? frontiers ‘ Frontiers in Oncology

‘l @ Check for updates

OPEN ACCESS

EDITED BY
Rushendhiran Kesavan,

University of Texas Southwestern Medical
Center, United States

REVIEWED BY

Raju Baskar,

University of Texas Southwestern Medical
Center, United States

Sayli Chavan,

University of Texas at San Antonio,
United States

*CORRESPONDENCE
Wenyong Yang
1104657028@qg.com

RECEIVED 03 November 2024
ACCEPTED 15 January 2025
PUBLISHED 11 February 2025

CITATION

Wang J and Yang W (2025) Advances
in sodium-glucose transporter
protein 2 inhibitors and tumors.
Front. Oncol. 15:1522059.

doi: 10.3389/fonc.2025.1522059

COPYRIGHT

© 2025 Wang and Yang. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction

in other forums is permitted, provided the

original author(s) and the copyright owner(s)
are credited and that the original publication

in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Oncology

TYPE Review
PUBLISHED 11 February 2025
p0110.3389/fonc.2025.1522059

Advances in sodium-glucose
transporter protein 2
Inhibitors and tumors

Jiagi Wang' and Wenyong Yang®

‘Department of Oncology, Guangyuan Central Hospital, Guangyuan, Sichuan, China, 2Department of
Respiratory and Critical Care Medicine, Guangyuan Central Hospital, Guangyuan, Sichuan, China

Tumor is a major challenge to global health and has received extensive attention
worldwide due to its high degree of malignancy and poor prognosis. Although
the clinical application of targeted therapy and immunotherapy has improved the
status quo of tumor treatment, the development of new therapeutic tools for
tumors is still necessary. Sodium-glucose transporter protein 2 (SGLT2) inhibitors
are a new type of glycemic control drugs, which are widely used in clinical
practice because of their effects on weight reduction and protection of cardiac
and renal functions. SGLT2 has been found to be overexpressed in many tumors
and involved in tumorigenesis, progression and metastasis, suggesting that
SGLT2i has a wide range of applications in tumor therapy. The aim of this
article is to provide a comprehensive understanding of the research progress
of SGLT2i in different tumors by integrating the latest studies and to encourage
further exploration of SGLT2i therapies in clinical trials. This could pave the way
for more effective management strategies and improved outcomes for
tumor patients.
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1 Introduction

Tumor is a major global public health problem, and the morbidity and mortality of this
fatal disease are rapidly increasing. According to statistics, in 2020 alone, there will be
approximately 19.3 million new cases of tumors and 10 million deaths due to tumors
worldwide (1), bringing a serious economic burden to society and families. Although the
mature application of targeted drugs and the emergence of immunotherapy provide more
opportunities to reduce tumor deaths, drug resistance and disease recurrence remain long-
term challenges. Therefore, the development of new drugs that can effectively control
tumors is crucial. About a century ago, Warburg found that tumor cells exhibit unique
metabolic characteristics, consuming more glucose than normal cells (2); reprogramming
of glucose metabolism leads to several hallmark features of tumors, such as accelerated cell
proliferation, angiogenesis, metastasis, and evasion of apoptosis (3). Epidemiological
studies have shown that diabetic patients are at a significantly higher risk of developing
tumors, and the presence of type 2 diabetes mellitus (T2DM) may increase the risk of
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cancer by 10%; hyperglycemia, hyperinsulinemia, genetic factors,
inflammation, and oxidative stress are the links between diabetes
and tumors (4). Given that cancer cell growth and proliferation are
heavily dependent on glucose utilization, controlling tumor glucose
metabolism is a very promising anti-tumor approach.

Sodium-glucose cotransporter (SGLT) belongs to the SLC5
family of active glucose transporter proteins, which can actively
transport glucose against the concentration gradient by coupling
with sodium; six different isoforms have been reported in humans,
and SGLT1 and SGLT2 have been studied more frequently. SGLT1
is mainly responsible for glucose absorption in the small intestine,
while SGLT?2 is mainly responsible for glucose reabsorption in the
kidneys, and more than 80% of the filtered glucose is reabsorbed
through SGLT2 in the S1 and S2 segments of the proximal tubule, in
addition to SGLT2, which is also expressed in the mammary glands,
testis, liver, lungs, intestines, skeletal muscles, spleen, and
cerebellum (5). SGLT2 inhibitors (SGLT2i) developed on the
basis of phlorizin, which can inhibit SGLT1 and SGLT2, are new
type of glycemic drugs, including canagliflozin, dapagliflozin,
empagliflozin,tofogliflozin and so on, which can inhibit glucose
reabsorption and increase urinary glucose excretion by acting on
SGLT2 in the renal proximal tubule, and control blood glucose
independently of the action of insulin. Further studies have shown
that SGLT2 is expressed in a variety of tumor cells, and
dapagliflozin significantly improves the survival rate of solid
tumor models in mice (6). A meta-analysis also showed that
SGLT2i was significantly associated with a reduced overall tumor
risk compared with placebo (RR 0.35, CI 0.33-0.37, P < 0. 00) (7);
suggesting that SGLT2i has a wide range of applications in tumor
therapy. In this paper, we review the research progress of SGLT2i
and tumor.

2 SGLT2i and
hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the sixth most common cancer
and the third leading cause of tumor-related deaths worldwide (8).
Metabolic syndrome and obesity have been found to be key risk factors
for hepatocellular carcinoma because obesity and T2DM significantly
increase the incidence of nonalcoholic steatohepatitis (NASH) and
nonalcoholic fatty liver disease (NAFLD),which are closely associated
with increased risk of HCC, and thus intervention for NAFLD is
important for the development of HCC. In diabetic and NASH/HCC
mouse models, both canagliflozin and tofogliflozin exhibited anti-
steatosis and anti-inflammatory effects, attenuated the development
of NASH and prevented the progression of NASH to HCC (9-11), so
SGLT2i may have a chemopreventive effect on hepatocellular
carcinoma associated with T2DM, obesity and NAFLD. In addition,
canagliflozin inhibited glucose uptake, B-cyclin activation, lactate
release and angiogenic activity, restored PDH activity, increased
intracellular ROS, consumed intracellular ATP and regulated
endoplasmic reticulum stress-mediated cytoprotective autophagy,
which was converted to cytotoxic autophagy and apoptosis, and also
inhibited HIF-10 protein, which reduced metastasis, angiogenesis, and
thus attenuated hepatocellular carcinoma growth (12-15). Multi-omics
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analysis of metabolomics and absolute quantitative proteomics showed
that canagliflozin could alter the phosphorylation of AMPK and ACC,
and inhibit the value-added of hepatocellular carcinoma cells by
regulating the electron transport system, [-oxidation and nucleic
acid synthesis (16). Empagliflozin could inhibit the ability of MAPK,
p38, and ERK1/2, and enhance the antimetabolic effect of metformin
by controlling the angiogenesis and metastasis better. enhance the anti-
tumor function of metformin (17). A study based on the large SEER-
Medicare database found that patients with prior T2DM and
hepatocellular carcinoma treated with SGLT2i had a significantly
lower risk of death, especially those treated for more than 12 months
(18). In addition, canagliflozin induces iron death through its dual
effect on glycolysis and glutamine metabolism, re-sensitizing
hepatocellular carcinoma to cisplatin and increasing sensitivity to
chemotherapy (19). However, a recent study showed that high
concentrations of trilobatin (an analogue of phlorizin) accelerated
the proliferation of human hepatoblastoma HepG2 cells, but not
that of the human normal hepatocyte cell line LO2 and other cells
(20). In conclusion, the current study is more limited to animal models
and retrospective analyses, more clinical trials are needed, and it
should be alerted whether high concentrations of SGLT2i promote
tumor progression.

3 SGLT2i and lung cancer

The putative role of SGLT2 in lung cancer metastasis was first
reported by Ishikawa et al. They found that there was no significant
difference in the expression of SGLT2 in primary lung cancer
lesions and normal tissues, but the expression of SGLT2 in liver
and lymph node metastatic lesions was significantly higher than
that in primary lesions, and these results led to the preliminary
speculative conclusion that SGLT2 plays a key role in glucose
uptake in lung cancer metastasis (21). With the wide application
of SGLT2i in T2DM, the prospect of its application in lung cancer
has received increasing attention. It has been found that down-
regulation of SGLT2 can limit the growth of non-small cell lung
cancer (NSCLC) (22), while canagliflozin can induce apoptosis in
NSCLC cells harboring the EGFR T790M mutation (23). A large
SEER-Medicare linked data study showed that the use of SGLT2i
was associated with improved overall survival in diabetic patients
with NSCLC (24). However, in another study, although SGLT2
expression was found in human lung cancer tissues and cell lines,
and in vitro experiments showed that canagliflozin attenuated lung
cancer cell proliferation and DNA synthesis by inhibiting cell cycle
progression, no reduction in tumor growth was found in in vivo
experiments (25). Scafoglio CR et al. found that SGLT2 was mainly
expressed in precancerous lesions and early, well-differentiated lung
adenocarcinoma;in mouse experiments, it was shown that the
tumor proliferation rate of the canagliflozin treatment group was
significantly reduced, but only for precancerous lesions, not for
solid lung adenocarcinoma, indicating that SGLT2i may target
precancerous lesions and its efficacy is higher than that of
advanced tumors, suggesting that SGLT2 is a diagnostic and
therapeutic target for early-stage lung adenocarcinoma (26).
Therefore, SGLT2i may contribute to the prevention and early
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treatment of lung cancer, while its application in advanced tumors
requires further clinical studies.

4 SGLT2i and breast cancer

Breast cancer is a major health problem for women because of
its high mortality and morbidity. It has been reported that in 2020,
there will be more than 2 million newly diagnosed breast cancer
patients globally, of which 685,000 will die from the disease, another
one-quarter of women will develop breast cancer, and one-eighth of
women will die from breast cancer. The five-year survival rate for
metastatic breast cancer, even with adjuvant chemotherapy, is less
than 30% (1, 27). Therefore, it is important to explore new
therapeutic approaches for breast cancer. Although a recent
retrospective study showed no significant correlation between
SGLT2 levels and clinical outcomes (28), the findings of SGLT2i
in breast cancer are exciting enough. It was found that SGLT2i
could attenuate the proliferation of breast cancer cells by decreasing
the effects of glucose and insulin, AMPK-mediated cell cycle arrest
and apoptosis, membrane hyperpolarization and mitochondrial
membrane instability, as well as interrupting mTOR-mediated
inflammatory signaling (29-32); empagliflozin inactivates SP1 and
PKM2 by enhancing the expression of miR-128-3p, thus
attenuating breast cancer proliferation (33); canagliflozin also
inhibits breast cancer cell proliferation by reducing oxygen
consumption and glutamine metabolism through the citric acid
cycle, and its antiproliferative effect is not affected by glucose
utilization or SGLT2 expression level (34). Therefore, SGLT2i
may not control tumor growth through the inhibition of glucose
uptake by SGLT2, but through various other pathways to control
the growth of breast cancer, but its clinical application needs to be
further investigated.

5 SGLT2i and pancreatic cancer

Pancreatic cancer is a highly aggressive malignant tumor with a
5-year overall survival rate of less than 6% and a median survival
period of 3-6 months (35). Most pancreatic cancers are already in
advanced stages when diagnosed, losing the chance of surgery, and
radiotherapy and chemotherapy have not yet brought satisfactory
results to pancreatic cancer patients; therefore, it is necessary to find
new treatment methods. It has been found that SGLT2 is
functionally expressed in pancreatic cancer, and SGLT2 can
activate the Hippo signaling pathway through the hnRNPK-YAP1
axis to promote the progression of pancreatic cancer (36, 37).
Furthermore, data from the Cancer Genome Atlas showed that
high SGLT2 expression coexisted with impaired cellular replicative
surveillance, enhanced cellular metabolism and drug metabolism,
and that high levels of SGLT2 coexisted with up-regulation of gene
signatures in pancreatic progenitor cell subsets in pancreatic cancer
(38). In vitro studies have demonstrated that canagliflozin inhibits
pancreatic cancer growth by down-regulating GLUT-1 and LDHA
and inhibiting glycolysis through the PI3K/AKT/mTOR/HIF-1o
signaling pathway at both the mRNA and protein levels, and the
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combination of this treatment with gemcitabine has shown
improved therapeutic efficacy in pancreatic cancer (39). In a
recent phase 1b clinical trial in patients with newly diagnosed
advanced pancreatic cancer, dapagliflozin was well tolerated and
safe, and had a beneficial effect on advanced pancreatic cancer as an
adjuvant to standard GP chemotherapy (40). However,
retrospective analysis showed that SGLT2 was not significantly
expressed in pancreatic cancer, but SGLT1 was significantly
overexpressed; the median overall and progression-free survival of
patients with high expression of SGLT1 was significantly longer
than that of patients with low expression of SGLT1, suggesting that
high expression of SGLT1 is an independent predictor of better
prognosis (41). Therefore, SGLT2i also exists for pancreatic cancer
similar to breast cancer, inhibiting tumor growth not through
SGLT2 but through other pathways, but larger clinical studies
are needed.

6 SGLT2 inhibitors and
urologic tumors

Bladder cancer is the most common tumor of the urinary tract, and
a case analysis of the European Pharmacovigilance Database showed
that the number of bladder cancer cases was abnormally high in
patients using SGLT2i (42); however, dapagliflozin has not been found
to act as a promoter or progression of bladder cancer in a rat model of
bladder cancer (43); a retrospective study in Taiwan demonstrated that
the combination of SGLT2i and pioglitazone was not associated with
new diagnosis of bladder cancer and had a low all-cause mortality rate
for patients with no previous or active bladder cancer (44); an
international multicenter cohort study showed that SGLT2i and
pioglitazone were not associated with new diagnosis and had a lower
all-cause mortality rate in T2DM patients without prior or active
bladder cancer (44); an international multicenter cohort study showed
that the use of SGLT2i was not associated with an increased risk of
bladder cancer compared with glucagon-like peptide 1 receptor agonist
or dipeptide kineptinase 4 inhibitor(DPP4i) (45). Therefore, the
association between SGLT2i and bladder cancer should be taken
seriously, but it is not a cause for concern. Prostate cancer is a
common disease in elderly men, with the highest incidence rate in
Europe and the United States, and its incidence rate has exceeded that
of lung cancer, becoming the number one tumor endangering men’s
health. Studies have found that SGLT2 is functionally expressed in
prostate cancer and that canagliflozin inhibits mitochondrial complex
I-supported respiration and cell proliferation in prostate cancer cells to
reduce cancer cell proliferation and enhance their sensitivity to
radiotherapy (36, 46, 47), providing a basis for the use of SGLT2i in
prostate cancer. However, a recent meta-analysis including randomized
controlled trials with a follow-up time of more than 2 years showed
that SGLT2i did not have significant oncogenic and preventive effects
on prostate cancer (OR = 1.17, 95% CI: 0.87-1.57) (48), therefore the
relationship between SGLT2i and prostate cancer needs to be further
investigated, and more clinical and in vivo trials are needed. Renal cell
carcinoma (RCC) accounts for about 2% of all human malignant
tumors; it is more common in males than in females, and clear cell type
is its main component, accounting for about 70-80%. In an in vitro
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study, the expression level of SGLT2 in renal cancer cell lines was
found to be significantly higher than that in normal cells, and
dapagliflozin could inhibit tumor growth by reducing the viability
of renal cancer cell lines and regulating the cell cycle and apoptosis (49);
a study in Japan showed that the expression of SGLT2 in clear-cell
carcinoma was significantly correlated with a shorter overall survival,
regardless of metastatic status (p < 0.01) (50). Therefore, SGLT2i has a
promising application in renal cell carcinoma, but more clinical studies
are needed.

7 SGLT2 inhibitors and
gastrointestinal tumors

Globally, colorectal cancer is the third most common cancer
and the fourth leading cause of cancer-related deaths in men, and
the second and third in women, respectively (51). An in vitro study
found that dapagliflozin significantly reduced colorectal cancer cells
(52), while in mouse experiments, tofogliflozin inhibited colorectal
cancer development by reducing chronic inflammation induced by
obesity and diabetes mellitus (53); a retrospective cohort study
demonstrated that the use of SGLT2i reduced the risk of colorectal
cancer in comparison with the use of DPP4i in T2DM patients
(HR:0.526; 95% CI: 0.382-0.724; P<0.001), especially in young men
with preserved renal function (54). A meta-analysis suggested that
canagliflozin may have a preventive effect on gastrointestinal
cancers (OR 0.15 [95% CI 0.04,0.60]) (55), and the mechanism
may be that canagliflozin can inhibit HDAC6, which can inhibit
gastric cancer metastasis (56). There is a case report that
dapagliflozin combined with cetuximab significantly reduced
tumor size and CEA level in sigmoid colon cancer liver metastasis
cases (57). However, another study found that, compared with
placebo, empagliflozin may increase the overall risk of malignant
tumors, mainly of the digestive system (58). Therefore, different
SGLT2i may exhibit different effects on gastrointestinal tumors; the
exact relationship needs further investigation.

8 SGLT?2 inhibitors and other tumors

SGLT2i was found to attenuate the growth of thyroid cancer
cells in vitro and in vivo, and its mechanism may include 1)
inhibiting the level of glucose uptake and glycolysis, suppressing
the activation of AKT/mTOR, and increasing the activation of
AMPK, which inhibited the growth of thyroid cancer cells. This
resulted in decreased proliferation of thyroid cancer; 2) induced
ROS-mediated DNA damage and activation of ATM/CHK2,
leading to the arrest of G1/S phase transition and increased
apoptosis in thyroid cancer (59). In the study of cervical cancer, it
was found that empagliflozin could activate AMPK
phosphorylation, down-regulate the expression of FOXAI, and
thus inhibit the expression of SHH, inhibit the malignant
proliferation of cervical cancer cells and induce apoptosis (60).
Wu et al. found that SGLT2 was overexpressed in osteosarcoma,
and SGLT?2i significantly inhibited osteosarcoma tumor growth and
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induced immune cell infiltration in vivo by up-regulating the
expression of STING and activating the IRF3/IFN-B pathway
(61). In addition, SGLT2i can inhibit the growth of adult T-cell
leukemia cells by attenuating glucose uptake and decreasing
intracellular ATP and NADPH levels (62), and canagliflozin can
inhibit the growth and proliferation of glioblastomas by activating
AMPK in animal experiments (63), so SGLT2i has the potential to
be widely applied to various types of tumors. More clinical studies
are expected.

9 SGLT2i and
chemotherapeutic agents

With the progress of medical technology, more and more
therapeutic methods have been applied to the treatment of tumors,
and the status of targeted therapy and tumor immunotherapy has
been greatly enhanced; however, chemotherapy still has a pivotal
position as the basis of antitumor therapy, but its adverse effects limit
its further application; it has been found that SGLT2i can significantly
attenuate the adverse effects of a variety of chemotherapeutic drugs;
empagliflozin can reduce trastuzumab cardiotoxicity by inhibiting
DNA damage and iron death to reduce the cardiotoxicity of
trastuzumab (64), improve sunitinib-induced cardiac dysfunction
by regulating AMPK-mTOR signaling pathway-mediated
autophagy in cardiomyocytes (65), and ameliorate adriamycin-
induced acute cardiotoxicity (66). Dapagliflozin can significantly
reduce cyclophosphamide-induced cardiotoxicity by modulating
SGLT2 and HIF1o/HIF10/eNOS signaling pathways (67), and
also inhibit ER stress to reduce adriamycin-induced cardiomyocyte
apoptosis (68). A meta-analysis showed that SGLT2i was effective
in preventing anthracycline chemotherapy-induced left ventricular
dysfunction in a mouse model (69), and retrospective analyses
showed that SGLT2i was associated with a reduced incidence of
cardiac events in cancer and diabetic patients treated with
anthracyclines (70). However, canagliflozin had no significant
effect on piroxicam-induced cardiotoxicity (71). Canagliflozin also
prevented cisplatin-induced renal injury through anti-inflammatory,
antioxidant, and AMPK-mediated autophagy in renal proximal
tubular cells (72, 73). Empagliflozin also ameliorated bleomycin-
induced pulmonary fibrosis (74).

10 SGLT2i and carcinogenicity

The carcinogenic potential of canagliflozin was identified in a 2-
year rat study in which three tumors potentially associated
with canagliflozin were observed: renal tubular tumors,
pheochromocytomas, and testicular mesenchymal cell tumors;
however, a follow-up study found that pheochromocytomas and
renal tubular tumors were secondary to carbohydrate malabsorption
and were not directly related to the exposure to canagliflozin; whereas,
rats are thought to be genetically predisposed to testicular
mesenchymal cell tumors, and the incidence of this tumor type is
very low in humans, and T2DM subjects treated with clinical doses of
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100 mg and 300 mg daily for 12 weeks with luteinizing hormone- or
hormone-promoting hormone, were not considered to be carcinogenic.
Considering that increased luteinizing hormone is an established
mechanism common to many of the non-genotoxic drugs that cause
testicular mesenchymal cell tumors in rats, and that no changes in
luteinizing hormone or testosterone levels were observed in the T2DM
subjects treated with canagliflozin at the clinical doses of 100 mg and
300 mg once a day for 12 weeks, and that the increase in luteinizing
hormone is an established mechanism common to many of the non-
genotoxic drugs that cause testicular mesenchymal cell tumors in rats,
the observed changes in the levels of testicular mesenchymal tumors in
canagliflozin-treated rats are not directly related to the exposure of
canagliflozin. The testicular mesenchymal cell tumor formation
observed in rats treated with canagliflozin is not considered clinically
relevant (75-77). In toxicological studies of empagliflozin, testicular
mesenchymal stromal cell tumors and mesenteric lymph node
hemangiomas have been observed in male rats, and tubular
adenomas and renal carcinomas may be induced in mice; however,
the increased incidence of mesenchymal cell tumors is thought to be
secondary to the significant decrease in body weight gain of treated
males, while mesenteric lymph node hemangiomas in rats appear to be
a species-specific and relatively common spontaneous tumor.
spontaneous tumors, a finding considered to be of low safety
relevance in humans; in addition to this, the effect of early
empagliflozin-associated degenerative/regenerative changes observed
only in high-dose male CD-1 mice, the observed renal tumors in male
mice are therefore considered to be unrelated to humans (78-80).
A study found that canagliflozin prolonged the lifespan of genetically
heterozygous male but not female mice (81), which cannot be ruled out
because canagliflozin increases the intestinal adenoma burden in
female mice (82). Further studies on the effect of SGLT2i on gender
variability are needed.

11 Conclusion

Although great progress has been made in the treatment of
tumors, especially with the support of targeted drugs and tumor
immunotherapy, it is still the second leading cause of death in the
world. With the finding that SGLT2 is expressed in many different
tumors, SGLT2i shows great potential for tumor treatment; a large
number of in vitro studies have shown that SGLT2i can inhibit
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