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Abstract 

Empagliflozin is a sodium–glucose cotransporter 2 inhibitor widely prescribed for the treatment of type 2 
diabetes mellitus. It promotes urinary glucose excretion by inhibiting renal glucose reabsorption. Although 
empagliflozin has been widely used in clinical practice, its effects and underlying mechanisms related to 
metastasis, cytokine secretion, and stemness-associated phenotypes in renal pelvis transitional cell carcinoma 
(TCC) remain poorly understood. In this study, we investigated the long-term (50 days) effects of empagliflozin 
(5 µM) on BFTC-909 human renal pelvis TCC cells. Prolonged empagliflozin treatment suppressed the migration 
of tumor cells and the proteolytic activities of matrix metalloproteinase-2 and urokinase-type plasminogen 
activator. In addition, empagliflozin markedly reduced the viability and self-renewal capacity of BFTC-909 cells. 
Analysis of conditioned media revealed that long-term empagliflozin exposure significantly reduced the secretion 
of interleukin-1Ra, interleukin-8, granulocyte colony-stimulating factor, and vascular endothelial growth factor. 
Together, these findings suggest that empagliflozin suppresses the protease activity, tumor invasiveness, and 
stemness-associated phenotypes of renal pelvis TCC cells. Overall, this study indicates that long-term 
empagliflozin treatment reduces the metastatic potential of BFTC-909 renal pelvis TCC cells and highlights the 
need for additional in vivo and clinical investigations. 
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Introduction 
Empagliflozin is a sodium–glucose cotransporter 

2 (SGLT2) inhibitor and a oral hypoglycemic agent 
widely prescribed for type 2 diabetes mellitus (T2DM). 
The recommended adult dose is 10 mg once daily and 
may be increased to 25 mg daily. Empagliflozin 
primarily improves glycemic control by inhibiting 
SGLT2 activity in renal proximal tubular cells, thereby 
reducing glucose reabsorption and increasing urinary 
glucose excretion [1]. SGLT2 is predominantly 
expressed in the renal proximal tubules and plays a 

vital role in maintaining blood glucose homeostasis by 
transporting filtered glucose back into circulation. In 
patients with T2DM, SGLT2 expression is 
upregulated, resulting in excessive glucose 
reabsorption and persistent hyperglycemia. Persistent 
hyperglycemia contributes to the development of 
cardiovascular and renal complications. 
Empagliflozin protects against renal tubular 
ferroptosis by activating the adenosine 
monophosphate-activated protein kinase 
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(AMPK)/nuclear factor erythroid 2-related factor 2 
pathway in diabetic kidney disease [2]. It also 
alleviates cardiac microvascular ischemia by 
maintaining endothelial function and mitochondrial 
homeostasis through the suppression of Fis1-mediated 
mitochondrial fission [3]. 

Nonclinical data suggest that empagliflozin has a 
favorable safety profile and is not genotoxic [4]. 
Evidence also suggests that empagliflozin induces 
renal tumor formation only in male mice at exposure 
levels far exceeding clinical doses through a 
nongenotoxic, cytotoxic, and proliferation-driven 
mechanism, indicating limited relevance to human 
safety [4]. Empagliflozin itself is not cytotoxic or 
genotoxic to mouse renal tubular cells. However, a 
male mouse–specific oxidative metabolite of 
empagliflozin (M466/2) induces cytotoxicity and renal 
metabolic stress through the generation of reactive 4-
OH crotonaldehyde. These findings support an 
indirect, nongenotoxic mechanism of renal tumor 
formation in male mice [5]. Notably, long-term high-
dose empagliflozin treatment (1000 mg/kg/day for 13 
weeks) was demonstrated to increase Ki-67-positive 
proliferating cell count, p53 expression, and cell cycle 
activity in the renal tubular epithelial cells of male CD-
1 mice [6]. 

Several studies have investigated the association 
between SGLT2 inhibitor use and cancer risk in 
patients with T2DM. Meta-analyses have reported that 
long-term treatment with SGLT2 inhibitors (for at least 
24 weeks) does not substantially modulate the overall 
incidence of most cancers. However, empagliflozin 
treatment increases the risk of bladder cancer, whereas 
canagliflozin treatment reduces the risk of 
gastrointestinal cancers [7]. The EMPA-REG 
OUTCOME trial demonstrated that empagliflozin 
treatment did not significantly increase the risk of 
transitional cell carcinoma (TCC) or bladder cancer in 
patients with T2DM [8]. A study revealed that SGLT2, 
but not sodium–glucose cotransporter 1, is 
considerably upregulated in metastatic lung cancer 
lesions compared with its levels in primary tumors, 
suggesting that SGLT2 plays key roles in glucose 
uptake and metabolic adaptation during lung cancer 
metastasis [9]. In pancreatic cancer xenograft models, 
SGLT2 inhibitors suppressed glucose uptake and 
inhibited tumor growth and survival, demonstrating 
their potential as repurposed anticancer agents [10]. 
The use of SGLT2 inhibitors did not increase the risk 
of urothelial carcinoma (UC) at different anatomical 
sites of the urinary tract [11]. In a 2-year CD-1 mouse 
study, empagliflozin boosted the development of renal 
tubular tumors only in male mice receiving high doses, 
but no such effects were observed in female mice [12]. 
Despite these findings, the effects of long-term 

empagliflozin treatment on cancer progression in 
patients with renal pelvis TCC and concurrent T2DM 
remain unclear. Therefore, the present study 
investigated the long-term effects (50 days) of 
empagliflozin on urinary tract malignancies, focusing 
on cancer stem cell (CSC) characteristics, cell 
proliferation, and metastatic potential. 

The urothelial epithelium is distributed 
throughout the urinary tract, extending from the renal 
pelvis and ureter to the bladder and the proximal two-
thirds of the urethra. This epithelial layer lines the 
inner surface of the urinary tract, where it directly 
contacts urine and serves as a protective barrier for the 
underlying tissue [13]. UC arises from the malignant 
transformation of urothelial epithelial cells and was 
historically referred to as TCC on the basis of its 
histopathologic characteristics. Metastasis is the 
primary cause of cancer recurrence, treatment failure, 
and cancer-related mortality. 

The effects of long-term empagliflozin treatment 
on cell proliferation, metastasis, cytokine secretion, 
and CSC properties in renal pelvis TCC remain 
underexplored. Moreover, whether empagliflozin 
exerts tumor-promoting or tumor-suppressive effects 
during the development and progression of renal 
pelvis TCC remains unclear. Therefore, the present 
study investigated the effects of long-term 
empagliflozin exposure on cytokine secretion, CSC 
characteristics, and invasive potential in urinary tract 
malignancies. 

Materials and Methods 
Cell culture and empagliflozin treatment 

BFTC-909 cells were purchased from Bioresource 
Collection and Research Center (Hsinchu, Taiwan) 
and were grown in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% (v/v) fetal 
bovine serum (FBS) and 1% penicillin/streptomycin. 
All cell cultures were maintained in a humidified 
incubator at 37 °C with 5% CO₂. For empagliflozin 
(Merck KGaA, Darmstadt, Germany; purity ≥98%, 
HPLC) treatment, an appropriate volume of stock 
solution (5 mM in dimethyl sulfoxide) was added to 
DMEM to achieve a final concentration of 5 μM. This 
concentration was selected based on previous in vitro 
studies, which commonly use low micromolar 
concentrations (1–5 μM) to evaluate biological effects 
while minimizing nonspecific cytotoxicity [14, 15]. A 
0.1% dimethyl sulfoxide solution was used as the 
vehicle control. In this study, a long-term treatment 
model (50 days) was established to better mimic the 
clinical use of empagliflozin, which is typically 
administered chronically in patients with type 2 
diabetes. BFTC-909 cells were continuously treated 
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with empagliflozin (5 μM) for 50 days to simulate 
sustained drug exposure and to evaluate its 
cumulative effects on cellular behavior. For the long-
term treatment group, BFTC-909 cells (passages 12–20) 
were cultured in DMEM supplemented with 5 μM 
empagliflozin at a density of 8 × 10⁵ cells per 10-cm 
dish until reaching confluence. The cells were 
passaged every 3 days for a total of 50 days. Control 
cells were cultured in parallel under identical 
conditions without empagliflozin for the same 
duration. 

Assessment of invasion and motility using a 
Boyden chamber assay 

After long-term treatment (50 days) with 
empagliflozin (0 or 5 μM), BFTC-909 cells were 
harvested and added to the upper chamber at a cell 
density of 1.5 × 104 cells/well and incubated for an 
additional 24 h. For the invasion assay, polycarbonate 
membrane was coated with Matrigel® matrix (BD 
Biosciences, Bedford, MA) to provide a reconstituted 
extracellular matrix barrier. For the motility assay, the 
membrane was used without Matrigel coating. 
Following incubation, the invaded and migrated cells 
were fixed with methanol and stained with Giemsa 
stain. The number of invaded and migrated cells was 
quantified under an optical microscope. 

Wound healing assay for cell migration 
After long-term treatment with empagliflozin (0 

or 5 μM) for 50 days, BFTC-909 cells were seeded into 
six-well plates and cultured until they formed a 
confluent monolayer, followed by an additional 24 
hours incubation. Wounds were generated using 
culture-inserts (Ibidi GmbH) to create a uniform cell-
free gap. The cells were then exposed to DMEM 
containing 0.5% FBS for 24 hours. Migration of cells 
into the wound area was photographed using a phase-
contrast microscope at 100× magnification. 

Zymography assay for determination of 
metalloproteinases-2 (MMP-2) and urokinase-
type plasminogen activator (u-PA) activity  

For gelatin zymography, collected conditioned 
media were loaded into the gelatin‒embedded 
polyacrylamide gels to evaluate MMP-2 activity. After 
electrophoresis, the gels were washed to remove SDS 
and incubated in reaction buffer at 37 °C to allow 
enzymatic digestion of the substrate. The gels were 
then stained with Coomassie brilliant blue and 
incubated with destaining solution until clear bands 
corresponding to proteolytic activity became visible. 
For casein zymography, gelatin in the gels was 
replaced with casein to determine the activity of u-PA. 
Quantitative data were analyzed using ImageJ 

software (National Institutes of Health, Bethesda, MD, 
USA) [16]. 

Microculture tetrazolium (MTT) assay for cell 
proliferation 

BFTC-909 and HK-2 cells were treated with 
empagliflozin (0 or 5 μM) for 50 days. Following 
treatment, the cells were seeded into 24-well plates at 
a density of 2 × 10⁴ cells per well and incubated for an 
additional 24, 48, and 72 h. The cells were then washed 
and incubated with 0.5 mg/ml 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (Sigma, St. 
Louis, MO) in culture medium. After 4 h incubation, 
the blue formazan crystals formed by viable cells were 
dissolved, and the absorbance was measured at 570 
nm using a spectrophotometer [17]. 

Western blot assay 
BFTC-909 cells were treated with empagliflozin 

(0 or 5 μM) for 50 days. Total cell lysates from cells 
subjected to long-term empagliflozin treatment were 
collected, and equal amounts of extracted proteins 
were separated by 10% SDS–PAGE and transferred 
onto nitrocellulose membranes. The membranes were 
then incubated with specific primary antibodies, 
followed by appropriate horseradish peroxidase–
conjugated secondary antibodies. The bound 
antibodies were visualized by chemiluminescence 
using a Luminescent Image Analyzer LAS-4000 mini 
(GE Healthcare) [18]. After densitometric analysis of 
band intensities using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA), relative 
protein levels were quantified by normalization to β-
actin. 

Cell–matrix adhesion analysis  
BFTC-909 cells subjected to long-term 

empagliflozin treatment were seeded into 24-well 
plates that had been pre-coated with either collagen 
type IV or collagen type I and allowed to adhere for 40 
min. After incubation, nonadherent cells were 
removed by gently washing with PBS. The adherent 
cells were then fixed with methanol and stained with 
crystal violet. Subsequently, the bound dye was 
solubilized using 30% acetic acid, and the absorbance 
was measured at 550 nm using a spectrophotometer to 
quantify cell–matrix adhesion. 

Aldefluor assay and flow cytometry 
BFTC-909 cells were treated with empagliflozin 

(0 or 5 μM) for 50 days. The activity of aldehyde 
dehydrogenase 1 (ALDH1) in BFTC-909 cells 
following long-term empagliflozin treatment was 
evaluated using the ALDEFLUOR assay kit. Briefly, 1 
× 106 cells were suspended in assay buffer, and the 
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ALDEFLUOR™ substrate was added. Cells were first 
gated based on forward and side scatter to exclude 
debris, followed by doublet discrimination. For the 
negative control, diethylaminobenzaldehyde (DEAB), 
a specific inhibitor of ALDH1, was added to define 
background fluorescence. ALDH-positive cells were 
then defined using the DEAB-treated sample as a 
negative control to establish the gating threshold. 
After incubation, the cells were washed with PBS, 
resuspended in assay buffer. Cells were collected and 
analyzed using a BD FACSCanto ™ II flow cytometer. 
Data acquisition and analysis were performed using 
FlowJo™ v10.6.0 software [19].  

Sphere formation assay 
BFTC-909 cells were treated with empagliflozin 

(0 or 5 μM) for 50 days. Following long-term 
treatment, cells were dissociated into single-cell 
suspensions, and 5 × 10³ cells were seeded into low-
attachment six-well plates and cultured in tumor 
sphere medium consisting of serum-free DMEM/F12 
supplemented with N2 supplement (R&D Systems), 20 
ng/mL EGF, 20 ng/mL bFGF, and 1% 
penicillin/streptomycin (Hyclone). Cells were 
cultured and quantified for an additional 3, 6, and 9 
days to allow tumor sphere formation (>50 µm 
diameter). 

Bio-plex pro human cytokine assay 
Cytokine profiles in the conditioned media from 

BFTC-909 cells subjected to long-term empagliflozin 
treatment were determined using a Bio-Plex Pro 
human cytokine 27-plex assay (Bio-Rad Laboratories). 
Briefly, assay buffer (100 μL) and antibody-coupled 
beads (50 μL) were added to each well of a 96-well 
assay plate. Subsequently, condition media was added 
to each well and incubated for 1 hour on a shaker in 
the dark, followed by three times with wash buffer to 
remove unbound substances. The detection antibodies 
were added to each well. After incubating with 
streptavidin–phycoerythrin solution, the antibody-
coupled beads were resuspended in assay buffer. 
Cytokine concentrations were measured using a Bio-
Plex 200 suspension array system (Bio-Rad) and 
quantified with Bio-Plex Manager™ software. Data 
obtained from the 27-plex assay were normalized to 
the number of viable cells to account for differences in 
cell viability. 

Glucose uptake assay 
BFTC-909 cells were treated with empagliflozin 

(0 or 5 μM) for 50 days. Glucose uptake activity was 
determined using a Glucose Uptake Assay Kit 
(ab136955, Abcam, Cambridge, MA, USA). Following 

long-term treatment, cells were seeded into 6-well 
plates at a density of 1 × 105 cells per well. After 
overnight starvation, cells were incubated with 10 μL 
of 10 mM 2-deoxyglucose (2-DG) for 20 minutes. Cells 
were then lysed, and the cooled cell lysate was mixed 
with assay buffer, followed by the addition of Reaction 
Mix A and incubation for 1 hour. After incubation, 
Neutralization Buffer II was added, followed by 
Reaction Mix B. The absorbance was measured at 412 
nm using a microplate reader, and all results were 
normalized to cell viability. 

Statistical analysis 
All experiments were performed with at least 

three independent biological replicates, and data are 
presented as mean ± SD. Statistical comparisons 
between the vehicle control and empagliflozin-treated 
groups were performed using Student’s t-test. For 
experiments involving multiple time points, including 
the MTT assay (24, 48, and 72 h) and sphere formation 
assay (3, 6, and 9 days), comparisons were performed 
between the control and empagliflozin-treated groups 
at each individual time point. Quantitative data 
obtained from the migration and invasion assays, 
zymography, Western blotting, cell–matrix adhesion 
assay, ALDEFLUOR assay, glucose uptake assay, and 
cytokine analysis were analyzed in the same manner. 
A P value < 0.05 was considered statistically 
significant. 

Results 
Long-term empagliflozin treatment reduces 
cell viability and modulates cell cycle–related 
protein expression in BFTC-909 cells 

The viability of BFTC-909 cells was evaluated 
over time by using the MTT assay after long-term 
empagliflozin treatment (5 μM for 50 days). After 
additional treatment for 24, 48, and 72 h, empagliflozin 
significantly reduced cell viability; this finding 
suggests that empagliflozin inhibits the growth of 
BFTC-909 cells (Figure 1A). 

To investigate the effects of empagliflozin on cell 
cycle–related proteins, the expression levels of Myt1, 
p53, phosphorylated cdc2 [p-cdc2 (Tyr15)], Cyclin A, 
and Cyclin E2 were analyzed through Western 
blotting, using β-actin as the loading control. 
Empagliflozin treatment (5 μM) did not significantly 
modulate the expression level of Myt1, p53, or p-cdc2 
(Tyr15) in BFTC-909 cells. However, a marked 
reduction was noted in Cyclin A level, suggesting that 
empagliflozin affects S/G2 phase cell cycle regulation. 
Cyclin E2 expression was slightly downregulated after 
empagliflozin treatment (Figure 1B). 
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Figure 1. Inhibitory effects of long-term treatment of empagliflozin on viability and cyclin A expression in BFTC-909 cells. (A) BFTC-909 cells were treated with empagliflozin 
(0 or 5 μM) or vehicle control for 50 days, and cell viability was determined by the MTT assay. (B) Cell lysates of BFTC-909 were determined the protein expression of Myt1, 
p53, cyclin A, cyclinE2, p-cdc2, and p-AMPK by Western blot. (C) HK-2 cells were incubated with empagliflozin or vehicle control for 50 days and determined using MTT test. 
Quantitative data are presented as the mean ± SD from three independent experiments and were analyzed using Student’s t-test. 

 
To identify the upstream pathway associated 

with the downregulation of Cyclin A in BFTC-909 
cells, phosphorylated AMPK (p-AMPK) levels were 
analyzed. Empagliflozin treatment increased the level 
of p-AMPK (Figure 1B), suggesting activation of the 
AMPK pathway. These findings highlight a potential 
association between AMPK activation and Cyclin A 
downregulation. The MTT assay revealed that 
empagliflozin exerted no significant cytotoxic effects 
on nonmalignant human proximal tubule epithelial 
HK-2 cells (Figure 1C). 

Inhibitory effects of empagliflozin on the 
migration of BFTC-909 cells 

The Matrigel invasion assay revealed that 
empagliflozin (5 μM)-treated BFTC-909 cells exhibited 
slightly invasiveness than did control cells (Figure 2A). 
However, no significant difference was observed in 
cell motility between the treatment and control 
groups, indicating that empagliflozin exerted a limited 
effect on the intrinsic motility of BFTC-909 cells 
(Figure 2B). Cell migration after long-term 
empagliflozin treatment was evaluated using a wound 
healing assay. At 24 h, control cells significantly 
migrated toward the center of the wound area, 
whereas treated cells exhibited a marked delay in 
wound healing. These findings indicated that 
empagliflozin suppressed the migratory ability of 

BFTC-909 cells (Figure 2C). 

Long-term empagliflozin treatment 
suppresses protease activity in BFTC-909 cells 

After long-term empagliflozin (5 μM) treatment, 
BFTC-909 cells exhibited a marked reduction in the 
gelatin-degrading activity of MMP-2 in the 
conditioned medium (Figure 3A). Casein zymography 
analysis revealed that the treatment significantly 
reduced the proteolytic activity of u-PA (Figure 3B), 
indicating that empagliflozin suppresses the activity 
of proteolytic enzymes involved in tumor cell 
invasion. Cell adhesion to types I and IV collagen was 
evaluated using a cell–matrix adhesion assay. 
Empagliflozin treatment did not significantly alter cell 
adhesion to type I (Figure 3C) or IV (Figure 3D) 
collagen. 

Inhibitory effects of empagliflozin on 
fibronectin expression in BFTC-909 cells 

Biomarkers of epithelial–mesenchymal 
transition—fibronectin, phosphorylated focal 
adhesion kinase (FAK), total FAK, and E-cadherin—
were analyzed through Western blotting. 
Empagliflozin treatment reduced fibronectin level by 
21% (P < 0.05). However, it exerted no significant effect 
on the level of phosphorylated FAK, total FAK, or E-
cadherin (Figure 4). 
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Figure 2. Effects of long-term treatment of empagliflozin on migration, motility, and invasiveness in BFTC-909 cells. Long-term treatment of empagliflozin (EMPA) BFTC-909 
cells were subjected to invasion assay, motility assay and wound healing assays to determine the invasion, motility, and migration ability, respectively. Quantitative data are 
presented as the mean ± SD of three independent experiments and were analyzed using Student’s t-test.  

 
Long-term empagliflozin treatment 
suppresses stemness-associated phenotypes in 
BFTC-909 cells 

After long-term empagliflozin treatment (5 μM), 
the number of tumor spheres formed by BFTC-909 
cells decreased significantly, as indicated by the 
sphere formation assay (Figure 5A). The proportion of 
viable ALDH+ cells was determined using the 
ALDEFLUOR assay. Long-term empagliflozin 
treatment markedly reduced the percentage of ALDH+ 
BFTC-909 cells (control group vs. treatment group: 
49.60% ± 9.5% vs. 11.59% ± 1.8%; Figure 5B). 
Representative gating plots are presented in 

Supplementary Figure S1. Western blotting revealed 
that long-term empagliflozin treatment significantly 
downregulated CD44 but exerted no significant effect 
on Nestin, CD133, OCT4, or SOX2 (Figure 5C). 

Long-term empagliflozin treatment 
suppresses cytokine secretion in BFTC-909 
cells 

After long-term treatment with empagliflozin (5 
μM), cytokine secretion by BFTC-909 cells was 
evaluated using a 27-plex cytokine assay. 
Empagliflozin treatment significantly reduced the 
levels of interleukin (IL)-1Ra (control group vs. 
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treatment group: 54.24 ± 11.99 vs. 31.05 ± 7.19 pg/mL), 
IL-8 (244.23 ± 23.00 vs. 116.87 ± 19.15 pg/mL), 
granulocyte colony-stimulating factor (G-CSF; 919.16 
± 109.69 vs. 390.31 ± 57.06 pg/mL), and vascular 
endothelial growth factor (VEGF; 75.12 ± 12.72 vs. 
39.27 ± 6.01 pg/mL) in the culture medium (Figure 6). 
The complete cytokine dataset, including the 
expression levels of the remaining 23 analytes, is 
presented in Supplementary Table S1. 

Long-term empagliflozin treatment 
suppresses glucose uptake in BFTC-909 cells 

To determine whether empagliflozin inhibits 
SGLT2 activity, a glucose uptake assay was performed 
to measure intracellular glucose levels in BFTC-909 
cells. The results revealed that long-term 
empagliflozin treatment significantly reduced glucose 
uptake in BFTC-909 cells (control group vs. treatment 

group: 75.90 ± 6.65 vs. 49.46 ± 8.32 pmol/µL; 
Supplementary Figure S2A). To investigate the effects 
of long-term empagliflozin treatment on SGLT2 
protein expression, SGLT2 levels were analyzed in 
BFTC-909 cells. Empagliflozin treatment did not 
significantly alter SGLT2 expression (Supplementary 
Figure S2B). 

Discussion 
In patients with T2DM, empagliflozin increases 

the risk of bladder cancer (odds ratio: 4.49; 95% 
confidence interval: 1.21–16.73) [7]. SGLT2 inhibitors 
may possess anticancer properties and can be 
repurposed as anticancer agents [20]. In the present 
study, empagliflozin treatment reduced protease 
activity in BFTC-909 renal pelvis TCC cells. In 
addition, it suppressed invasion and stemness-
associated phenotypes. 

 
 

 
Figure 3. Inhibitory effects of long-term treatment of empagliflozin on proteinase activity in BFTC-909 cells. FBS-free conditioned media from long-term treatment with 
empagliflozin BFTC-909 cells were analyzed using a zymography system, with clear regions corresponding to (A) MMP-2 and (B) u-PA activity. Cell-matrix adhesion were used 
to detect the (C) cell-type I collagen and (D) cell-type IV collagen adhesion ability. Similar results were obtained from three independent experiments. Data are presented as 
mean ± SD and statistical significance was analyzed using Student’s t-test.  
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Figure 4. Effect of long-term treatment of empagliflozin on expression of EMT relative protein in BFTC-909. Cells were treated with empagliflozin or vehicle control and cell 
lysates were used to detect EMT related protein fibronectin, p-FAK, total-FAK, and E-cadherin by Western blot. Quantitative data are presented as the mean ± SD from three 
independent experiments and were analyzed using Student’s t-test. 

 
Figure 5. Suppression of self-renewal and CD44 expression of BFTC-909 cells by long-term treatment of empagliflozin. (A) Long-term treatment with empagliflozin BFTC-
909 cells were plated onto low-attachment plates, and sphere formation were identified at 3, 6 and 9 days. (B) ALDH-bright BFTC-909 cells were determined using the Aldefluor 
assay. (C) The protein expression of Nestin, CD133, CD44, OCT4, and SOX-2 were detected by Western blot. Data are presented as mean ± SD from at three independent 
experiments.  
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Figure 6. Suppression of IL-1Ra, IL-8, G-CSF, and VEGF of BFTC-909 cells by long-term treatment of empagliflozin. Using a 27-Plex cytokine analysis, BFTC 909 cells were 
treated with empagliflozin (0 or 5 μM) for 50 days. The culture medium was analyzed by cytokine array to examine the secretion of levels of (A) IL-1Ra, (B) IL-8, (C) VEGF and 
(D) G-CSF. Quantitative data are presented as the mean ± SD of three independent experiments and were analyzed using Student’s t-test. 

 
Metastatic dissemination is a complex, multistep 

process that involves substantial alterations in cellular 
physiology [21]. These alterations include disruption 
of cell–cell adhesion and interactions between tumor 
cells and the extracellular matrix (ECM), enhancement 
of migratory and invasive capacities, reorganization of 
the cytoskeletal structure, and increased secretion of 
proteolytic enzymes such as MMPs and u-PA [22, 23]. 
Proteases promote ECM degradation, thereby helping 
tumor cells invade surrounding tissues. Cancer cells 
subsequently intravasate into blood or lymphatic 
vessels, evade immune surveillance, adhere to 
endothelial cells, and extravasate into distant organs. 
After dissemination, tumor cells continue to 
proliferate, induce angiogenesis, and establish 
secondary tumors. These processes allow cancer cells 
to compete with normal tissues for nutrients and 
oxygen, leading to organ dysfunction and cancer-
related mortality [24]. In the present study, long-term 
empagliflozin treatment reduced the activity of u-PA 
and MMP-2 and suppressed the migratory and 
invasive abilities of BFTC-909 cells. 

The differential effects observed across the assays 
may be attributable to distinct biological processes 
evaluated by each method. In the present study, 
empagliflozin did not significantly affect cell motility 
in the Boyden chamber assay performed without 
Matrigel, which primarily reflects the intrinsic 
migratory ability of individual cells. This finding 

suggests that empagliflozin does not directly impair 
basal single-cell movement. By contrast, a modest 
reduction in cell invasion was observed in the 
presence of Matrigel, indicating that empagliflozin 
interferes with ECM degradation and penetration. 
This finding is consistent with our results indicating 
reductions in the activity of MMP-2 and u-PA, both of 
which play key roles in matrix remodeling and 
invasive behavior [25]. The wound healing assay 
revealed a significant inhibition of migration. Unlike 
the Boyden chamber assay, the wound healing assay 
reflects collective cell migration, which involves 
coordinated cell movement, cell–cell interactions, 
cytoskeletal dynamics, and, to some extent, cell 
proliferation. Therefore, the stronger inhibitory effect 
observed in the wound healing assay suggests that 
empagliflozin preferentially disrupts coordinated 
multicellular migration rather than intrinsic 
individual cell motility. We further noted that 
empagliflozin treatment did not significantly alter 
cell–matrix adhesion. This finding is consistent with 
the unchanged expression of phosphorylated FAK, a 
key regulator of integrin-mediated adhesion signaling 
[26]. These findings suggest that empagliflozin does 
not markedly affect adhesion-related signaling in 
BFTC-909 cells. By contrast, empagliflozin treatment 
suppressed cell migration, indicating that cell–matrix 
adhesion was not the rate-limiting step for migration 
in this experiment. Together, these results indicate that 
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empagliflozin does not significantly affect intrinsic cell 
motility but suppresses invasion and collective 
migration, potentially by inhibiting protease activity, 
modulating tumor microenvironment–related 
processes, and reducing cell proliferation. 

CSCs, also known as cancer-initiating cells, have 
been detected in various solid tumors [27]. These cells 
are characterized by self-renewal capacity, tumor-
initiating ability, and resistance to conventional 
therapies. Common CSC markers include ALDH [28]; 
transcription factors such as SOX2, NANOG, and 
OCT4; and cell surface markers such as CD133, CD117, 
CD44, and Nestin [29]. In addition, metastasis-
initiating cells have been isolated from circulating 
tumor cells in renal cancer and are strongly associated 
with metastatic progression [30]. High expression 
levels of the CSC markers CD133 and CD44 in renal 
cell carcinoma are associated with poor prognosis, and 
these markers may serve as therapeutic targets [31]. In 
the present study, empagliflozin treatment 
significantly suppressed the expression of CD44, but 
not Nestin, CD133, OCT4, or SOX2. These findings 
suggest that empagliflozin selectively affects specific 
stemness-associated pathways rather than broadly 
suppressing all CSC markers. CD44 regulates 
glycolysis and glucose uptake in cancer cells, both of 
which are closely associated with cancer stem-like 
properties [32]. Therefore, the observed 
downregulation of CD44 expression may be 
attributable to the empagliflozin-induced reduction in 
glucose uptake. We further noted that empagliflozin 
attenuated stemness-associated phenotypes, as 
indicated by reductions in the sphere-forming 
capacity, ALDH1 activity, and CD44 expression of 
BFTC-909 cells. 

Long-term empagliflozin treatment reduced 
glucose uptake in BFTC-909 cells, suggesting altered 
cellular glucose metabolism. However, whether these 
effects were mediated directly by SGLT2-dependent 
mechanisms or by additional off-target metabolic 
pathways requires further investigation. Enhanced 
glucose metabolism is a hallmark of cancer 
progression [33]. Therefore, reduced intracellular 
glucose availability might have contributed to the 
suppression of invasion and stemness-associated 
phenotypes. Collectively, these findings suggest that 
the anticancer effects of empagliflozin may be 
associated, at least in part, with modulation of cellular 
metabolic pathways. 

Tumor-associated inflammation plays a vital role 
throughout tumorigenesis by promoting epigenetic 
alterations, intensifying antiapoptotic signaling, 
stimulating cancer cell proliferation, inducing 
angiogenesis, and facilitating metastasis [34]. Tumor-
associated macrophages contribute to these processes 

through the secretion of VEGF to promote 
angiogenesis, IL-8 to promote cancer cell proliferation, 
G-CSF to promote invasive UC progression, and 
MMPs to remodel the ECM [35, 36]. In the present 
study, long-term empagliflozin treatment reduced the 
secretion of select protumorigenic cytokines—IL-1Ra, 
IL-8, G-CSF, and VEGF—and suppressed MMP-2 
activity in BFTC-909 cells. These findings suggest that 
empagliflozin modulates specific tumor-associated 
inflammatory pathways.  

Long-term empagliflozin treatment may exert 
different effects from short-term exposure because 
prolonged treatment can induce cumulative cellular 
responses. Short-term treatment (e.g., 24-h exposure) 
primarily reflects acute cellular responses, whereas 
prolonged exposure may lead to gradual alterations in 
cellular metabolism and downstream signaling. These 
alterations might have contributed to the observed 
modulation of invasion and stemness-associated 
phenotypes, which were less apparent under short-
term treatment conditions. Our long-term treatment 
model was designed to conceptually mimic the 
chronic clinical administration of empagliflozin in 
patients with T2DM and may therefore provide 
valuable insights into the potential effects of 
prolonged drug exposure. To minimize culture-
related artifacts, control cells were cultured in parallel 
under identical conditions. However, prolonged in 
vitro culture may introduce clonal selection or 
phenotypic drift; therefore, the observed phenotypic 
changes require further validation. Most studies 
investigating the association between SGLT2 
inhibitors and cancer have focused on bladder TCC 
[8]. However, renal pelvis and bladder TCC share 
similar urothelial origins and molecular 
characteristics. Therefore, findings obtained using 
BFTC-909 cells may provide relevant insights into UC 
biology. 

This study has some limitations. The findings are 
based solely on in vitro evidence obtained using a 
single cell line. Future studies using additional upper 
urinary tract UC cell lines are required to validate the 
generalizability of these findings. Furthermore, 
additional studies are required to determine whether 
long-term empagliflozin treatment can suppress 
tumor growth and metastasis in animal models of 
renal pelvis TCC. 

In conclusion, to the best our knowledge, this 
study is the first to demonstrate that long-term 
empagliflozin treatment in BFTC-909 cells reduced 
protease activity, suppressed cell migration, and 
modulated stemness-associated phenotypes, 
including sphere formation and ALDH1 activity. In 
addition, empagliflozin reduced the secretion of select 
cytokines—IL-1Ra, IL-8, G-CSF, and VEGF. These 
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findings provide preliminary evidence that long-term 
empagliflozin treatment can modulate malignant 
phenotypes in BFTC-909 renal pelvis TCC cells. 
However, further validation in additional in vitro (UC 
cells) and in vivo models is required. 

Supplementary Material 
Supplementary figures and table.  
https://www.jcancer.org/v17p1373s1.pdf 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Thomas L, Grempler R, Eckhardt M, Himmelsbach F, Sauer A, Klein T, et al. 

Long-term treatment with empagliflozin, a novel, potent and selective SGLT-2 
inhibitor, improves glycaemic control and features of metabolic syndrome in 
diabetic rats. Diabetes Obes Metab. 2012; 14: 94-6. 

2. Lu Q, Yang L, Xiao JJ, Liu Q, Ni L, Hu JW, et al. Empagliflozin attenuates the 
renal tubular ferroptosis in diabetic kidney disease through AMPK/NRF2 
pathway. Free Radic Biol Med. 2023; 195: 89-102. 

3. Zou R, Shi W, Qiu J, Zhou N, Du N, Zhou H, et al. Empagliflozin attenuates 
cardiac microvascular ischemia/reperfusion injury through improving 
mitochondrial homeostasis. Cardiovasc Diabetol. 2022; 21: 106. 

4. Bogdanffy MS, Stachlewitz RF, van Tongeren S, Knight B, Sharp DE, Ku W, et 
al. Nonclinical safety of the sodium-glucose cotransporter 2 inhibitor 
empagliflozin. Int J Toxicol. 2014; 33: 436-49. 

5. Smith JD, Huang Z, Escobar PA, Foppiano P, Maw H, Loging W, et al. A 
Predominant Oxidative Renal Metabolite of Empagliflozin in Male Mice Is 
Cytotoxic in Mouse Renal Tubular Cells but not Genotoxic. Int J Toxicol. 2017; 
36: 440-8. 

6. Knight B, Yuan J, Koegler S, Pande P, Hall J, Hill JD, et al. Pathogenesis of Renal 
Injury and Gene Expression Changes in the Male CD-1 Mouse Associated with 
Exposure to Empagliflozin. Toxicol Pathol. 2018; 46: 671-82. 

7. Tang H, Dai Q, Shi W, Zhai S, Song Y, Han J. SGLT2 inhibitors and risk of 
cancer in type 2 diabetes: a systematic review and meta-analysis of randomised 
controlled trials. Diabetologia. 2017; 60: 1862-72. 

8. Kohler S, Lee J, George JT, Inzucchi SE, Zinman B. Bladder cancer in the EMPA-
REG OUTCOME trial. Diabetologia. 2017; 60: 2534-5. 

9. Ishikawa N, Oguri T, Isobe T, Fujitaka K, Kohno N. SGLT gene expression in 
primary lung cancers and their metastatic lesions. Jpn J Cancer Res. 2001; 92: 
874-9. 

10. Scafoglio C, Hirayama BA, Kepe V, Liu J, Ghezzi C, Satyamurthy N, et al. 
Functional expression of sodium-glucose transporters in cancer. Proc Natl 
Acad Sci U S A. 2015; 112: E4111-9. 

11. Lu YC, Chang CH, Ho CH, Hong JH, Yeh HM, Chang YH, et al. SGLT2 
inhibitor and urothelial carcinoma incidence in type 2 diabetes patients. 
Diabetes Metab. 2025; 51: 101694. 

12. Phillips JA, Taub ME, Bogdanffy MS, Yuan J, Knight B, Smith JD, et al. Mode 
of action and human relevance assessment of male CD-1 mouse renal 
adenocarcinoma associated with lifetime exposure to empagliflozin. J Appl 
Toxicol. 2022; 42: 1570-84. 

13. Kakizoe T. Development and progression of urothelial carcinoma. Cancer Sci. 
2006; 97: 821-8. 

14. Kim I, Cho HJ, Lim S, Seok SH, Lee HY. Comparison of the effects of 
empagliflozin and sotagliflozin on a zebrafish model of diabetic heart failure 
with reduced ejection fraction. Exp Mol Med. 2023; 55: 1174-81. 

15. Chandrasekar B, Mummidi S, DeMarco VG, Higashi Y. Empagliflozin Reverses 
Oxidized LDL-Induced RECK Suppression, Cardiotrophin-1 Expression, MMP 
Activation, and Human Aortic Smooth Muscle Cell Proliferation and 
Migration. Mediators Inflamm. 2023; 2023: 6112301. 

16. Hsieh YS, Yu CH, Chu SC, Lin CY, Chen PN. Gossypol Inhibits Metastasis of 
Lung Cell Carcinoma by Reversing Epithelial to Mesenchymal Transition and 
Suppressing Proteases Activity. Environ Toxicol. 2024; 39: 5209-21. 

17. Law YY, Hsieh YH, Hsieh YS, Lee YH, Tang CL, Lee CY, et al. Theaflavin-3,3'-
digallate triggers apoptosis in osteosarcoma cells via the caspase pathway. J 
Cancer. 2025; 16: 2567-77. 

18. Law YY, Lee HL, Lin CL, Chen PN, Wang PH, Hsieh YH, et al. Asiatic acid 
inhibits osteosarcoma cell migration and invasion via the AKT/Sp1/MMP1 
axis. Environ Toxicol. 2024; 39: 3920-9. 

19. Lin CY, Hsieh YS, Chu SC, Hsu LS, Huang SC, Chen PN. Reduction of invasion 
and cell stemness and induction of apoptotic cell death by Cinnamomum cassia 
extracts on human osteosarcoma cells. Environ Toxicol. 2022; 37: 1261-74. 

20. Koepsell H. The Na(+)-D-glucose cotransporters SGLT1 and SGLT2 are targets 
for the treatment of diabetes and cancer. Pharmacol Ther. 2017; 170: 148-65. 

21. Lambert AW, Pattabiraman DR, Weinberg RA. Emerging Biological Principles 
of Metastasis. Cell. 2017; 168: 670-91. 

22. Seehawer M, Polyak K. Epigenetic drivers of metalloproteinases and 
metastasis. Trends Cell Biol. 2025; 35: 1054-67. 

23. Liou YF, Hsieh YS, Hung TW, Chen PN, Chang YZ, Kao SH, et al. 
Thymoquinone inhibits metastasis of renal cell carcinoma cell 786-O-SI3 
associating with downregulation of MMP-2 and u-PA and suppression of 
PI3K/Src signaling. Int J Med Sci. 2019; 16: 686-95. 

24. Kiri S, Ryba T. Cancer, metastasis, and the epigenome. Mol Cancer. 2024; 23: 
154. 

25. Zhan R, Li X, Zang L, Xu K. An Au-Se nanoprobe for the evaluation of the 
invasive potential of breast cancer cells via imaging the sequential activation of 
uPA and MMP-2. Analyst. 2020; 145: 1008-13. 

26. He F, Yi L, Lai C. Fut7 Promotes Adhesion and Invasion of Acute 
Lymphoblastic Leukemia Cells through the Integrin/Fak/Akt Pathway. Evid 
Based Complement Alternat Med. 2022; 2022: 1864116. 

27. Seeneevassen L, Zaafour A, Sifré E, Genevois C, Nguyen TL, Pobiedonoscew 
Y, et al. Targeting metastasis-initiating cancer stem cells in gastric cancer with 
leukaemia inhibitory factor. Cell Death Discov. 2024; 10: 120. 

28. Lavudi K, Nuguri SM, Pandey P, Kokkanti RR, Wang QE. ALDH and cancer 
stem cells: Pathways, challenges, and future directions in targeted therapy. Life 
Sci. 2024; 356: 123033. 

29. Yang L, Shi P, Zhao G, Xu J, Peng W, Zhang J, et al. Targeting cancer stem cell 
pathways for cancer therapy. Signal Transduct Target Ther. 2020; 5: 8. 

30. Khan MI, Czarnecka AM, Duchnowska R, Kukwa W, Szczylik C. Metastasis-
Initiating Cells in Renal Cancer. Curr Signal Transduct Ther. 2014; 8: 240-6. 

31. Cheng B, Yang G, Jiang R, Cheng Y, Yang H, Pei L, et al. Cancer stem cell 
markers predict a poor prognosis in renal cell carcinoma: a meta-analysis. 
Oncotarget. 2016; 7: 65862-75. 

32. Weng X, Maxwell-Warburton S, Hasib A, Ma L, Kang L. The membrane 
receptor CD44: novel insights into metabolism. Trends Endocrinol Metab. 2022; 
33: 318-32. 

33. Zou W, Han Z, Wang Z, Liu Q. Targeting glutamine metabolism as a potential 
target for cancer treatment. J Exp Clin Cancer Res. 2025; 44: 180. 

34. Kovaleva OV, Podlesnaya PA, Mochalnikova VV, Kushlinskii NE, Khromykh 
LM, Kalinina AA, et al. Prognostic Significance of Tumor-Associated 
Inflammation in Renal Cell Carcinoma. Bull Exp Biol Med. 2024; 176: 382-5. 

35. Horiuchi T, Shimizu K, Sasaki K, Kato A, Homma Y. Granulocyte-Colony 
Stimulating Factor Producing Infiltrating Urothelial Carcinoma of the Left 
Renal Pelvis: A Case Report. Urol Case Rep. 2017; 10: 11-3. 

36. Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in cancer: from 
tumor initiation to metastatic progression. Genes Dev. 2018; 32: 1267-84. 

 


