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Abstract
Bladder cancer (BC) is one of the most common tumors. Metabolic reprogramming is a feature of neoplasia and tumor 
growth. Understanding the metabolic alterations in bladder cancer may provide new directions for bladder cancer treat-
ment. Sirtuin 1 (SIRT1) is a lysine deacetylase of multiple targets including metabolic regulators. In pancreatic cancer, the 
loss of SIRT1 is accompanied by a decreased expression of proteins in the glycolysis pathway, such as GLUT1, and cancer 
cell proliferation. Thus, we hypothesize that SIRT1 may interact with GLUT1 to modulate the proliferation and glycolysis 
phenotype in bladder cancer. In the present study, the expression of SIRT1 and GLUT1 was upregulated in BC tissues and 
cell lines and positively correlated in tissue samples. SIRT1 overexpression or GLUT1 overexpression alone was sufficient 
to promote cell proliferation and glucose uptake in BC cells. EX527, a specific inhibitor of SIRT1, exerted an opposing 
effect on bladder cancer proliferation and glucose uptake. The effect of EX527 could be partially reversed by GLUT1 over-
expression. More importantly, SIRT1 overexpression significantly promoted the transcriptional activity and expression of 
GLUT1, indicating that SIRT1 increases the transcription activity and expression of GLUT1, therefore, promoting the cell 
proliferation and glycolysis in BC cells. Our study first reported that SIRT1/GLUT1 axis promotes bladder cancer progres-
sion via regulation of glucose uptake.
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Introduction

Bladder cancer (BC) is one of the most commonly-seen 
malignancies which are considered as one of the top ten 
leading causes of global cancer-related death [1, 2]. An 
offensive threat as it is to human health, its underlying mech-
anism, especially its metabolic alterations, has not been fully 
clarified yet [3, 4].

In contrast to healthy cells, cancer cells increase aerobic 
glycolysis to produce energy. This phenomenon is known as 
“the Warburg effect”, which is one of the key characteristics 
of [5], and an essential issue during tumorigenesis [6]. The 
Warburg effect not only promotes rapid uncontrolled prolif-
eration, but also confers a tendency to invade. Recently, it 
has been found that the epigenetic mechanisms depending on 
the covalent modifications of DNA and histones play a key 
role in the glycometabolism regulation. The sirtuin family 
of histone deacetylases is the key regulatory factors of vari-
ous physiological and pathological events, including can-
cer metabolism [7]. Sirtuins 1–7 (SIRT1-7), whose activity 
depends on NAD+, belong to class III of histone deacetylase 
enzymes. It has been reported that members of this family 
of enzymes are promising drug targets for treating cancer.

SIRT1 is a crucial gene in the process of aging [8], 
energy metabolism, and autophagy [9], as well as the most 
conserved mammalian protein deacetylase-dependent on 
NAD+ which has become an important metabolic sen-
sor in almost all the kinds of tissues. Recently, its role in 
bladder cancer has been reported. SIRT1 possessed an 
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overexpression in human BC tissues compared to non-can-
cerous or normal bladder tissues, at both transcriptional and 
protein levels [10]. In an SIRT1-knockdown bladder cancer 
cell model, cell proliferation and viability were suppressed. 
Moreover, migration rate was inhibited as well, possibly via 
reduction of epithelial–mesenchymal transition (EMT) [10]. 
More importantly, in pancreatic cancer, the loss of SIRT1 
could lead to decreased protein expression in the glycolysis 
pathway, for example, GLUT1 and GAPDH. SIRT1 exerted 
a stimulatory effect on the proliferation and the expres-
sion of glycolysis-related genes of PDAC cells [11]. How-
ever, whether SIRT1 plays the same role in bladder cancer 
remains unclear.

GLUT1 (glucose transporter 1) is a major glucose trans-
porter, one of the 14 members of the mammalian glucose 
transporter family, and almost all cellular glucose uptake 
is regulated by GLUTs. Increased expression of GLUT1 in 
cancer cells is accompanied by increased proliferative capac-
ity, energy expenditure, and cancer cell aggressiveness [12]. 
The transition from aerobic oxidative metabolism to hypoxic 
glycolysis is a feature of cancer cells, and overexpression of 
GLUT1 promotes adaptive upregulation of tumor glycolysis 
[12]. As we have mentioned, SIRT1 is silenced in PDAC, 
while the protein expression is reduced in the glycolysis 
pathway [11]; here, we hypothesize that SIRT1 may inter-
act with GLUT1 to modulate the proliferation and glycolysis 
phenotype in bladder cancer.

Herein, the expression and protein levels of SIRT1 and 
GLUT1 in BC tissues, as well as cell lines were evaluated. 
Next, we examined how SIRT1 and GLUT1-affected bladder 
cancer proliferation and glucose uptake. Restore experiments 
were performed to validate whether SIRT1 interacts with 
GLUT1 to modulate cell proliferation and glycolysis pheno-
type in bladder cancer. Finally, the transcriptional activity 
and expression of GLUT1 in response to SIRT1 overexpres-
sion were examined. In summary, we demonstrate the role of 
SIRT1 and GLUT1 in glycolysis phenotype and progression 
in BC.

Materials and methods

Clinical samples

Human bladder cancer tissue samples (n = 12) and adja-
cent non-cancerous tissues (n = 12) were all collected from 
patients undergoing surgery in Hunan People’s Hospital with 
the approval of Ethics Committee of Hunan People’s Hospi-
tal. All procedures performed were in accordance with the 
ethical standards of the Ethics Committee of Hunan Peo-
ple’s Hospital and with the 1964 Helsinki declaration The 
samples were fixed in formalin or stored at − 80 °C. Written 
informed consent was obtained from all subjects. Ethical 

approval: “All procedures performed in studies involving 
human participants were in accordance with the ethical 
standards of the institutional and/or national research com-
mittee and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards.”

Cell lines, cell culture and cell transfection

Human bladder cancer cell lines, 5637 (ATCC​® HTB-
9™) and T24 (ATCC​® HTB-4™), and a normal cell line, 
SV-HUC-1 (uroepithelium epithelial SV40 immortalized 
cell line, ATCC​® CRL-9520™), are obtained from ATCC 
(Manassas, VA, USA). 5637 cells are cultured in RPMI-
1640 Medium (ATCC) supplemented with 10% FBS (Inv-
itrogen, Waltham, MA, USA), T24 cells are cultured in 
McCoy’s 5a Medium Modified and supplemented with 10% 
FBS (Invitrogen), and SV-HUC-1 cells are cultured in F-12K 
Medium (ATCC) supplemented with 10% FBS (Invitrogen). 
All cells are cultured at 37 °C in 5% CO2.

SIRT1 or GLUT1 expression in cells is achieved by 
transfection of NC (negative control) or SIRT1 or GLUT1 
overexpressing vectors (SIRT1 or GLUT1 OE, Genepharma, 
Shanghai, China). Cell transfection is performed with the 
help of Lipo2000 (Invitrogen).

RNA extraction and SYBR green quantitative PCR 
analysis

Total RNA was extracted using Trizol reagent (Invitrogen, 
CA, USA). mRNA expression was measured by an SYBR 
green qPCR assay (Takara, Dalian, China). Expression of 
Tubulin was used as an endogenous control. Data were pro-
cessed using the 2−ΔΔCT method.

Immunohistochemistry (IHC) staining

Collected tissue specimens were fixed in 10% formalin over-
night and then processed by paraffin embedding and section-
ing. Sections of 4 µm were deparaffinized and incubated 
at 4 °C overnight with primary antibodies against SIRT1 
or GLUT1. After incubated with secondary antibody, the 
sections were incubated in freshly prepared DAB reagent 
(Beyotime, China), and subsequently counterstained with 
hematoxylin (Beyotime, China). The sections were visual-
ized by light microscopy (Olympus, Tokyo, Japan).

Immunoblotting

Cells were lysed in RIPA buffer with 1% PMSF. Protein 
was loaded onto an SDS-PAGE minigel and transferred onto 
PVDF membrane. The blots were probed with the follow-
ing antibodies: anti-SIRT1 (ab110304, Abcam, Cambridge, 
CA, USA), anti-GLUT1 (ab115730, Abcam), anti-LDHA 
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(ab101562, Abcam), anti-HK2 (ab104836, Abcam), and 
anti-Tubulin (ab6160, Abcam) at 4 °C overnight, and the 
blots were subsequently incubated with HRP-conjugated 
secondary antibody (1:5000). Signals were visualized using 
ECL substrates (Millipore, MA, USA). Tubulin was used as 
an endogenous protein for normalization. The blot density 
was analyzed by the ImageJ software (NIH, USA).

Flow cytometer assay

Quantification of apoptotic cells was conducted using 
Annexin V-FITC apoptosis detection kit (Keygen, Nan-
jing, China). Briefly, the cell samples were harvested with 
0.25% trypsin without EDTA after 48 h of infection and then 
washed twice with ice-cold PBS and re-suspended in 500 µl 
binding buffer. Then, cells were incubated with 5 µl Annexin 
V-FITC specific antibodies and 5 µl propidium iodide (PI) 
then incubated for 15–20 min in dark and detected by BD 
Accuri C6 flow cytometer (BD, Franklin Lakes, NJ, USA) 
with the excitation wavelength of Ex = 488 nm and emission 
wavelength of Em = 530 nm. Each experiment was repeated 
three times in triplicate.

MTT assay

MTT assay was performed to evaluate cell viability. 24 h 
after seeding into 96-well plates (5 × 103 cells/well), cells 
were transfected and/or treated as described. 48 h after trans-
fection, 20 µl MTT (at a concentration of 5 mg/ml; Sigma-
Aldrich), was added, and the cells were incubated for an 
additional 4 h in a humidified incubator. 200 µl DMSO 
was added after the supernatant discarded to dissolve the 
formazan. OD490 nm value was measured. The viability of 
the non-treated cells (control) was defined as 100%, and the 
viability of cells from all other groups was calculated sepa-
rately from that of the control group.

Measurement of glucose and lactate

Glucose levels were determined using a commercial glucose 
assay kit, Glucose Uptake-Glo™ Assay (Promega, Fitchburg, 
WI, USA). Glucose uptake was calculated by deducting the 
detected glucose concentration in the medium from the orig-
inal glucose concentration. Lactate levels were determined 
using a lactate assay kit (Biovision, Milpitas, CA, USA) in 
accordance with the manufacturer’s instruction. All values 
were normalized by the BCA protein assay (Thermo Fisher 
Scientific, Waltham, MA, USA).

Statistical analysis

All data from three independent experiments were expressed 
as mean ± SD and processed using the SPSS17.0statistical 

software. The differences between two groups were esti-
mated by Student’s t test; the differences among more than 
two groups were estimated by one-way ANOVA. A P value 
of < 0.05 was considered to be statistically significant.

Results

Expression and protein levels of SIRT1 and GLUT1 
in BC tissues and cell lines

First, the expression and protein levels of SIRT1 and GLUT1 
in tissue samples and cell lines were evaluated. Referring 
to Fig. 1a, b, the expression of SIRT1 and GLUT1 mRNA 
was remarkably upregulated in BC tissues, in comparison 
with that in non-cancerous tissues. GLUT1 and SIRT1 were 
positively related to each other in tissue samples (Fig. 1c). 
IHC staining and westernblot results further confirmed that 
SIRT1 and GLUT1 protein expressions were increased in 
BC tissues (Fig. 1d–g). Similarly, SIRT1 and GLUT1 protein 
expression were upregulated in two BC cell lines, 5637 and 
T24 (Fig. 1e, g). These findings that indicate SIRT1 may 
rescue GLUT1 expression in bladder cancer.

SIRT1 overexpression promotes the proliferation 
and alters the glycolytic phenotype in BC cells

Since SIRT1 expression is upregulated in bladder cancer, 
next, we evaluated its cellular function. SIRT1 overex-
pression in BC cells is achieved by transfection of SIRT1 
overexpressing vector (SIRT1 OE), as confirmed by qPCR 
(Fig. 2a). Regarding the cellular functions, SIRT1 overex-
pression significantly inhibited cell apoptosis, while pro-
moted cell viability of 5637 and T24 cells (Fig. 2b, c).

As for the glycolytic phenotype and glucose uptake, we 
monitored the production of lactate, the levels of glucose in 
medium, and the protein levels of Warburg signaling key fac-
tors, including GLUT1, LDHA, and HK2 in SITR1-overex-
pressing bladder cancer cell lines. In both cell lines, SIRT1 
overexpression significantly increased lactate production 
(Fig. 2d), decreased the glucose levels in medium (Fig. 2e), 
and increased the protein levels of GLUT1, LDHA, and HK2 
(Fig. 2f), indicating that SIRT1 overexpression promotes 
glucose uptake in BC cells.

Dynamic effect of SIRT1 and GLUT1 on BC cells

After confirming the promotive effect of SIRT1 and GLUT1 
overexpression on glucose uptake and proliferation in BC 
cells, the dynamic effect of SIRT1 and GLUT1 on BC cells 
was examined. 5637 and T24 cells were transfected with 
GLUT1 OE with or without EX527, a specific inhibitor of 
SIRT1, and then examined for the mRNA expression of 
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GLUT1, bladder cancer cell proliferation, apoptosis, glyco-
lytic phenotype, and protein levels of SIRT1 and GLUT1. 
GLUT1 mRNA expression was significantly decreased by 
EX527, while increased by GLUT1 overexpression, EX527-
suppressed GLUT1 expression could be partially rescued by 
GLUT1 overexpression (Fig. 3a). Moreover, we also deter-
mined the protein stability of GLUT1. EX527 reduced the 
half-life of GLUT1 protein (Fig.S1C and D).

As shown in Fig. 3, GLUT1 overexpression promoted 
the cell proliferation, inhibited the cell apoptosis, and pro-
moted the glucose uptake and glycolysis marker protein 
levels; the effect of EX527 on the cell viability, apoptosis, 

Fig. 1   Expression and protein levels of SIRT1 and GLUT1 in blad-
der cancer tissues and cell lines a SIRT1 expression in bladder can-
cer tissues examined by qPCR, compared to non-cancerous tissues. 
b GLUT1 expression in bladder cancer tissues examined by qPCR, 
compared to non-cancerous tissues. c Correlation between SIRT1 and 
GLUT1 analyzed by Pearson’s correlation analysis. d, f SIRT1 and 

GLUT1 protein expression in bladder cancer tissues was examined by 
IHC staining (400×). e, g SIRT1 and GLUT1 protein levels in bladder 
cancer tissues and cell lines examined by Immunoblotting, compared 
to non-cancerous tissues and a normal cell line, SV-HUC-1. The 
data are presented as mean ± SD of three independent experiments. 
*P < 0.05, **P < 0.01

Fig. 2   SIRT1 overexpression promotes the proliferation and alters the 
glycolytic phenotype in BC cells a SIRT1 overexpression achieved in 
5637 and T24 cells by transfection of SIRT1 overexpressing vector 
(SIRT1 OE), as confirmed by qPCR. b Cell apoptosis of SIRT1 OE-
transfected 5637 and T24 cells examined by Flow cytometry assay. c 
Cell viability of SIRT1 OE-transfected 5637 and T24 cells examined 
by MTT assay. d Lactate production SIRT1 OE-transfected 5637 and 
T24 cells examined by a lactate assay kit. e Glucose levels in medium 
of SIRT1 OE-transfected 5637 and T24 cells examined by a glu-
cose assay kit. f Protein levels of SIRT1, GLUT1, LDHA, and HK2 
in SIRT1 OE-transfected 5637 and T24 cells examined by Immuno-
blotting. The data are presented as mean ± SD of three independent 
experiments. *P < 0.05, **P < 0.01

◂
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glucose uptake, as well as glycolysis markers in BC cells 
was opposing to that of GLUT1 overexpression (Fig. 3b–f). 
Above all, GLUT1 overexpression may partially reduce the 
effect of EX527, indicating that EX527-induced SIRT1 inhi-
bition could suppress GLUT1 overexpression-induced cell 
proliferation and glucose uptake in BC cells.

SIRT1 promotes transcriptional factor‑mediated 
GLUT1 transcription

Since SIRT1 and GLUT1 are positively correlated with 
each other and dynamically modulate the cell prolifera-
tion and glucose uptake in BC cells, next, we examined if 
SIRT1 could promote GLUT1 transcription and increase its 
expression. A luciferase reporter assay was performed via 
constructing psiCHECK 2-GLUT1 reporter vector. We co-
transfected HEK293 cells with pcDNA3.1/SIRT1 and evalu-
ated these cells for luciferase activity in the presence or the 
absence of EX527. As shown in Fig. 4a, SIRT1 overexpres-
sion significantly promoted, while EX527 treatment sup-
pressed the luciferase activity of psiCHECK 2-GLUT1 vec-
tor; EX527 treatment might partially reduce the promotive 
effect of SIRT1 overexpression. Moreover, in 5637 and T24 

cells, SIRT1 overexpression significantly increased GLUT1 
expression (Fig. 4b). As shown in Fig. 4c, SIRT1 could pro-
mote the transcription and subsequent expression of GLUT1, 
therefore, increasing the glucose uptake in BC cells.

Discussion

Herein, the mRNA expression and protein levels of SIRT1 
and GLUT1 were significantly increased in BC tissues and 
cell lines. SIRT1 positively related to GLUT1 in tissue 
samples. SIRT1 overexpression or GLUT1 overexpression 
inhibited cell apoptosis, while promoted cell proliferation 
and glucose uptake in BC cells. EX527, a specific inhibi-
tor of SIRT1, acted the opposite way on BC cells; GLUT1 
overexpression could partially reverse the effect of EX527. 
SIRT1 overexpression increased the transcription and the 
expression of GLUT1. Via promoting GLUT1 transcription 
and expression, SIRT1 increases cell proliferation and glu-
cose uptake in BC cells.

SIRT1 is a key member of Sirtuins, which has been 
reported to be involved in metabolic diseases and tumors. 
In bladder cancer, knockdown SIRT1 could suppress cell 
growth and migration via FOXO3a-mediated pathway [10]. 
Previously, it has been reported that SIRT1 regulates glu-
cose uptake in non-cancerous tissues and adipocytes [13]. 
In the human placenta, as an activator of SIRT1 [14, 15], 
resveratrol could inhibit lipopolysaccharide (LPS)-induced 
inflammation through SIRT1 [16]. Moreover, as reported by 
Lappas et al. [17], resveratrol could remarkably reduce not 
only the decreased glucose uptake in placenta due to oxida-
tive stress, but also GLUT1 mRNA expression and protein 
level. As we mentioned, in an SIRT1-deficient mouse model, 

Fig. 3   Dynamic effect of SIRT1 and GLUT1 on BC cells 5637 and 
T24 cells was transfected with GLUT1 OE in the presence or the 
absence of EX527, a specific inhibitor of SIRT1, and examined for 
the expression of SIRT1 and GLUT1 by qPCR (a), cell viability by 
MTT assay (b), cell apoptosis by flow cytometry (c), lactate pro-
duction by a lactate assay kit (d), and glucose levels by a glucose 
assay kit (e), the protein levels of GLUT1, SIRT1, LDHA, and HK2 
by immunoblotting. The data are presented as mean ± SD of three 
independent experiments. **P < 0.01, compared to control group; 
#P < 0.05, compared to DMSO + GLUT1 OE group

◂

Fig. 4   SIRT1 promotes transcriptional factors-mediated GLUT1 tran-
scription. a Luciferase reporter assay was performed with psiCHECK 
2-GLUT1 vector. HEK293 cells were co-transfected with psiCHECK 
2-GLUT1 vector and pcDNA3.1/SIRT1 and examined for the lucif-
erase activity. b GLUT1 expression in response to SIRT1 overex-
pression was examined in 5637 and T24 cells. c Schematic diagram 

representing SIRT1 cooperation with GLUT1 to promote cell prolif-
eration and glycolysis in bladder cancer. The data are presented as 
mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, 
***P < 0.005, compared to control group; ##P < 0.01, compared 
to psiCHECK 2-GLUT1 vector + pcDNA3.1/SIRT1 group in the 
absence of EX527
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a weaker IHC staining of GLUT1 and HK2 was observed 
in pancreatic lesions [11]. In the present study, SIRT1 and 
GLUT1 mRNA expression and protein levels are both sig-
nificantly upregulated in BC tissues and cell lines, suggest-
ing an increased glucose uptake in bladder cancer. More 
importantly, SIRT1 and GLUT1 expression was positively 
correlated in tissue samples, suggesting they may cooperate 
to modulate the glycolysis in bladder cancer.

Multiple genes may mediate the regulation of expression 
of glycolysis-related genes in a SIRT1-dependent manner 
[18]. It has been reported that SIRT1 could protect HIF1α 
from acetylation and degradation, thus increasing the 
expression of GLUT1 [19]. The histone deacetylase inhibi-
tors are not specific to SIRT1, but they have been found 
to suppress the expression of GLUT1 and to reduce the 
enzymatic activity of hexokinase 1 in various myeloma cells 
[20]. In addition to being the rate-limiting step of glycoly-
sis, glucose transmembrane transport is also considered as 
the first step of glucose metabolism. Many studies indicate 
that GLUT1 could promote cell proliferation and metasta-
sis as well as inhibit apoptosis, thus playing a key role in 
various types of cancer, including hepatocellular carcinoma, 
breast cancer, and kidney cancer [21–23]. In breast cancer, 
GLUT1 promotes cancer cell migration and invasion by 
regulating EGFR and integrin signaling [22]. In bladder 
cancer cells, GLUT1 overexpression promoted cell prolif-
eration and chemoresistant to cisplatin [24]. In the present 
study, SIRT1 overexpression or GLUT1 overexpression 
promotes proliferation, inhibits apoptosis, and promotes 
glucose uptake in BC cells. These findings are consistent 
with the previous studies that SIRT1 could upregulate the 
glycolytic phenotype in tissues and cells, possibly via coop-
erating with GLUT1.

To further confirm these above findings, we used EX527, 
a specific SIRT1 inhibitor, for the restore experiments. 
Opposing to SIRT1 or GLUT1 overexpression, EX527 
treatment significantly promotes apoptosis, inhibits prolif-
eration, and suppresses glucose uptake in BC cells. Above 
all, GLUT1 overexpression could partially reverse the effect 
of EX527, further confirming the hypothesis that SIRT1 may 
cooperate with GLUT1 to promote bladder cancer cell pro-
liferation and glucose uptake. Furthermore, we examined 
the transcription activity of GLUT1 in response to SIRT1 
overexpression. Consistent with the expression pattern, 
SIRT1 overexpression significantly promoted the transcrip-
tional activity of GLUT1, which was partially attenuated 
by EX527, indicating that SIRT1 increases GLUT1 tran-
scription and subsequent GLUT1 expression. SIRTs pos-
sess NAD+-dependent histone deacetylase activity [25]. As 
previously reported, at least to a certain extent, changes in 
deacetylation could modulate the expression of GLUT1 and 
glucose uptake. In myeloma cells, for instance, a few differ-
ent histone deacetylase inhibitors could lead to a reduction 

in both glucose uptake and the expression of GLUT1 [20]. 
Similarly, in colorectal cancer cells (HT29) treated with the 
above inhibitors, glucose uptake was also inhibited [26]. As 
for the molecular mechanism of SIRT1 cooperation with 
GLUT1, future in vivo and in vitro studies are required to 
determine whether histone acetylation is involved.

Taken together, SIRT1 increases the transcription activ-
ity and expression of GLUT1, therefore, promoting the cell 
proliferation and glycolysis in BC cells. Our study revealed 
a novel mechanism of bladder cancer metastasis from the 
perspective of metabolic reprogramming.
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