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Abstract. Oxysterols, such as 24S-hydroxycholesterol and 
25-hydroxycholesterol are oxidation products of cholesterol 
generated by enzymatic reactions. The pathological effects 
of oxysterols have been described in multiple types of cancer, 
including cancers of the skin, lung, colon, breast and bile ducts. 
The molecular mechanisms underlying oxysterol-induced 
cancer initiation and progression have yet to be completely 
elucidated, and to the best of our knowledge, no prior data 
on the role of 24S-hydroxycholesterol and 25-hydroxycho-
lesterol in bladder cancer exists. The results of the present 
study demonstrated that 25-hydroxycholesterol is increased 
in bladder cancer tissues, and that it promotes proliferation 
and the epithelial-to-mesenchymal transition in human T24 
and RT4 bladder cancer cells. It was also observed that 
25-hydroxycholesterol promotes Adriamycin resistance in T24 
and RT4 cells, and that high levels of 25-hydroxycholesterol in 
bladder cancer are associated with a poor outcome. Therefore, 
25-hydroxycholesterol, a primary metabolite of cholesterol, 
may serve an important role in the progression of bladder 
cancer.

Introduction

In total, ~429,800 new cases of bladder cancer and 
165,100 cancer-associated mortalities occurred in 2012, 
worldwide (1). Bladder cancer is the ninth most 
commonly-occurring cancer worldwide (2), and is the 
most common type of urothelial cancer (3,4). The highest 
incidence rates were observed in men in Southern (age-stan-
dardized rate=21.8) and Western Europe (age-standardized 
rate=19.7), North America (age-standardized rate=19.5), 
Northern Africa (age-standardized rate=15.1) and Western 

Asia (age-standardized rate=19.0), and the incidence rates 
are evidently lower in women than men (2). Chemotherapy is 
an important method for postoperative treatment of bladder 
cancer (5). However, some patients exhibit poor sensitivity 
to chemotherapy, leading to poor therapeutic effects (6). 
Adriamycin is the first line chemotherapy drug for bladder 
cancer, and primary and secondary resistance of Adriamycin 
has been observed in bladder cancer (7). Multiple mechanisms 
are involved in Adriamycin resistance, including increased 
cancer cell proliferation and epithelial-to-mesenchymal tran-
sition (EMT) (8,9).

Oxysterols such as 24S-hydroxycholesterol and 25-hydroxy-
cholesterol constitute a family of oxidized derivatives of 
cholesterol (10); these metabolites are under investigation 
as risk markers for multiple outcomes, from cardiovascular 
disease to cancer (11-24). 24S-hydroxycholesterol has been 
proposed as a marker for the developmental and pathological 
changes in the brain (16,25,26). For example, increased 
circulating 24S-hydroxycholesterol levels is associated with 
the early stages of late onset Alzheimer's disease (18), and 
higher concentrations of circulating 24S-hydroxycholesterol 
levels have been observed in individuals with Alzheimer's 
disease (18,25). 25-hydroxycholesterol has been investigated 
with respect to outcomes including breast, colon, and hepato-
cellular cancer (27). To the best of our knowledge, there are no 
prior data regarding the role of 24S-hydroxycholesterol and 
25-hydroxycholesterol in bladder cancer.

The present study hypothesized that 25-hydroxycholesterol 
may affect the expression of EMT-associated genes and 
promote Adriamycin resistance in bladder cancer cells. 
Thus, it may be a novel prognostic marker for bladder cancer 
progression and overall patient survival.

Materials and methods

Analysis of study population and tumor samples. A total of 
157 patients with primary bladder cancer were recruited from 
Shanghai Tianyou Hospital Affiliated to Tongji University and 
Jinling Hospital between January 1995 and December 2008. 
The present study enrolled women who were ≥18 years of age 
and who were diagnosed with primary bladder cancer. Patients 
with cancer recurrence or with incomplete medical records or 
inadequate follow-up were excluded. The cohort consisted 
of 57 female and 100 male patients. The median age of the 
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patients was 69 years (range, 41-92 years). Follow-up informa-
tion was available in all cases.

Tumor samples were obtained directly from surgery following 
the removal of the necessary amount of tissue for routine 
pathology examination. All tissue specimens were snap-frozen 
immediately following collection and stored at ‑80˚C. Tumors 
were graded by the Bergkvist classification system (28). The 
corresponding adjacent normal tissue sample was obtained 
>3 cm away from the site at which the primary tumor was 
sampled (29). All tumor tissues and adjacent normal tissues 
were blindly reviewed by two pathologists from the Department 
of Urology, Shanghai Tianyou Hospital Affiliated to Tongji 
University (Shanghai, China). For each patient, comprehensive 
clinical and pathological data were collected and entered into 
a Shanghai Tianyou Hospital approved database. Pathological 
details and UICC TNM classification were also collected (30). 
The Ethics Committee of Jinling Hospital approved the present 
study. Written informed consent was obtained from each patient 
according to The Helsinki Declaration.

Reagents. 24S-hydroxycholesterol and 25-hydroxycholesterol 
were purchased from Yanke, Inc. (http://xmykswjs.china.
herostart.com), and Adriamycin was obtained from Kangbeibio, 
Inc. (http://www.kangbeibio.com). 24S-hydroxycholesterol 
(10-6 M), 25-hydroxycholesterol (10-6 M) and Adriamycin were 
solubilized in DMSO (Beyotime Institute of Biotechnology).

Bladder cancer cell lines. Human invasive bladder cancer 
cell lines (T24 and RT4 cells) were obtained from Tiangen 
Biotech Co., Ltd. T24 and RT4 cell lines have been previously 
described (31,32). Cells were grown in RPMI-1640 medium 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% peni-
cillin/streptomycin (Sigma-Aldrich Merck KGaA). All cell 
lines were maintained at 37˚C in a humidified atmosphere 
with 5% CO2.

24S‑hydroxycholesterol and 25‑hydroxycholesterol quantifica‑
tion. 24S-hydroxycholesterol and 25-hydroxycholesterol were 
quantified in tissue samples using Liquid chromatography‑mass 
spectrometry (LC/MS). Tissues were extracted by crushing in 
liquid nitrogen, followed by the stepwise addition of distilled 
H2O. LC/MS was performed as previously described (33,34). 
Quantitative analysis of 24S-hydroxycholesterol and 
25-hydroxycholesterol was performed using Shimadzu 
LC‑20XR HPLC system (Shimadzu Scientific Instruments; 
https://www.ssi.shimadzu.com), equipped with an ultrasonic 
degasser, column oven and autosampler.

MTT assay. The effect of 24S-hydroxycholesterol and 
25-hydroxycholesterol on the proliferation of bladder cancer 
cells was assessed via an MTT assay (Sigma-Aldrich, 
Merck KGaA). The MTT analysis was performed as previ-
ously described (35,36). Cells were plated at a density of 
8x103 cells/well in 96-well plates in DMEM supplemented 
with 10% FBS and incubated at 37˚C in a 5% CO2 incubator 
for 12 h. Cells were treated with 24S-hydroxycholesterol 
(10-6 M), 25-hydroxycholesterol (10-6 M) and vehicle DMSO 
(control), for 48 h. Subsequently, MTT (5 mg/ml) was added 
to the wells (20 µl/well) and the plates were incubated at 37˚C 

for 4 h in a 5% CO2 incubator. The supernatant was discarded, 
and the purple formazan crystals were dissolved using 
150 ml of DMSO. Following incubation for 10 min at room 
temperature, cell viability was measured using a Synergy™ 
4 Multi-Detection Microplate Reader (BioTek Instruments, 
Inc.), at a wavelength of 570 nm.

Western blot analysis. Western blotting was performed as 
previously described (35,36). Total protein was extracted 
from T24 and RT4 cells using extraction buffer comprising 
NaCl/Pi containing 0.5% Triton X-100, 1 mM EDTA, 1 mM 
phenylmethyl sulfonyl fluoride and complete protease inhibi-
tors (Roche Diagnostics). Total protein was quantified using a 
bicinchoninic acid assay kit (Thermo Fisher Scientific, Inc.) and 
5 μg protein/lane was separated via SDS-PAGE on a 12% gel. 
Samples were then transferred onto a nitrocellulose membrane 
and blocked for 1 h at room temperature with 5% skimmed 
milk powder (w/v) in NaCl/Pi. The membranes were incubated 
with the following primary antibodies: anti-E-cadherin (1:500; 
cat. no. ab40772), anti-N-cadherin (1:500; cat. no. ab18203;), 
anti‑fibronectin (1:500; cat. no. ab2413) and anti‑SOCS3 (1:500; 
cat. no. ab16030) (all purchased from Abcam), overnight at 
4˚C. Following the primary incubation, membranes were 
incubated with horseradish peroxidase‑conjugated anti‑rabbit 
secondary antibodies (1:10,000; cat. no. ab191866; Abcam) 
for 30 min at room temperature. Protein bands were visual-
ized using Odyssey™ Infrared Imaging System (LI-COR 
Biosciences). β-actin (1:500; cat. no. ab8226; Abcam) was used 
as the loading control.

Statistical analysis. Samples were analyzed via Student's t-test 
for comparison of two groups. One-way Analysis of variance 
(ANOVA), followed by Bonferroni adjustment was used for 
the comparison among multiple groups. Data are presented 
as the mean ± standard error of the mean. Overall survival 
was analyzed by Kaplan-Meier methods (37,38). Survival was 
compared in terms of 25-hydroxycholesterol concentrations. 
Survival curves were compared via log-rank tests. Hazard 
ratios with 95% confidence interval (CI) and P-values are 
presented. P<0.05 was considered to indicate a statistically 
significant difference. Statistical analyses were conducted 
using SAS® software (version 9.4; SAS Institute, Inc.).

Results

25‑hydroxycholesterol is aberrantly upregulated in bladder 
cancer. In an attempt to identify 24S-hydroxycholesterol and 
25-hydroxycholesterol concentrations between bladder cancer 
tissues and adjacent normal tissues, LC/MS was performed. 
There was no significant difference in 24S‑hydroxycholesterol 
concentrations between cancer tissues and adjacent normal 
tissues (Fig. 1A). However, it was observed that the relative 
levels of 25‑hydroxycholesterol were significantly increased in 
bladder cancer tissues (P<0.01; Fig. 1B).

25‑hydroxycholesterol promotes proliferation in T24 and RT4 
bladder cancer cells. The capacity of 24S-hydroxycholesterol 
and 25-hydroxycholesterol to stimulate bladder cancer cell 
proliferation was evaluated in T24 and RT4 cells with the 
MTT assay. The results indicated that 24S-hydroxycholesterol 
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weakly promoted proliferation in T24 cells (Fig. 2A). 
25‑hydroxycholesterol significantly promoted proliferation in 
T24 and RT4 cells (Fig. 2A and B).

25‑hydroxycholesterol affects the expression of EMT‑associated 
genes in T24 and RT4 cells. In order to identify whether 
25-hydroxycholesterol could affect EMT in bladder cancer, the 
present study investigated 3 EMT-associated genes, including 
E-cadherin, N-cadherin and Fibronectin, and western blot 
analyses were performed in order to analyze their expression 
levels. 25-hydroxycholesterol led to a decreased expression 
level of E-cadherin and increased expressions of N-cadherin 
and Fibronectin in T24 and RT4 cells (Fig. 3). However, 
24S-hydroxycholesterol did not affect E-cadherin, N-cadherin 
and Fibronectin expression in T24 and RT4 cells (Fig. 3).

25‑hydroxycholesterol promotes Adriamycin resistance 
in T24 and RT4 cells. In order to further identify whether 
25-hydroxycholesterol could affect Adriamycin efficacy, 
the present study performed an MTT assay in T24 and RT4 
cells treated as indicated (Fig. 4A and B). It was observed 
that increased 25-hydroxycholesterol promoted Adriamycin 
resistance in a dose-dependent manner in T24 and RT4 cells 
(Fig. 4A and B). The present study also performed western blot-
ting to determine SOCS3 protein expression in T24 and RT4 
cells. The results demonstrated that SOCS3 protein expression 
was increased following treatment with 25-hydroxycholesterol 
in T24 and RT4 cells (Fig. 4C and D).

25‑hydroxycholesterol is a novel prognostic marker for 
bladder cancer progression and overall patient survival. 
Kaplan-Meier curves were applied to assess overall survival 
time for 157 human primary bladder cancers, stratified based 

Figure 1. 25-hydroxycholesterol is aberrantly upregulated in bladder cancer. 
(A) LC/MS for 24S-hydroxycholesterol in 53 bladder cancer tissues and 
adjacent normal tissues. (B) LC/MS for 25‑hydroxycholesterol in 53 bladder 
cancer tissues and adjacent normal tissues. Error bars indicate standard error 
of the mean. LC/MS, Liquid chromatography-mass spectrometry.

Figure 2. 25-hydroxycholesterol promotes proliferation in T24 and RT4 
bladder cancer cells. (A) MTT assay results for cell viability in T24 cells. 
T24 cells were treated with 24S-hydroxycholesterol (10-6 M), 25-hydroxy-
cholesterol (10-6 M) and Veh DMSO. (B) MTT assay results for cell viability 
in RT4 cells. RT4 cells were treated with 24S-hydroxycholesterol (10-6 M), 
25-hydroxycholesterol (10-6 M) and Veh DMSO. Error bars indicate stan-
dard error of the mean. *P<0.05, **P<0.01 vs. vehicle treatment group. Veh, 
Vehicle; DMSO, dimethyl sulfoxide. n=3.

Figure 3. 25-hydroxycholesterol affects the expression levels of epithe-
lial-to-mesenchymal transition-associated genes in bladder cancer cells. 
Western blot analysis for E-cadherin, N-cadherin and fibronectin pro-
tein in T24 cells treated with 24S-hydroxycholesterol and Veh DMSO, 
25-hydroxycholesterol and Veh DMSO; and western blot analysis for 
E-cadherin, N-cadherin and Fibronectin protein in RT4 cells treated with 
24S-hydroxycholesterol and Veh DMSO and 25-hydroxycholesterol and Veh 
DMSO. β-actin was used as the loading control for all experiments. Veh, 
Vehicle; DMSO, dimethyl sulfoxide. n=3.
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on concentrations of tumor 25‑hydroxycholesterol. Using a 
log‑rank test, the two overall survival curves were significantly 
different (P<0.01; Fig. 4E). Survival time among patients with 
high 25-hydroxycholesterol concentrations was much poorer 
than survival time among patients with low 25-hydroxycho-
lesterol concentrations (Fig. 4E). It is well established that 
stage and grade are important prognostic factors for bladder 
cancer (39). In the present study, patients with high-grade 
tumors had markedly worse survival (P<0.05; data not shown). 
Adjustment for tumor stage and grade did not impact the asso-
ciations between 25-hydroxycholesterol concentrations and 
overall survival.

Discussion

Dietary cholesterol is positively associated with the risk 
of cancers of the breast (primarily postmenopausal), lung, 
stomach, pancreas, rectum, colon, kidney and bladder (40). In 
an experimental model, intracellular cholesterol was revealed 
to be an important component of the cell membrane (41), 
which in turn is necessary for cancer cell proliferation and 
metastasis (42,43). In addition, intracellular cholesterol 
biosynthesis has been proposed as an important mechanism 
for chemotherapy resistance in bladder cancer cells (44). 
25-hydroxycholesterol is synthesized from cholesterol by 
the enzyme -CYP7B1 (45). A single serum measurement 
of 25-hydroxycholesterol can reliably estimate its average 
levels over a 1-year period (33). The present study details 
an evaluation of the role of 24S-hydroxycholesterol and 
25-hydroxycholesterol in bladder cancer. The results obtained 
suggest that 25-hydroxycholesterol, a primary metabolite of 
cholesterol, may serve an important role in the progression of 
bladder cancer.

It has previously been reported that 25-hydroxycho-
lesterol activates ERα in breast cancer MCF-7 cells; it 
promotes proliferation in MCF-7 and BG-1 ovarian cancer 
cells; 25-hydroxycholesterol upregulates diverse estrogen 
target genes; modulates ERα and Cyclin D1 protein levels; 
stimulates growth in breast and ovarian cancer cells and 
induces an ER-mediated prevention of hypoxia-dependent 
apoptosis (46). Consistent with these results of experimental 
models (46), it was observed in the present study that 
25-hydroxycholesterol is aberrantly upregulated in bladder 
cancer and it promotes proliferation in T24 and RT4 bladder 
cancer cells.

EMT is a process that exerts pivotal roles in develop-
ment and wound healing that is characterized by loss of 
homotypic adhesion and cell polarity, and increased aggres-
sive phenotypes such as invasion and migration (47). At the 
molecular level, EMT is characterized by loss of epithelial 
proteins (e.g., E-cadherin and keratin 8) and increased 
expression of mesenchymal proteins [e.g., fibronectin and 
N-cadherin (47)]. To the best of our knowledge, the present 
study is the first to demonstrate that 25‑hydroxycholesterol 
regulates the expressions of EMT-associated genes in 
bladder cancer cells. These results suggest that increased 
25-hydroxycholesterol promotes EMT in bladder cancer. 
EMT is associated with bladder cancer progression and 
metastasis, and also monitors drug efficacy (47). Loss of 
epithelial markers and increased expression of mesen-

Figure 4. 25-hydroxycholesterol promotes Adriamycin resistance in T24 and 
RT4 cells. (A) MTT for cell viability in T24 cells. T24 cells treated with 
10-6 M 25-hydroxycholesterol and Veh DMSO were treated with different 
concentrations of Adriamycin. (B) MTT for cell viability in RT4 cells. RT4 
cells treated with 10-6 M 25-hydroxycholesterol and Veh DMSO were treated 
with different concentrations of Adriamycin. Western blot analysis for (C) 
SOCS3 protein in T24 cells treated with 10-6 M 25-hydroxycholesterol and 
Veh DMSO, and for (D) SOCS3 protein in RT4 cells treated with 10-6 M 
25-hydroxycholesterol and Veh DMSO. β-actin was used as the loading 
control. (E) Kaplan-Meier curves for overall survival of 157 patients with 
primary bladder cancer. Each drop in the survival curve shows the time of 
one (or more) patients' death. Veh, Vehicle; DMSO, dimethyl sulfoxide. n=3.
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chymal markers have been observed in Adriamycin-resistant 
cancer cell lines (48). The present study demonstrated that 
25-hydroxycholesterol promotes Adriamycin resistance in 
T24 and RT4 cells and increased 25-hydroxycholesterol is 
associated with shorter overall survival of bladder cancer 
patients. In addition, SOCS3 overexpression enhances 
Adriamycin resistance in T24 bladder cancer cells (6). It 
was also observed that the protein expression of SOCS3 was 
increased by 25-hydroxycholesterol in T24 and RT4 cells. 
Taken together, these results indicate that 25-hydroxycho-
lesterol may promote Adriamycin resistance by regulating 
SOCS3 expression.

Overall, the present study provided evidence towards 
the underlying molecular mechanisms and clinical implica-
tions for the role of 25-hydroxycholesterol in bladder cancer. 
25‑hydroxycholesterol is significantly upregulated in human 
bladder cancer samples, and may act as a crucial regulator, 
which promotes cells proliferation and EMT in bladder cancer. 
In addition, 25-hydroxycholesterol is associated with shorter 
overall survival time and may be a prognostic biomarker 
for monitoring Adriamycin efficacy and early detection of 
Adriamycin resistance in bladder cancer.
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