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Abstract. Urothelial carcinoma (UC) is one of the most 
common cancer types of the urinary tract. UC is associated 
with poor 5‑year survival rate, and resistance to cispl‑
atin‑based therapy remains a challenge for invasive bladder 
cancer treatment. Therefore, there is an urgent need to develop 
new drugs for advanced UC therapy. Auranofin (AF) was 
developed over 30 years ago for the treatment of rheumatoid 
arthritis and has been reported to exert an antitumor effect 
by increasing the level of reactive oxygen species (ROS) in 
cancer cells. The aim of the present study was to examine 
the effects of AF on cancer cell proliferation, cell cycle and 
apoptosis, either alone or in combination with cisplatin. AF 
induced cell death in two separate cell lines, HT 1376 and 
BFTC 909, in a concentration‑ and time‑dependent manner 
by inducing cell cycle arrest. However, the distribution of 
cells in different phases of the cell cycle differed between 
the two cell lines, with G0/G1 cell cycle arrest in HT 1376 
cells and S phase arrest in BFTC 909 cells. In addition, AF 
induced apoptosis in HT 1376, as well as redox imbalance in 
both HT 1376 and BFTC 909 cells. Cell viability was rescued 
following treatment with N‑acetyl‑L‑cysteine, a ROS scav‑
enger. Furthermore, AF treatment synergistically increased 
the cytotoxicity of HT 1376 and BFTC 909 cells when 
combined with cisplatin treatment. These findings suggest 
that AF may represent a potential candidate drug against UC 
and increase the therapeutic effect of cisplatin.

Introduction

Urothelial carcinoma (UC) is the most common malig‑
nancy of the urinary system, with ~90% cases developing 
in the urinary bladder and ~10% in the renal pelvis and 
ureter (upper tract) (1). There were ~573,000 new cases and 
213,000 deaths from bladder cancer worldwide in 2020 (2), 
with most cases being superficial bladder cancer at initial 
diagnosis, and ~70% representing non‑muscle‑invasive 
bladder cancer (NMIBC)  (3). Although the survival rate 
in patients with NMIBC is favorable, 30% will experience 
disease recurrence, progressing to muscle‑invasive bladder 
cancer (MIBC) (4,5). Although radical cystectomy combined 
with pelvic lymph node dissection increases the survival 
rate in patients with MIBC, ~50% ultimately experience 
disease recurrence (6,7). Cisplatin‑based systemic therapy 
plays a key role in reducing recurrence rates in patients with 
MIBC after local surgery (8). Although immune checkpoint 
inhibitors have been developed as second‑line therapy for 
programmed cell death protein‑1‑positive patients, cisplatin 
therapy remains the standard therapy for metastatic bladder 
cancer. However, due to the unfavorable toxicity of cispl‑
atin‑based therapy, and only a fraction of patients achieving 
a disease‑free survival response and chemoresistance (9), 
there is an urgent need to develop new drugs for the treatment 
of patients with UC.

Reactive oxygen species (ROS) formation and signaling 
play an important role in regulating physiological responses, 
such as metabolism, biosynthesis and cell survival (10,11). 
Elevated ROS levels and an alteration of the redox balance 
and associated signaling pathways are common in cancer 
cells  (12,13), which may result from their compromised 
ROS‑scavenging ability (14). Moreover, increased ROS level 
render cancer cells more vulnerable to ROS induction by 
exhausting the antioxidant system capacity in cancer cells 
thereby causing cell death (15). Drugs that increase ROS levels 
have been analyzed for their anticancer activity in biliary (16), 
colon (17), prostate (18), pancreatic (19) and brain cancer (20) 
cells. Therefore, searching for drugs that increase ROS levels 
in tumor cells without causing damage to normal cells may be 
a promising strategy for cancer therapy (21,22).
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Auranofin (AF) was developed over 30 years ago for the 
treatment of rheumatoid arthritis (23). Recently, it has also been 
described as a potential anticancer agent that increases ROS 
levels in hepatocellular carcinoma (24), gastric cancer  (25) 
and colorectal cancer cells (26), suggesting that cancer cells 
with elevated ROS levels may be vulnerable to AF treatment. 
ROS‑producing enzymes, such as NADPH oxidase, are upregu‑
lated in UC (27,28). Therefore, AF may be a good cytotoxic drug 
candidate in UC cells. In the present study, two UC cell lines, HT 
1376 (bladder UC) and BFTC 909 (upper‑tract UC) cells, were 
used to examine the cytotoxicity of AF. ROS production, cell 
cycle profile progression and apoptosis were analyzed following 
AF treatment in both cell lines. The possible synergistic effect 
of AF and cisplatin, the gold standard chemotherapeutic agent 
for advanced UC, was also assessed in AF and cisplatin‑treated 
cells. The findings of this study may provide insight into the 
cytotoxicity of AF in UC cells.

Materials and methods

Cell culture. The human UC cell lines, HT 1376 (bladder) 
and BFTC 909 (upper tract UC), were purchased from The 
Bioresource Collection and Research Center (Hsinchu, Taiwan, 
China). HT 1376 cells were cultured in minimum essential 
medium containing L‑glutamine, non‑essential amino acids 
and sodium pyruvate supplemented with 10% FBS (all from 
Gibco; Thermo Fisher Scientific, Inc.). BFTC 909 cells were 
cultured in 10% Dulbecco's modified Eagle's medium with 
L‑glutamine (all Gibco; Thermo Fisher Scientific, Inc.). The 
two cell lines were incubated in a humidified atmosphere 
containing 5% CO2 at 37˚C.

Reagents and antibodies. AF and cisplatin were purchased 
from Sigma‑Aldrich (Merck KGaA). Mammalian Protein 
Extraction Reagent buffer (Thermo Fisher Scientific, Inc.) 
was used for protein extraction. Protease inhibitor was pur-
chased from MilliporeSigma. Primary antibodies against 
apoptosis‑associated proteins, including poly (ADP‑ribose) 
polymerase (PARP; cat. no. 9542S, 1:1,000) and caspase 3 (cat. 
no. 9662S, 1:1,500), caspase 8 (9746S, 1:1,000), caspase 9 (9502S, 
1:1,000) were purchased from Cell Signaling Technology, Inc. 
Antibodies specific for cell cycle‑associated proteins, p21 
(2947S, 1:1,000 p21), p27 (cat. no. 2552S, 1:1,000), CDK2 (2546S, 
1:1,000), cyclin E2 (cat. no. 4132S, 1:1,000), CDC25A (3652S; 
1:1,000), cyclin D1 (2978S, 1:1,000) were purchased from Cell 
Signaling Technology, Inc. Antibodies for cell‑cycle‑associated 
proteins CDK4 (GTX102993, 1:1,000), cyclin A2 (GTX103042, 
1:1,000), cyclin E1 (GTX103045, 1:1,000), were purchased 
from GeneTex. Horseradish peroxidase‑conjugated secondary 
goat anti‑rabbit IgG (AB_2307391, 1:3,000, polyclonal) and 
horse anti‑mouse IgG (AB_10015289, 1:3,000, polyclonal), 
were purchased fromJackson ImmunoReseach, Inc. The 
antibody against β‑actin (loading control; cat. no. sc‑47778, 
1:7,500) was purchased from Santa Cruz Biotechnology, Inc. 
N‑acetyl‑L‑cysteine (NAC; cat. no. A7250) and H2DCFDA 
(D6883) were purchased from Sigma‑Aldrich (Merck KGaA).

Cell viability. Cell viability was assessed using the Cell 
Counting Kit‑8 Proliferation Assay (CCK‑8; Sigma‑Aldrich; 
Merck KGaA). Briefly, 1x104 UC cells were seeded in 96‑well 

plates, then treated with AF and incubated for 24 or 48 h at 
37˚C in a humidified incubator. Viability was determined 
according to the manufacturer's instructions, and absorbance 
values were read at 490 nm 2 h after the addition of CCK‑8 
reagent. Values were normalized to DMSO‑treated control 
cells. The experiments were conducted independently at least 
three times.

ROS analysis. To determine ROS levels, 1x106 UC cells were 
seeded in 6‑well plates at the indicated AF concentration (3 µM 
for HT 1376 cells and 4 µM for BFTC 909 cells) in the pres‑
ence or absence of the ROS inhibitor, 3 mM NAC. The cells 
were treated with 10 µM H2DCFDA (Sigma‑Aldrich; Merck 
KGaA) at 37˚C in the dark for 30 min, washed, then analyzed 
using a BD FACSDiva flow cytometer (BD Biosciences). Cells 
stained with 10 µM H2DCFDA only were used as a vehicle 
control group. The data were analyzed using FlowJo software 
(version 10.6.1; FlowJo LLC). The mean fluorescent intensity 
was calculated.

Cell cycle analysis. To determine the cell cycle distribu‑
tion following AF treatment, 1x106 UC cells were seeded in 
6‑well plates. Serum‑starved cells were treated with AF, then 
harvested at 24 and 48 h and fixed using 100% methanol over‑
night at 4˚C. The fixed cells were incubated with 0.05 mg/ml 
propidium iodide solution containing RNase at room tempera‑
ture in the dark for 30 min. The DNA content was analyzed 
using a BD FACSDiva flow cytometer (BD Biosciences). The 
percentage of cells in each phase of the cell cycle was analyzed 
using Modfit LT 3.3 cell cycle analysis software (Verity 
Software House).

Apoptosis. An annexin V‑FITC Apoptosis Detection Kit 
(BioVision) was used to determine apoptosis in UC cells 
treated with AF for 24 h. HT 1376 cells were treated with 1.5 
or 3 µM AF, BFTC 909 cells were treated with 2 or 4 µM AF at 
37˚C for 24 h. The cells were then harvested and subjected to 
Annexin V staining (5 µl Annexin V‑FITC and 5 µl propidium 
iodide in 500 µl binding buffer) at 25˚C for 5 min in the dark. 
The apoptotic cells were analyzed using a BD FACSDiva flow 
cytometer (BD Biosciences) and analyzed using BDFACSDiva 
software (v6.1.3; BD Biosciences). The apoptotic ratio was 
calculated based on the percentage early (annexin V+ PI‑) and 
late (annexin V+ PI+) apoptotic cells.

Protein expression analysis. The protein expression in cells 
was analyzed after AF treatment by western blotting. The 
cells were lysed in Mammalian Protein Extraction Reagent 
(Thermo Fisher Scientific, Inc.) containing 0.1% protease 
inhibitor cocktail (Cell Signaling Technology, Inc.), and the 
protein concentration was quantified using Bio‑Rad Protein 
Assay reagent (Bio‑Rad Laboratories, Inc.). A total of 
40 µg/lane protein samples were subjected to 12% SDS‑PAGE 
and electrotransferred to a PVDF membrane. The membrane 
was blocked in 5% BSA (Gibco; Thermo Fisher Scientific, 
Inc.) and 1X TBS with 0.1% Tween‑20 (Sigma‑Aldrich; 
Merck KGaA at 25˚C for 1 h). The membrane was incubated 
with a primary antibody at 4˚C for 16 h. The membrane was 
washed with three times for 5 min each with 0.1% TBST, 
then incubated with a HRP‑conjugated secondary antibody 
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(Jackson ImmunoResearch Laboratories, Inc.) for 2 h at 25˚C. 
The membrane was washed with three times for 5 min each 
with 0.1% TBST. Protein expression was detected using an 
enhanced chemiluminescence HRP substrate detection kit 
(cat. No. WBKLS0500, MilliporeSigma) and visualized using 
the UVP BioSpectrum 800 image system (Analytik Jena AG).

Drug combination index analysis. The Calcusyn software 
(Biosoft, ver. 2.0.0.0) was used to evaluate the combined effect 
of AF and cisplatin by calculating the combination index (CI) 
based on cell viability rates. The CI equation of this software is 
based on the multiple drug‑effect equation of the Chou‑Talalay 
method derived from enzymatic models (29). The non‑constant 
ratio combination was used to determine the CI. Briefly, CI 
was determined using the equation: (D)1/(Dx)1 + (D)2/(Dx)2 + 
(D)1(D)2/(Dx)1(Dx)2. (Dx)1. (Dx)2 represent the doses for x% 
inhibition by drug 1 and drug 2, respectively. (D)1 and (D)2 are 
the combinatory doses that inhibit cell growth by x%. Fraction 
affect analysis was used to generate a graphic representation of 
the CI. CI values <0.1 indicate very strong synergism, 0.1‑0.3 
strong synergism, 0.3‑0.7 synergism, 0.7‑0.9 moderate to 
slight synergism, 1 nearly additive, 1.1‑1.45 slight to moderate 
antagonism, 1.45‑3.3 antagonism and >3.3 strong to very 
strong antagonism (30,31).

Statistical analysis. Statistical analysis was carried out using 
GraphPad Prism 7.0 software (GraphPad Software, Inc.). Data 
are presented at the mean ± SD of ≥3 experimental repeats. 
The data were analyzed using one‑way ANOVA followed by 
Bonferroni correction for multiple comparisons. The in vitro 
experiments were performed in triplicate. P≤0.05 was consid‑
ered to indicate a statistically significant difference.

Results

Effects of AF on the viability of UC cells. To evaluate the effect 
of AF on the viability of UC cells, 1, 2, 3, 4, 8, 10, and 15 µM 
AF were used to treat to HT 1376 and BFTC 909 cells for 24 
and 48 h, and cell viability was determined using a CCK‑8 
assay. AF exhibited cytotoxic effects on both cell lines, with 

a lower IC50 in HT 1376 cells following 24‑h treatment. The 
IC50 values for HT 1376 at 24 and 48 h were 2.78 and 2.72 µM 
following AF treatment, respectively (Fig. 1A). The IC50 for 
BFTC 909 was 3.93 and 2.72 µM after AF treatment at 24 and 
48 h, respectively (Fig. 1B).

AF interferes with cell cycle progression in HT 1376 and 
BFTC 909 cells. To determine whether cell cycle progression 
was altered after AF treatment, HT 1376 cells were treated 
with 1.5 and 3 µM of AF and BFTC 909 cells were treated with 
2 and 4 µM of AF, and analyzed by flow cytometry. HT 1376 
cells were blocked at the G0/G1 phase following AF treatment, 
as evidenced by a concentration‑dependent increase in the 
proportion of cells in the G0/G1 phase (Fig. 2A), After 1.5 and 
3 µM AF treatment, G0/G1 phase increased from 66.06 to 71.05 
at 8 h; from 65.47 to 69.74% at 12 h and from 57.00 to 65.67% at 
24 h. Moreover, there was a small increase from 0.57 to 4.12% 
in the frequency of subG1 cells following treatment with 3 µM 
AF, but not significant in 1.5 µM AF treated group (Fig. 2B). 
Cell cycle progression is regulated by the coordination of 
several CDKs/cyclin complexes (32,33). Having confirmed 
that AF caused G0/G1 cell cycle arrest in HT 1376 cells, the 
next experiments were carried out to determine the expression 
patterns of cell cycle‑associated proteins. The CDK inhibitors, 
p21 and p27, inhibit the activity of cyclin D1, cyclin E1/E2 
and CDK4, thereby negatively regulating cell cycle progres‑
sion and causing cell arrest at the G0/G1 phase (34,35). In HT 
1376 cells, AF treatment upregulated the expression of p21 and 
p27 in a concentration‑dependent manner compared with the 
control (0 µM). In addition, decreased expression of CDK2, 
CDK4, cyclin D1 and cyclin E2 was observed in AF‑treated 
HT 1376 cells (Fig. 2C). These data suggested AF treatment 
caused HT 1376 cells arrest at the G0/G1 phase.

Similarly, AF treatment affected cell cycle progression in 
BFTC 909 cells. Indeed, the frequency of cells in the S phase 
increased from 13.61% in the DMSO group to 24.38 and 
42.51% after 2 and 4 µM AF treatment for 24 h, respectively 
(Fig. 3A). However, the increase in the S phase after AF treat‑
ment for 48 h was not as evident in BFTC 909 cells (Fig. 3A). 
Additionally, although there was a small increase in the 

Figure 1. Effects of AF on the growth of urothelial carcinoma cells. (A) HT 1376 and (B) BFTC 909 cells were treated with the indicated concentrations of AF 
for 24 or 48 h. Cell viability was determined using a Cell Counting Kit‑8 assay and presented as percentage cell survival. Data are representative of at least 
three independent experiments and shown as the mean ± SD. ***P<0.001. AF, auranofin. 
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frequency of subG1 cells, this was not statistically significant 
(Fig. 3B). CDC25A is thought to play an essential role in G1/S 
progression (36,37) and the intra‑S phase checkpoint by the 
CDC25A‑CDK2 complex (38,39). In addition to an increase 
of p21 expression, decreased expression of CDC25A and 
CDK2 was observed in AF‑treated BFTC 909 cells (Fig. 3C). 
The increased expression of p21 and decrease expression of 
CDC25A suggested that AF treatment caused BFTC 909 cell 
cycle arrest at the S phase.

Altogether, these findings suggested that AF treatment 
interfered with cell cycle progression in these UC cell lines, 
albeit at different phases.

Effects of AF on apoptosis in UC cells. The next experiments 
were performed to examine whether AF could induce apop‑
tosis in UC cells. The frequency of annexin V+ cells increased 
in HT 1376 cells after treatment with AF, from 2.4 to 8.7 and 
22.8% for the vehicle, 1.5 and 3 µM AF treatment groups, 
respectively (Fig. 4A, upper panel). However, only the highest 
concentration (3 µM) of AF treatment produced a statistically 
significant increase. A small increase in caspase 3 and PARP 
protein expression was observed after 3 µM AF treatment 

(Fig. 4A, lower panel), which was consistent with the flow 
cytometry results. However, AF treatment did not significantly 
increase apoptosis in BFTC 909 cells (Fig. 4B), with only a 
slight increase in annexin V+ cells (Fig. 4B, upper panel).

AF exhibits cytotoxicity in UC cells by triggering ROS 
production. AF has been reported to induce ROS production in 
several cancer cell types (24‑26). Therefore, ROS levels were 
examined in UC cells after AF treatment in the presence or 
absence of the ROS scavenger, NAC. AF treatment increased 
ROS levels in HT 1376 and BFTC 909 cells compared with 
the vehicle‑treated group. However, ROS levels were reduced 
following co‑treatment with AF and NAC compared with AF 
treatment alone (Fig. 5A). To determine if the cell viability 
rate would be rescued following a reduction of ROS levels, cell 
viability was determined in AF‑treated HT 1376 and BFTC 
909 cells in the presence or absence of NAC. The results 
showed that cell survival was significantly increased following 
co‑treatment with AF and NAC compared with AF treatment 
alone, both in HT 1376 (Fig. 5C) and BFTC 909 (Fig. 5D) 
cells. Thus, these data suggested that AF was cytotoxic to UC 
cells and interfered with their redox balance.

Figure 2. AF induces G0/G1 cell cycle arrest in HT 1376 urothelial carcinoma cells. (A) HT 1376 cells were treated with the indicated concentrations of AF 
for 8, 12, or 24 h, and cell cycle distribution was analyzed by flow cytometry (left panel). The data from at least three independent experiments are shown and 
represented as a bar graph (right panel). (B) The frequency of the sub‑G1 cell population was determined by flow cytometry. *P<0.05. (C) The expression levels 
of proteins associated with the cycle were examined in HT 1376 cells treated with the indicated concentration of AF for 8 or 24 h. AF, auranofin. 
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AF synergizes with cisplatin to inhibit the viability of UC 
cells. Cisplatin therapy remains the standard chemotherapy for 
metastatic bladder cancer; however, it is limited by unfavorable 
toxicity, and only a fraction of patients achieve disease‑free 
survival (9). After determining the cytotoxicity of AF (Fig. 1) 
and cisplatin in UC cells (Fig. S1), we want to examine the 
possible synergism of AF and cisplatin in UC cells. Different 
concentrations of AF and cisplatin were combined to treat UC 
cells, and cell viability was analyzed using a CCK‑8 assay. The 
CI of AF and cisplatin on HT 1376 cells ranged from 0.232 
to 0.302 at 1.5 or 3 µM AF co‑treatment with 5 or 10 µM 
cisplatin and from 0.642 to 0.822 for BFTC 909 cells at 2 or 
4 µM AF co‑treatment with 15 or 25 µM cisplatin. According 
to the CI thresholds set by the Calcusyn software, this suggests 
there was synergism (0.3‑0.7) to strong synergism (0.1‑0.3) in 
HT 1376 cells (Fig. 6A). For BFTC cells, there was synergism 
(0.3‑0.7) to moderate (0.7‑0.85) (Fig. 6B). Therefore, AF, a 
drug approved for the treatment of rheumatoid arthritis, may 
also represent a potential candidate for UC in combination 
with cisplatin.

Discussion

UC is the most common malignancy in the urinary system. 
Cisplatin‑based combination treatment with surgery remains 
the standard therapy for patients with MIBC, although its 

efficacy is limited due to its adverse effects and chemo‑
resistance  (9,40). Cancer cells may be more sensitive to 
ROS‑accumulation due to their elevated ROS levels. Increasing 
ROS generation may have selective cytotoxicity to cancer 
cells by exhausting the antioxidant system capacity without 
affecting normal cells (41). In the present study, AF exhibited 
cytotoxicity towards HT 1376 bladder cancer cells and BFTC 
909 upper tract cells by increasing ROS levels. In addition, this 
compound interfered with cell cycle progression in both cell 
lines, although cell cycle arrest occurred at different stages. 
AF induced apoptosis in HT 1376, but not BFTC 909 cells. 
Furthermore, synergistic cytotoxicity was observed in both 
HT 1376 and BFTC 909 cells following combined treatment 
with AF and cisplatin, indicating that this drug may be used 
for UC treatment.

Drug repurposing (or repositioning) is an attractive 
approach in the development of new medicines for cancer 
therapy (42,43). AF, previously used in the treatment of rheu‑
matoid arthritis, has been shown to have anti‑proliferation 
activity in several cancer cell types (44,45). In the present study, 
the effect of AF in bladder and upper tract UC was examined 
in HT 1376 and BFTC 909 cells, respectively. The results indi‑
cated that AF inhibited the viability of HT 1376 and BFTC 909 
cells with a lower IC50 in HT 1376 cells, indicating that the HT 
1376 cell line is more sensitive to AF treatment. Cancer cells 
are reported to have elevated ROS levels (12,13), rendering 

Figure 3. AF induces S‑phase cell cycle arrest in BFTC 909 urothelial carcinoma cells. (A) BFTC 909 cells were treated with the indicated concentrations of 
AF for 8, 12, or 24 h, and cell cycle distribution was analyzed by flow cytometry (left panel). The data from at least three independent experiments are shown 
and represented as a bar graph (right panel). (B) The frequency of the sub‑G1 cell population was determined by flow cytometry. (C) The expression levels of 
proteins associated with the cycle were examined in BFTC 909 cells treated with the indicated concentration of AF for 8 or 24 h. AF, auranofin. 
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Figure 5. (A) HT 1376 and (B) BFTC 909 cells were treated with the indicated concentrations of AF for 48 h in the presence or absence of NAC. ROS 
production was determined by flow cytometry (upper panel). Cell viability of (C) HT 1376 and (D) BFTC 909 cells was analyzed using a Cell Counting 
Kit‑8 assay. Data are representative of at least three independent experiments and shown as mean ± SD. *P<0.05; ***P<0.001. AF, auranofin; FITC, fluorescein 
isothiocyanate; NAC, N‑acetyl‑L‑cysteine; ROS, reactive oxygen species; Veh, vehicle. 

Figure 4. AF induces apoptosis and expression of apoptosis‑associated proteins urothelial carcinoma cells. (A) HT 1376 and (B) BFTC 909 cells were treated 
with the indicated concentrations of AF for 48 h. Apoptotic cells were analyzed by flow cytometry (upper panel). The expression levels of caspase 8, 9 and 3, 
as well as PARP proteins were analyzed by western blotting (lower panel). *P<0.05. AF, auranofin; FITC, fluorescein isothiocyanate; PI, propidium iodide; 
PARP, poly (ADP‑ribose) polymerase. 
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them more sensitive to ROS induction (15). ROS‑producing 
enzymes are upregulated in UC (27,28). Therefore, drugs that 
can induce ROS may represent potential candidates for UC 
treatment. AF increases ROS by targeting thioredoxin reduc‑
tase (45,46). The reasons underlying the differences observed 
in the bladder cancer and upper tract urothelial carcinoma 
cell lines remain unclear. Further analysis of the expression of 
ROS‑reducing enzymes may be needed in order to identify the 
factors contributing to these difference.

The divergent responses of HT 1376 and BFTC 909 cells 
to AF treatment were also observed in their cell cycle distribu‑
tion. HT 1376 were blocked at the G0/G1 phase starting at 8 h 
after AF treatment, whereas BFTC 909 cells showed arrest 
at S phase 24 h after AF treatment. The expression patterns 
of cell cycle‑associated proteins also supported these results. 
However, there are limitations in the present study, since we 
did not check the same panel of cell cycle regulators in both 
HT 1376 and BFTC 909 cells in our western blotting analysis.

A slight increase in the frequency of subG1 cells was 
detected after 24‑h AF treatment in HT 1376, but not in BFTC 
909 cells. Apoptosis was not significantly increased following 
AF treatment in HT 1376 and BFTC 909 cells. AF treatment 
has been reported to increase apoptosis in several cancer 
cell types  (44), including lung cancer cells  (47) and acute 
lymphoblastic leukemia (48); thus, our results were inconsis‑
tent with these findings, although these results may be due to 
the different cell lines used. An increase in ROS production 
can cause DNA damage, which, if continues may signal the 
cells to cell cycle arrest, ultimately apoptosis will occur (49). 
Therefore, cell cycle arrest may occur before apoptosis. In the 

present assay conditions, AF treatment for 24 h did not trigger 
a significant change in apoptosis rates in BFTC 909 cells, and 
only higher concentrations of AF had an effect on HT 1376 
cells. This suggests a longer AF treatment time may have been 
necessary for apoptosis to occur in BFTC 909 cells. In addi‑
tion, a high apoptosis rate was found in DMSO‑treated BFTC 
909 cells, possibly because the BFTC 909 cells were sensitive 
to trypsin during the flow cytometric analysis. Thus, the find‑
ings on apoptosis need to be treated with caution, as the assay 
conditions require further optimization.

Another possibility is that a longer AF exposure would be 
required for the UC cells to exit cell cycle arrest to undergo 
apoptosis. However, ROS production was increased in both 
HT 1376 and BFTC 909 cells following AF treatment, and 
this effect was inhibited in the presence of NAC, a ROS 
scavenger. In addition, cell viability was increased in the pres‑
ence of NAC. This suggests that ROS production may cause 
redox imbalance, which might serve an important role in the 
effect of AF on the viability of UC cells. Further study is 
needed to determine the mechanism underlying AF‑mediated 
cytotoxicity in UC cells.

Cisplatin‑based chemotherapy remains the standard therapy 
for patients with advanced UC (8,40,50). Although shifting 
the regimen of the combination of methotrexate, vinblastine, 
doxorubicin and cisplatin to gemcitabine + cisplatin demon‑
strates less toxicity  (51,52), cisplatin‑based chemotherapy 
remains relatively toxic. Efforts are needed to develop less 
toxic, cisplatin‑based therapy for patients with advanced UC. 
Combination therapy of two or more drugs has several bene‑
fits, including enhancing efficacy and reducing toxicity (53). 

Figure 6. AF synergistically enhances cytotoxicity in cisplatin‑treated UC cells. Calcusyn software was used to calculate the CI of AF and cisplatin in UC 
cells. HT 1376 and BFTC 909 cells were treated with different concentrations of AF and cisplatin, and cell viability was determined using Cell Counting 
Kit‑8 assays. (A) Algebraic estimate represents the combined effect of AF and cisplatin on UC cells. (B) Experimental values for the CI. AF, auranofin; CI, 
combination index; ROS, reactive oxygen species; UC, urothelial carcinoma. 
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Several molecular mechanisms mediate the antitumor prop‑
erties of cisplatin (54), such as cisplatin‑induced oxidative 
stress (55). AF treatment synergizes with cisplatin cytotoxicity 
by ROS production, causing mitochondrial dysfunction and 
DNA damage in small cell lung cancer (56). The curcuminoid 
WZ35 inhibits thioredoxin reductase 1 activity, leading to 
ROS production and thereby enhancing the inhibitory effects 
of cisplatin on cell viability (57). Therefore, the combination 
of AF and cisplatin may aggravate redox imbalance, leading 
to UC cell death.

In summary, AF exhibits anticancer activity in HT 1376 
and BFTC 909 cells, interfering with cell cycle progression 
and redox balance. AF also shows synergism with cisplatin. To 
the best of our knowledge, these findings are the first to report 
the effect of AF on the viability of UC cell lines, although 
further studies are needed to determine the efficacy of AF as 
potential treatment for UC.
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