,32). In the present 
study, the activation of mTOR signaling was demonstrated 
and the conversion of LC3‑I to LC3‑II was decreased by 
AA1 treatment, which is consistent with observations of other 
types of cancer treated with TrxR inhibitors (33,34). Targeting 
TrxR induces the inhibition of autophagy independently of 
ROS. This may mean that AA1 directly inhibits autophagy, or 
autophagy inhibition occurs prior to ROS accumulation. These 
results demonstrate the impact of the redox environment on 
autophagy‑apoptosis interplay in various cancer cells.

Mitochondria serve an important role in the regulation of 
apoptosis and the mitochondria‑mediated apoptosis pathway is 
accompanied by MMP depolarization, followed by pro‑apoptotic 

Figure 7. Targeting TrxR improves the tumor microenvironment. C57BL/6 mice were inoculated with 2x106 Hepa1‑6 cells. (A) At seven days post‑inoculation, 
mice were injected intraperitoneally with AA1 (25 mg/kg) or solvent (Ctrl) every two days for a total of seven injections. (B) Gross pathology was observed 
and (C) tumor growth curves were generated following treatment with AA1. (D) ROS levels in tumor cells from C57BL/6 mice treated as above. (E) Infiltrating 
mononuclear cells from tumor tissues of Hepa1‑6 tumor‑bearing mice were isolated and analyzed by flow cytometry and a cell count performed. The frequency 
and activation of infiltrated (F) CD8+ T cells and (G) NK cells in tumor tissue were analyzed. Data demonstrated represent the mean ± standard deviation n=7 
and were analyzed with analysis of variance. *P<0.05 and **P<0.01: vs. ctrl (PBS injection). ROS, reactive oxygen species; Ctrl, control; NK, natural killer; AA1, 
chloro(triethylphosphine)gold(I); NS, not significant; CD, cluster of differentiation.
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molecule release from the mitochondria into the cytosol (35). In 
the present study, JC‑1 was used as a fluorescent probe, which 
selectively enters into mitochondria and undergoes a reversible 
color alteration from green to red as the membrane potential 
increases. TrxR inhibition was observed to decrease MMP in 
liver cancer cells treated with AA1, demonstrating an additional 
mechanism contributing to TrxR inhibition‑induced apoptosis 
in liver cancer cells.

A previous study demonstrated that CD4+CD25+Foxp3+ 

regulatory T cells (Tregs) are enriched in the tumor microen-
vironments of melanoma patient and demonstrate a positive 
correlation with Trx levels, while CD8+ T cell responses were 
not evaluated (36). In the present study, mononuclear cells 
were observed to accumulate in the tumor tissue following 
AA1 treatment of C57BL/6 Hepa1‑6 tumor‑bearing mice 
and infiltrating CD8+ T, and NK cells are activated. The 
present study hypothesized that AA1 treatment may inhibit 
the function of Tregs, then the inhibition of CD8+T cells and 
NK cells was reversed in tumor environment. Importantly, in 
the present study and another previous study hepatocellular 
damage following TrxR inhibition was not observed  (16). 
Although AA1 demonstrates interesting anticancer effects in 
liver cancer, more work needs to be done to better understand 
the underlying immunological mechanisms.

In conclusion, the results of the present study indicate that 
a disruption in the redox balance generated by targeting TrxR 
can efficiently inhibit the growth of liver cancer in vitro and 
in vivo. TrxR inhibition induces apoptotic cell death through 
ROS and mitochondrial dysfunction. In addition, blockage of 
autophagy increases the sensitivity of liver cancer to TrxR 
inhibition. Notably, TrxR inhibition results in a potent immune 
response in a mouse model. Together, the results of the present 
study indicate that TrxR is a potential antitumor target for liver 
cancer chemotherapy.
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