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Abstract
Purpose Glioblastoma (GBM) is a malignant brain tumor classified as WHO grade 4, with a median
survival of approximately 15 months. Despite multimodal treatment strategies including surgical
resection, chemotherapy, and radiotherapy, recurrence is inevitable. This study tested the hypothesis that
cancer-specific metabolic profiles could serve as therapeutic targets for GBM, with the aim of developing
effective drug therapies. We investigated sodium-dependent glucose transporter 2 (SGLT2) expression
on GBM cells and examined the effect of canagliflozin, a selective SGLT2 inhibitor on glucose uptake. In
addition, we evaluated the efficacy of canagliflozin on cell proliferation and survival. Finally, the impact of
canagliflozin on subcutaneous tumor growth was evaluated using a xenograft model.

Methods The effects of SGLT2 inhibition in GBM wereassessed using cultured human GBM cell lines.
SGLT2 expression was evaluated by immunoblot analysis. The effect of canagliflozin on intracellular
glucose uptake was analyzed using isotope-labeled glucose, with radioactivity quantified by liquid
scintillation counting. In vitro responses to canagliflozin were assessed by cell viability, Ki67
proliferation, and apoptosis assays. Changes in signal transduction were examined by immunoblot
analysis, focusing on AMPK activation and mTORC1 inhibition. Global protein synthesis was monitored
by the SUnSET (surface sensing of translation) method. In mice xenografted with NGT41 cells, patient-
derived GBM cell lines, canagliflozin was administered for 10 days, and in vivo responses were evaluated
by measuring tumor volume.

Results SGLT2 expression was detected in GBM cell lines. In NGT41 cells, canagliflozin dose-
dependently inhibited intracellular glucose uptake. Canagliflozin also suppressed cell growth,
accompanied by a reduction in proliferating cells and an increase in apoptotic cells. Immunoblot analysis
demonstrated the activation of AMPK and inhibition of mTORC1 signaling following canagliflozin
treatment. Protein synthesis activity during glucose starvation was reduced by canagliflozin.
Administration of canagliflozin significantly reduced tumor volume in vivo and decreased the number of
Ki67-positive cells in tissue sections.

Conclusions This study demonstrates that the SGLT2 inhibitor canagliflozin induces a glucose starvation
in GBM cells, leading to suppression of proliferation. Targeting glucose metabolism via SGLT2 inhibition
may represent a promising therapeutic strategy for GBM.

Introduction
Glioblastoma (GBM) is a malignant brain tumor classified as WHO grade 4, with a median survival of
approximately 15 months [1]. Despite the availability of multimodal treatments including surgical
resection, chemotherapy, and radiotherapy, the overall survival has not improved [2]. Due to the highly
invasive nature of GBM, complete removal is nearly impossible, and recurrence is inevitable. Therefore,
the development of novel therapeutic strategies is urgently required to improve outcomes.
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There has been a growing interest in cancer metabolism because its unique metabolic profile is
expected to be an efficient therapeutic target. In pioneering cancer research, Warburg described the
characteristic metabolic shift in cancer cells, wherein glucose is highly required and preferentially
metabolized to lactate via anaerobic glycolysis [3, 4]. Glucose uptake in cancer cells primarily occurs
through glucose transporters (GLUTs), particularly GLUT1, which is frequently overexpressed in various
malignancies [5, 6]. Sodium-dependent glucose transporters (SGLTs) carry glucose and other nutrients
across the cell membrane to maintain an intracellular sodium gradient [7, 8]. SGLT2 is highly expressed
on the brush border membrane of proximal tubular epithelial cells in the kidney. Importantly, SGLT2
expression has also been reported in high-grade astrocytoma [9, 10]. Functionally, SGLT2 inhibition has
been shown to block glucose uptake and suppress tumor growth in pancreas and prostate
adenocarcinomas and xenograft models [11]. Furthermore, various SGLT2 inhibitors have been reported
to suppress the survival and proliferation of cancer cells [12, 13]. These atypical features of SGLT2
inhibitors are thought to reflect a starvation-induced effect in tumor cells, although the underlying
molecular mechanisms remain unclear.

AMP-activated protein kinase (AMPK) is a key energy sensor. It is activated in response to increased
intracellular AMP/ATP ratio and phosphorylates acetyl-CoA carboxylase (ACC) during energy-depleting
stresses such as ischemia and starvation [14, 15]. Activated AMPK suppresses ATP-consuming anabolic
pathways, including lipid, glycogen, and protein synthesis [16, 17]. Moreover, AMPK inhibits mammalian
target of rapamycin complex 1 (mTORC1) signaling by activating the tuberous sclerosis complex 2
(TSC2) and through direct inhibitory phosphorylation of the Raptor, an mTOR binding partner, thereby
limiting cellular proliferation [18, 19]. mTORC1 integrates growth factor signaling and cellular
metabolism through substrates such as S6K, underscoring its value as a therapeutic target in cancer [20,
21]. Therefore, activation of AMPK could potentially be a strategic target in cancers. Given the hypoxic
and low energy conditions typical of the tumor microenvironment, understanding how cancer cells adapt
to metabolic stress is crucial.

We focused on SGLT2, which is expressed in brain tumors, and hypothesized that its inhibition would
disrupt the glucose supply to tumor cells, inducing a starvation response. To propose a new treatment
for GBM, it is necessary to investigate tumor cell metabolism and elucidate the mechanisms by which
tumor cells adapt to starvation. We investigated SGLT2 expression in GBM cell lines and assessed its
functional role using the glucose uptake assay under canagliflozin exposure. We further examined the
effects of canagliflozin on cell survival and its impact on key metabolic signaling pathways. Additionally,
we monitored the capacity for novel protein synthesis. Finally, we evaluated the in vivo therapeutic
potential of canagliflozin using a GBM xenograft mouse model. Through these studies, we aim to provide
preclinical evidence supporting SGLT2 inhibition as a novel therapeutic strategy for GBM.

Materials and methods
Reagents
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For in vitro experiments, canagliflozin (CANAGLU tablets: Tanabe-Mitsubishi, Japan) was used.
Canagliflozin was dissolved in ethanol. A 220 mM stock solution was then prepared and stored at -20℃
until use. For in vivo treatment experiments, canagliflozin was diluted in an appropriate solvent and
administered to animals.

Cell culture

Cell culture of GBM cell lines was prepared by modification of a previously described method [22]. Briefly,
cells were grown in DMEM containing 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA).
Human GBM cell lines (T98G and U87MG) were obtained from American Type Culture Collection (ATCC;
Manassas, VA, USA). NGT41 was a cell line established from disseminated lesions in the spinal cord of a
patient with epithelial GBM [23] after obtaining approval from the Institutional Review Board of Niigata
University (No. 2016–2583). The NGT191 cell line was also established from a surgical specimen
resected from a GBM patient. GBM1 and JHH-DIPG cells were grown in suspension in Neurobasal
medium base supplemented with glutaMAX, B27, and N2 (Thermo Fisher Scientific, Rockford, IL, USA).

Glucose uptake assay

To investigate the effect of canagliflozin on glucose uptake into tumors, isotope-labeled glucose was
added to the culture medium. The procedure was modified from a protocol we previously described[24].
NGT41 cell line was cultured in DMEM containing 10% fetal bovine serum, then washed and replaced
with glucose-free DMEM. Cells were incubated with 2 µCi of [14C]-glucose (0.20 mCi/mL) (Perkin-Elmer,
USA) for 15 min. Canagliflozin (0, 25, 50, and 100 µM) was added to the culture 10 min prior to the
addition of [14C]-glucose. Uptake was stopped by three washes with ice-cold PBS, and cells were lysed in

200 µL of 0.1 N NaOH. Samples were then collected, and the radioactivity of [14C]-glucose was measured
by a liquid scintillation counter. The ratio of [14C]-glucose to total [14C]-glucose taken up by the cells was
calculated. These values were corrected for total protein content, which was quantified by the Micro BCA
Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA).

Cell viability assay

The cytotoxic effects of canagliflozin were determined by using the cell proliferation assay reagent WST-
1 (Takara Bio, Japan), as described previously [22]. Briefly, glioma cells were seeded at a density of 1-1.5
× 103 cells/well in 96-well flat-bottomed plates and incubated at 37°C overnight. After, the cells were
treated with canagliflozin (at indicated concentrations) for 72 h. Following treatment, WST-1 reagent was
added to each well and incubated for 1–2 h at 37°C. Absorbance was measured at 450 nm using a
microplate reader. The viability of untreated cells was considered as 100%.

Ki67 proliferation analysis and dead cell assay

To evaluate whether treatments induced cell cycle arrest, GBM cell lines, NGT41, T98G, U87MG, and
NGT191 were treated with canagliflozin at indicated concentrations for 72 hours. The proportion of
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proliferating cells within the cell population was measured using the proliferation marker Ki67.
Additionally, apoptosis assessment was performed. Cells were washed with PBS and trypsinized.
Approximately 1 × 105 cells were then fixed. Cell preparations were performed using MUSE Ki67
proliferation and MUSE Annexin V-dead cell assay kits (Millipore, Billerica, MA, USA). Analysis was
conducted using the MUSE cell analyzer, following the manufacturer’s protocol.

Ki67 proliferation analysis and dead cell assay

To evaluate whether treatments induced cell cycle arrest, GBM cell lines, NGT41, T98G, U87MG, and
NGT191 were treated with canagliflozin at indicated concentrations for 72 hours. The proportion of
proliferating cells within the cell population was measured using the proliferation marker Ki67.
Additionally, apoptosis assessment was performed. Cells were washed with PBS and trypsinized.
Approximately 1 × 105 cells were then fixed. Cell preparations were performed using MUSE Ki67
proliferation and MUSE Annexin V-dead cell assay kits (Millipore, Billerica, MA, USA). Analysis was
conducted using the MUSE cell analyzer according to the manufacturer’s protocol.

Immunoblotting

Cells or tumor tissues were sonicated in lysis buffer. Cell lysates were heat denatured as described
previously [22]. Protein concentration in the lysates was determined using the Micro BCA Protein assay
kit. Equal amounts of protein (10–30 µg) were subjected to SDS-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane. Immunoblotting was performed using anti-phospho-p70S6K
(Thr389) [1:500], anti-phospho-S6 (Ser240/244) [1:1000], anti-S6 (1:4000), anti-phospho-acetyl-CoA
carboxylase (Ser79) [1:1000], anti-phospho-AMPKα (Thr172) [1:1000], and anti-β-actin [1:4000]
polyclonal antibodies (Cell Signaling Technologies, Danvers, MA, USA). Anti-p70S6K antibody and anti-
SGLT2 antibody (D6) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Membranes
were incubated with the indicated primary antibodies overnight at 4 ℃. After the membranes were
rinsed with TBST, they were subsequently incubated with horseradish peroxidase-conjugated secondary
antibodies (1:10000; Santa Cruz, CA, USA). Immunoreactivity was detected by chemiluminescence
detection method using the ECL system (Bio-Rad, Hercules, CA, USA). The immunoreactive bands were
visualized using GeneGnome (Syngene, Cambridge, UK) and quantified using the Syngene Bio Imaging
system (Syngene, Cambridge, UK). β-actin was used as a loading control.

Monitoring of protein synthesis

The SUnSET method was employed for immunoblotting to monitor global protein synthesis during
canagliflozin administration [25]. Puromycin, which is structurally similar to aminoacyl-tRNA, is bound to
the C-termini of newly synthesized polypeptide chains and forces the stop of elongation. The synthetic
peptide chain dissociates from the ribosome when it binds puromycin. Resulting nascent chains were
detected with an anti-puromycin antibody. NGT41 was treated with 50 µM SGLT2 inhibitor canagliflozin
(at the indicated times) 30 minutes prior to the addition of 1 µM puromycin. Finally, cells were lysed in
SDS lysis buffer. After centrifugation, the supernatant was collected, and protein concentrations were
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determined. 2 µL of samples were spotted onto a nitrocellulose membrane, and the amount of
puromycin uptake was assessed by immunoblotting. The activity was detected by chemiluminescence
detection method using the ECL system (Bio-Rad, Hercules, CA, USA). The immunoreactivity was
visualized using GeneGnome (Syngene, Cambridge, UK) and quantified using the Syngene Bio Imaging
system (Syngene, Cambridge, UK).

Experimental animals

Four-week-old male nude mice (BALB/C-nu/nu, Charles River Laboratories Inc., Yokohama, Japan) were
used for in vivo experiments. Mice were housed under aseptic conditions in a plastic cage and provided
free access to food and water. Each cage was kept in a colony room (22 ± 1.0 ℃) under a 12 h light-dark
cycle. All the animal experiments described here were approved by the Animal Committee of Niigata
University (No. SA00519) and were performed in accordance with the Guiding Principles for the Care and
Use of Laboratory Animals (NIH, USA).

Establishment of the patient-derived xenograft model

For the subcutaneous tumor model, NGT41 cells were suspended in Neurobasal Medium (Life
Technologies Corporation, NY, USA) and implanted subcutaneously (1 × 106 cells per place) into nude
mice as described previously [23]. When the tumor volume reached 50 mm3, the mice were randomly
divided into two groups. Mice were treated daily with solvent (vehicle control) or canagliflozin (30
mg/kg) by oral gavage for 10 days. Tumor size was measured daily with calipers, and tumor volume was
calculated using the formula: tumor volume (mm3) = [length (mm) × width (mm2)] /2.

Histopathological examination

Pathological examination was performed on mouse subcutaneous tumors formed by xenografts as
previously reported [22]. Mice were euthanized at 1 hour following completion of the last canagliflozin
treatment. Tumors were resected from mice under deep anesthesia, fixed in 4% paraformaldehyde, and
embedded in paraffin. Sections were then cut from the paraffin blocks, and immunohistochemistry was
performed. These sections were stained with HE, anti-Ki-67 monoclonal antibody (clone MIB-1; 1:100;
Dako, Denmark) and anti-phospho-S6 (Ser240/244) [1:1000] polyclonal antibody (Cell Signaling
Technologies, Danvers, MA, USA).

Statistical analysis
Data were expressed as mean ± SEM and were subjected to parametric analyses. When univariate data
with more than two groups showed similar distribution, we used the analysis of variance (ANOVA) to
assess the statistical differences among dose and experimental groups, followed by post-hoc test for
multiple comparisons. Alternatively, Student’s t-test (two-tailed) was used for univariate data analysis of
two groups. All statistical analyses were performed using the GraphPad Prism 10 software (GraphPad
Software, CA, USA).
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Results
SGLT2 is expressed in human GBM cell lines and resected brain tumor specimens, and canagliflozin
suppresses intracellular glucose uptake

SGLT2 protein has been reported to be expressed in high-grade glioma cells [10]. To elucidate the
functional role of SGLT2 in GBM, we examined its relative expression levels of SGLT2 in human glioma
cell lines. Expression of SGLT2 was detected in cultured GBM cell lines (Figure 1A). Furthermore, SGLT2
protein was also expressed in resected tumor specimens obtained from a patient with a meningioma. To
determine whether SGLT2 expressed in GBM cell lines contributes to glucose transport into cells, we
attempted to inhibit glucose uptake using the SGLT2 inhibitor canagliflozin (Figure 1B). Canagliflozin
significantly reduced glucose uptake into NGT41 cells compared to the control cultures (****p < 0.0001
at both 50 μM and 100 μM canagliflozin concentrations). These findings suggest that NGT41 cell
proliferation partially utilizes glucose uptake mediated by SGLT2. 

To evaluate the efficacy of canagliflozin on cell proliferation, cell viability assays were performed using
GBM cell lines (Figure 2A). Canagliflozin significantly reduced NGT41 cell growth, as determined by the
WST1 assay (*p < 0.05 for 25 μM, **p < 0.001 for 50, 100 μM, and ***p < 0.001 for 200 μM canagliflozin
vs. control culture). The half-maximal effective dose (ED50) of canagliflozin was estimated to be
approximately 50-100 μM across the tested cell lines. Additionally, microscopic observations revealed
that canagliflozin affects not only cell survival but also cell morphology (Figure 2B). Similar results were
confirmed in experiments adding canagliflozin to representative human GBM cell lines T98G, U87MG,
and NGT191 (Supplemental Figure 1A, 1B). Thus, reduced cell survival and morphological changes, such
as cell size enlargement, were observed in all GBM cell lines following canagliflozin treatment. 

Canagliflozin inhibits proliferation and induces apoptotic cell death in cultured GBM cells

To examine the effect of canagliflozin on proliferative activity, a Ki67 proliferation assay was performed
in NGT41 (Figure 3A). A significant reduction in the number of proliferating cells relative to the total cell
population was induced by canagliflozin in a dose-dependent manner (*p = 0.0168 for 50 μM, ***p =
0.0003 for 100 μM canagliflozin vs. control culture. Furthermore, a significant increase in apoptotic cells
within the total cell population was observed following canagliflozin treatment (**p = 0.0018 vs. control
culture: Figure 3B). These results indicate that canagliflozin affects cell proliferation and induces cell
death.

Histogram of NGT41 cells after canagliflozin treatment (red: Ki67-positive population, blue: Ki67-
negative population). The proportion of proliferating cells is shown as a bar graph. Similar results were
obtained from four replicate experiments. One-way ANOVA with Dunnett’s multiple comparisons test
was applied to statistically analyze: *p = 0.0168, ***p = 0.0003. (B) Detection of apoptosis in NGT41
treated with canagliflozin. Description of each quadrant (Upper left: dead cells, Upper right: late
apoptotic cells or dead cells, lower left: live cells, lower right: early apoptotic cells). Each population was
gated and quantified by cell size and cell count, then plotted separately for canagliflozin concentrations
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(0 - 100 μM). Similar results were obtained from four replicate experiments. One-way ANOVA with
Dunnett’s multiple comparisons test was applied to analyze: **p = 0.0018. 

Canagliflozin induces AMPK activation and inhibits mTORC1 signaling in cultured GBM cells

Since canagliflozin inhibited glucose uptake and suppressed viability of GBM cells, we examined its
effects on intracellular signaling pathways. Activation of AMPK was assessed by western blot analysis
using an anti-phospho AMPK (Thr172) antibody against NGT41 cell lysates (Figure 4A). Phosphorylation
of AMPK was increased by canagliflozin treatment (*p = 0.0232 for 50 μM, ****p < 0.0001 for 100 μM
canagliflozin vs. control culture). Consistent with this, ACC phosphorylation was increased following
canagliflozin exposure (**p = 0.0028 vs. control culture). Furthermore, we examined the effect of
canagliflozin on mTORC1 signaling. The phosphorylation status of mTORC1 was evaluated by western
blot analysis using anti-phospho p70S6K (Thr389) antibody (Figure 4B). Canagliflozin reduced the
phosphorylation of p70S6K in dose dependent manner, with maximal inhibition observed at 100 μM (*p =
0.0299 for 25 μM, ***p = 0.0005 for 50 μM, and ****p < 0.0001 for 100 μM canagliflozin vs. control
culture). Furthermore, canagliflozin suppressed the phosphorylation of S6, a downstream substrate of
p70S6K (*p = 0.0185 for 50 μM, and ***p < 0.0002 for 100 μM canagliflozin vs. control culture), indicating
that canagliflozin inhibits mTORC1 activity and its downstream signal cascade. Similar trends were
confirmed in experiments where canagliflozin was added to human GBM cell lines T98G, U87MG, and
NGT191. AMPK activation and mTORC1 signaling inhibition by canagliflozin were shown by
immunoblotting (Supplemental Figures 2 and 3). These results indicate that canagliflozin activates
AMPK and ACC signaling in GBM cell lines.

Global protein synthesis in GBM cells is suppressed by canagliflozin.

To verify the effect of canagliflozin on translation, we evaluated its activity on protein synthesis activity
using the SUnSET method (Figure 4C). Nascent peptide synthesis was significantly reduced 2 hours after
treatment with 50 μM canagliflozin in NGT41 (****p < 0.0001 canagliflozin vs. control culture), and
similarly reduced in T98G, U87MG, and NGT191 cells (Supplemental Figure 4), although 

the effect was modest in T98G cells. These findings suggest that canagliflozin inhibits novel protein
synthesis in GBM cells.

Canagliflozin reduces tumor growth in subcutaneous human GBM xenografts without significant body
weight loss or toxicity

We established a tumor model by subcutaneously transplanting NGT41 cells into BALB/C nude mice.
The anti-proliferating activity of canagliflozin was verified in vivo following previously reported methods.
After tumor establishment, mice were orally administered vehicle or canagliflozin (30 mg/kg) daily for 10
days. Tumor growth was markedly suppressed in the canagliflozin-treatment group compared with the
vehicle group, and tumor volume did not increase during the treatment period (Figure 5B). No apparent
adverse events, such as weight loss, were observed with canagliflozin treated mice.
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Immunohistochemical analysis of tumor sections revealed decreased staining for Ki67 (clone MIB1), and
phospho S6 in the canagliflozin treated group (Figure 5C). Immunoblot analysis of protein extracts from
resected tumors at the end of treatment showed significantly decreased phosphorylation levels of
p70S6K and S6 (Figure 5D).

Discussion
Glucose metabolism is essential processes for all the cells to produce ATP, the cellular energy currency.
In many tumor cells, including GBM, metabolic reprograming called Warburg shift has been observed. In
these cells, glucose is mainly metabolized by aerobic glycolysis instead of regular oxidative
phosphorylation. Although this process is thought to be beneficial to tumor growth, it is less efficient to
produce ATP. To produce enough ATP, tumor cells require much glucose. In addition to glucose
transporter (Glut) family molecules, GBM is reported to express SGLT2, that is expressed almost only in
kidney among normal tissues.

For some SGLT2 inhibitors, biological activities beyond glucose uptake have been reported. As a direct
effect on myocardial cells, SGLT2 inhibitors applied to SGLT2-low expressing myocardial cells and
vascular endothelial cells demonstrated anti-inflammatory and oxidative stress-suppressing effects [26].
Empagliflozin has shown to prevent myocardial infarction, independent of SGLT2 and improve cardiac
function and reduce oxidative stress in heart failure model using SGLT2 knockout mice [27].
Furthermore, as a regulatory effect on autophagy, empagliflozin ameliorates acute kidney injury in a
mouse nephrectomy model by improving glomerular hyperfiltration, resolving lysosomal dysfunction, and
correcting impaired autophagy [28]. Canagliflozin also inhibits mitochondrial complex-1 activity and
exerts antiproliferative effects on lung cancer cells [29]. To isolate these direct effects of SGLT2
inhibitors, siRNA to knock down SGLT2 expression was attempted in U251 GBM cells, demonstrating
decreased cell viability, AMPK activation, and mTOR suppression [30]. This research suggests an
antitumor effect based on energy supply blockage mediated by SGLT2, supporting our findings that
AMPK-dependent signaling under a low-glucose condition induced by canagliflozin contributes to
reduced survival and proliferation in GBM cells. AMPK is activated in response to low energy status and
phosphorylates Raptor and TSC2. This results in the inhibition of mTORC1 [18, 19, 31–33]. Therefore, the
activation of AMPK and inhibition of mTORC1 resulting from glucose uptake suppression can be
considered a pharmacological effect of canagliflozin.

The role of AMPK in tumor suppression remains controversial. In clinical samples, the U87MG human
malignant glioma cell line, and a mouse astrocytoma model, a correlation between AMPK activity and
tumor cell proliferation was confirmed. In this context, AMPK is known to increase Rb phosphorylation,
release E2F transcription factor, and promote cell cycle progression [34]. Furthermore, AMPK activation
increases glioma cell survival by inducing autophagy and suppressing apoptosis via caspase-3 and p53
[35]. Therefore, AMPK possesses a dual role, acting tumor-promotively under specific conditions [36]. We
investigated the effect of AMPK activation on glioma cell proliferation. AMPK activation, mediated by
canagliflozin-induced glucose uptake, significantly reduced the number of Ki67-positive cells undergoing
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proliferation. Furthermore, AMPK activation promoted apoptosis. In a mouse xenograft model using
NGT41 cells, canagliflozin treatment significantly reduced tumor volume. In the subcutaneous tumor,
mTOR signaling was suppressed, and a decrease in Ki67-positive cells was observed. However, the
contribution of AMPK to cell cycle progression or arrest, and its role in maintaining cancer metabolism,
remain poorly understood. Interestingly, AMPK knockdown or overexpression causes similar effects in
cells: the cell cycle halts, leading to aneuploidy [37]. This indicates that appropriate switching of AMPK
signaling is essential for the progression of mitosis. The development of rhythmic AMPK regulation
synchronized with the cell cycle may be required in cancer treatment.

The findings of the present study highlight SGLT2 as a promising metabolic target in GBM. The high
glucose dependence of GBM suggests that blocking glucose uptake via SGLT2 could impair tumor
growth. Although the role of AMPK in cancer remains to be fully understood, our study supports the
hypothesis that SGLT2 inhibitors act as indirect AMPK activators and have antitumor potential.

Conclusions
This study demonstrates that canagliflozin induces metabolic stress and suppresses GBM growth
through modulation of the AMPK/mTOR axis. The unique biological effects of SGLT2 inhibitors may
contribute to the development of novel GBM therapies. Future studies should explore integrating SGLT2
inhibitors with standard chemotherapy to enhance treatment outcomes.

Declarations
Acknowledgements

We thank Junko Kumagai, histopathology core facility, Niigata University Faculty of Medicine, for
technical support regarding the excision of pathological specimen tissue. This study was funded in part
by a grant from the Japan Society for the Promotion of Science (JSPS) 20K07194 to TE. MN and MOk
have received support from the New Sustainable Growth (NSG) group.

Contributions

Conception and design of the work: T.E.,  N.T., and M.N.; acquisition and analysis of data: T.E. and N.T.;
interpretation of data: T.E., N.T., M.Ok., J.W., R.O., Y.T., M.Oi., and M.N.; original draft: T.E., N.T., and M.N.;
critical review of manuscript and editing: N.T., M.Ok., J.W., R.O., Y.T., M.Oi., and M.N.; approved the final
version to be published: all authors; agree to be accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the work are appropriately investigated and
resolved: all authors

References



Page 12/19

1. Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N Engl J Med. 2005 Mar 10;352(10):987-96.
doi:10.1056/NEJMoa043330

2. Stupp R, Hegi ME, Mason WP, et al. Effects of radiotherapy with concomitant and adjuvant
temozolomide versus radiotherapy alone on survival in glioblastoma in a randomised phase III
study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009 May;10(5):459-66.
doi:10.1016/S1470-2045(09)70025-7

3. Warburg O. On the origin of cancer cells. Science. 1956 Feb 24;123(3191):309-14.
doi:10.1126/science.123.3191.309

4. Koppenol WH, Bounds PL, Dang CV. Otto Warburg's contributions to current concepts of cancer
metabolism. Nat Rev Cancer. 2011 May;11(5):325-37. doi:10.1038/nrc3038

5. Mueckler M, Thorens B. The SLC2 (GLUT) family of membrane transporters. Mol Aspects Med. 2013
Apr-Jun;34(2-3):121-38. doi:10.1016/j.mam.2012.07.001

6. Ganapathy V, Thangaraju M, Prasad PD. Nutrient transporters in cancer: relevance to Warburg
hypothesis and beyond. Pharmacol Ther. 2009 Jan;121(1):29-40.
doi:10.1016/j.pharmthera.2008.09.005

7. Wright EM, Loo DD, Hirayama BA. Biology of human sodium glucose transporters. Physiol Rev. 2011
Apr;91(2):733-94. doi:10.1152/physrev.00055.2009

8. Wright EM. Glucose transport families SLC5 and SLC50. Mol Aspects Med. 2013 Apr-Jun;34(2-
3):183-96. doi:10.1016/j.mam.2012.11.002

9. Vrhovac I, Balen Eror D, Klessen D, et al. Localizations of Na(+)-D-glucose cotransporters SGLT1 and
SGLT2 in human kidney and of SGLT1 in human small intestine, liver, lung, and heart. Pflugers Arch.
2015 Sep;467(9):1881-98. doi:10.1007/s00424-014-1619-7

10. Kepe V, Scafoglio C, Liu J, et al. Positron emission tomography of sodium glucose cotransport
activity in high grade astrocytomas. J Neurooncol. 2018 Jul;138(3):557-569. doi:10.1007/s11060-
018-2823-7

11. Scafoglio C, Hirayama BA, Kepe V, et al. Functional expression of sodium-glucose transporters in
cancer. Proc Natl Acad Sci U S A. 2015 Jul 28;112(30):E4111-9. doi:10.1073/pnas.1511698112

12. Ali A, Mekhaeil B, Biziotis OD, et al. The SGLT2 inhibitor canagliflozin suppresses growth and
enhances prostate cancer response to radiotherapy. Commun Biol. 2023 Sep 8;6(1):919.
doi:10.1038/s42003-023-05289-w

13. Pandey A, Alcaraz M, Jr., Saggese P, et al. Exploring the Role of SGLT2 Inhibitors in Cancer:
Mechanisms of Action and Therapeutic Opportunities. Cancers (Basel). 2025 Jan 30;17(3).
doi:10.3390/cancers17030466

14. Carling D. The AMP-activated protein kinase cascade--a unifying system for energy control. Trends
Biochem Sci. 2004 Jan;29(1):18-24. doi:10.1016/j.tibs.2003.11.005

15. Luo Z, Saha AK, Xiang X, et al. AMPK, the metabolic syndrome and cancer. Trends Pharmacol Sci.
2005 Feb;26(2):69-76. doi:10.1016/j.tips.2004.12.011



Page 13/19

16. Hardie DG. AMPK--sensing energy while talking to other signaling pathways. Cell Metab. 2014 Dec
2;20(6):939-52. doi:10.1016/j.cmet.2014.09.013

17. Lin SC, Hardie DG. AMPK: Sensing Glucose as well as Cellular Energy Status. Cell Metab. 2018 Feb
6;27(2):299-313. doi:10.1016/j.cmet.2017.10.009

18. Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to control cell growth and survival.
Cell. 2003 Nov 26;115(5):577-90. doi:10.1016/s0092-8674(03)00929-2

19. Gwinn DM, Shackelford DB, Egan DF, et al. AMPK phosphorylation of raptor mediates a metabolic
checkpoint. Mol Cell. 2008 Apr 25;30(2):214-26. doi:10.1016/j.molcel.2008.03.003

20. Guertin DA, Sabatini DM. Defining the role of mTOR in cancer. Cancer Cell. 2007 Jul;12(1):9-22.
doi:10.1016/j.ccr.2007.05.008

21. Shaw RJ, Cantley LC. Ras, PI(3)K and mTOR signalling controls tumour cell growth. Nature. 2006
May 25;441(7092):424-30. doi:10.1038/nature04869

22. Eda T, Okada M, Ogura R, et al. Novel Repositioning Therapy for Drug-Resistant Glioblastoma: In Vivo
Validation Study of Clindamycin Treatment Targeting the mTOR Pathway and Combination Therapy
with Temozolomide. Cancers (Basel). 2022 Feb 2;14(3). doi:10.3390/cancers14030770

23. Kanemaru Y, Natsumeda M, Okada M, et al. Dramatic response of BRAF V600E-mutant epithelioid
glioblastoma to combination therapy with BRAF and MEK inhibitor: establishment and xenograft of a
cell line to predict clinical efficacy. Acta Neuropathol Commun. 2019 Jul 25;7(1):119.
doi:10.1186/s40478-019-0774-7

24. Takei N, Kawamura M, Hara K, et al. Brain-derived neurotrophic factor enhances neuronal translation
by activating multiple initiation processes: comparison with the effects of insulin. J Biol Chem. 2001
Nov 16;276(46):42818-25. doi:10.1074/jbc.M103237200

25. Schmidt EK, Clavarino G, Ceppi M, et al. SUnSET, a nonradioactive method to monitor protein
synthesis. Nat Methods. 2009 Apr;6(4):275-7. doi:10.1038/nmeth.1314

26. Soares RN, Ramirez-Perez FI, Cabral-Amador FJ, et al. SGLT2 inhibition attenuates arterial
dysfunction and decreases vascular F-actin content and expression of proteins associated with
oxidative stress in aged mice. Geroscience. 2022 Jun;44(3):1657-1675. doi:10.1007/s11357-022-
00563-x

27. Chen S, Wang Q, Bakker D, et al. Empagliflozin prevents heart failure through inhibition of the NHE1-
NO pathway, independent of SGLT2. Basic Res Cardiol. 2024 Oct;119(5):751-772.
doi:10.1007/s00395-024-01067-9

28. Matsui S, Yamamoto T, Takabatake Y, et al. Empagliflozin protects the kidney by reducing toxic ALB
(albumin) exposure and preventing autophagic stagnation in proximal tubules. Autophagy. 2025
Mar;21(3):583-597. doi:10.1080/15548627.2024.2410621

29. Villani LA, Smith BK, Marcinko K, et al. The diabetes medication Canagliflozin reduces cancer cell
proliferation by inhibiting mitochondrial complex-I supported respiration. Mol Metab. 2016
Oct;5(10):1048-1056. doi:10.1016/j.molmet.2016.08.014



Page 14/19

30. Shoda K, Tsuji S, Nakamura S, et al. Canagliflozin Inhibits Glioblastoma Growth and Proliferation by
Activating AMPK. Cell Mol Neurobiol. 2023 Mar;43(2):879-892. doi:10.1007/s10571-022-01221-8

31. Kemp BE, Stapleton D, Campbell DJ, et al. AMP-activated protein kinase, super metabolic regulator.
Biochem Soc Trans. 2003 Feb;31(Pt 1):162-8. doi:10.1042/bst0310162

32. Sabatini DM. mTOR and cancer: insights into a complex relationship. Nat Rev Cancer. 2006
Sep;6(9):729-34. doi:10.1038/nrc1974

33. Guo D, Hildebrandt IJ, Prins RM, et al. The AMPK agonist AICAR inhibits the growth of EGFRvIII-
expressing glioblastomas by inhibiting lipogenesis. Proc Natl Acad Sci U S A. 2009 Aug
4;106(31):12932-7. doi:10.1073/pnas.0906606106

34. Ríos M, Foretz M, Viollet B, et al. AMPK activation by oncogenesis is required to maintain cancer cell
proliferation in astrocytic tumors. Cancer Res. 2013 Apr 15;73(8):2628-38. doi:10.1158/0008-
5472.Can-12-0861

35. Vucicevic L, Misirkic M, Janjetovic K, et al. AMP-activated protein kinase-dependent and -
independent mechanisms underlying in vitro antiglioma action of compound C. Biochem
Pharmacol. 2009 Jun 1;77(11):1684-93. doi:10.1016/j.bcp.2009.03.005

36. Strickland M, Stoll EA. Metabolic Reprogramming in Glioma. Front Cell Dev Biol. 2017;5:43.
doi:10.3389/fcell.2017.00043

37. Banko MR, Allen JJ, Schaffer BE, et al. Chemical genetic screen for AMPKα2 substrates uncovers a
network of proteins involved in mitosis. Mol Cell. 2011 Dec 23;44(6):878-92.
doi:10.1016/j.molcel.2011.11.005

Figures

Figure 1

Expression and functional role of SGLT2 in GBM cell lines
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(A) Western blot analysis showing SGLT2 protein expression in cultured GBM cell lines. Mouse kidney,
the renal cortex was used as a control sample for SGLT2 expression. “Meningioma” denotes the surgical
specimen removed from a meningioma patient. β-actin was used as internal control levels in all cases.
(B) Significant reduction of glucose uptake by the SGLT2 inhibitor canagliflozin in NGT41 cells. The bar
graph represents glucose uptake at each canagliflozin concentration (0, 25, 50 and 100 μM) in NGT41.
Data are shown as mean ± SEM from three replicates. One-way ANOVA with Dunnett’s multiple
comparisons test was applied to statistically analyze: ****p < 0.0001.

Canagliflozin reduces the survival of cultured GBM cell lines.

Figure 2

Inhibitory effect of canagliflozin on the proliferation of cultured GBM cell lines

(A) Dose responses of canagliflozin on cell viability in human GBM cells NGT41. Cell viability was
assessed using the WST-1 assay after NGT41 cells were treated with indicated concentrations (0 - 200
μM) of canagliflozin for 72 hours. The viability of untreated cells (vehicle control: 0 μM canagliflozin) was
considered 100 %. Data are presented as mean ± SEM. Similar results were obtained from triplicate
experiments. One-way ANOVA with Dunnett’s multiple comparisons test was applied to statistically
analyze: ****p < 0.0001. (B) Microscopic image of NGT41 cells 72 hours after canagliflozin treatment at
indicated concentrations.
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Figure 3

Cell death induced by canagliflozin in cultured NGT41 cells: Ki67 proliferation assay and dead cell
analysis

Histogram of NGT41 cells after canagliflozin treatment (red: Ki67-positive population, blue: Ki67-
negative population). The proportion of proliferating cells is shown as a bar graph. Similar results were
obtained from four replicate experiments. One-way ANOVA with Dunnett’s multiple comparisons test
was applied to statistically analyze: *p = 0.0168, ***p = 0.0003. (B) Detection of apoptosis in NGT41
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treated with canagliflozin. Description of each quadrant (Upper left: dead cells, Upper right: late
apoptotic cells or dead cells, lower left: live cells, lower right: early apoptotic cells). Each population was
gated and quantified by cell size and cell count, then plotted separately for canagliflozin concentrations
(0 - 100 μM). Similar results were obtained from four replicate experiments. One-way ANOVA with
Dunnett’s multiple comparisons test was applied to analyze: **p = 0.0018.

Figure 4

Effects of canagliflozin on AMPK activation and mTOR signaling in GBM cell lines: impact on global
protein synthesis activity

(A) Dose response of canagliflozin on the activation of ACC and AMPK in NGT41, analyzed by Western
blotting. Bar graphs represent phospho/total ACC ratio (left panel) or phospho/total AMPK ratio (right
panel), indicated by corresponding band intensities. β-actin was used as a loading control. Cells were
treated with the indicated concentrations (0 - 100 μM) of canagliflozin for 72 hours. Similar results were
obtained from four replicate experiments. One-way ANOVA values for Dunnett’s multiple comparisons of
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canagliflozin treatment: **p = 0.0028 (p-ACC/ACC ratio), *p = 0.0232, ****p < 0.0001 (p-AMPK/AMPK
ratio). (B) Dose response of canagliflozin on mTOR signaling in NGT41. The phosphorylation levels of
p70S6K (Thr389) and S6 (Ser240/244) were analyzed by Western blotting. The level of phosphorylated
and total p70S6K (left panel) or phosphorylated and total S6 (right panel) was indicated the
corresponding bands. β-actin was used as a loading control. Similar results were obtained from four
replicate experiments. One-way ANOVA values for Dunnett’s multiple comparisons of canagliflozin
treatment: *p = 0.0299, ***p = 0.0005, ****p < 0.0001 (p-p70S6K/P70S6K ratio), *p = 0.0185, ***p =
0.0002 (p-S6/S6 ratio). (C) Immunoblotting using anti-puromycin antibody against synthesized
polypeptide chains. NGT41 cells were treated with canagliflozin (50 μM) for the indicated times, followed
by puromycin administration and sampling. The bar graph represents intensity of spot, data are
presented as mean ± SEM. Similar results were obtained from triplicate experiments. One-way ANOVA
with Dunnett’s multiple comparisons test was applied: ****p < 0.0001.

Figure 5
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Canagliflozin suppresses tumor growth of NGT41 xenograft in BALB/C nude mice

Schematic representation of the in vivo experimental design. (B) The curves represent changes in tumor
volume (left panel) and mouse body weight (right panel) during canagliflozin administration. Data are
shown as mean ± SEM (n = 6 each). Statistical analysis of tumor growth rates was performed using two-
way ANOVA with Bonferroni’s multiple comparisons test: *p = 0.0361 (day 7), *p= 0.0214 (day 8), ***p =
0.0001 (day 9), ****p < 0.0001 (day 10). No severe adverse effect, including death, were observed
between groups. (C) Representative macro and micro image of tumor sections. Immunohistochemical
staining of canagliflozin-treated tumors for Ki67 (clone MIB1) and phospho S6. (D) Immunoblot analysis
of protein extracts from resected tumors (upper). Phosphorylation levels of p70S6K (Thr389) and S6
(Ser240/244) were analyzed. Bar graphs show the levels of phosphorylated and total p70S6K (upper)
and phosphprylated S6 and total S6 (lower), quantified after standardizing the ratio of phospho/total
P70S6K. β-actin was used as a loading control. Data are shown as mean ± SEM (n = 3 each). Unpaired t-
test values for comparisons between vehicle and canagliflozin group: ***p = 0.0002.
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