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Abstract
Cancer is a major cause of death in patients with type 2 diabetes mellitus (T2DM) and lung cancer is one of the most prevalent 
cancers in patients with T2DM. In the present study, we examined the anti-cancer effect of the Sodium-glucose cotransporter 
2 (SGLT2) inhibitor, canagliflozin, using a lung cancer model. In lung cancer tissues from non-T2DM human subjects, SGLT2 
was detected by immunohistochemistry. SGLT2 mRNA and protein were also detected in A549, H1975 and H520 lung cancer 
cell lines by RT-PCR and immunohistochemistry, respectively. Canagliflozin at 1–50 µM significantly suppressed the growth 
of A549 cells in a dose-dependent manner. In BrdU assays, canagliflozin attenuated the proliferation of A549 cells, but did 
not induce apoptosis. In cell cycle analysis, S phase entry was attenuated by canagliflozin in A549 cells. In in vivo experi-
ments, a xenograft model of athymic mice implanted with A549 lung cancer cells was treated with low and high dose oral 
canagliflozin. Despite the results of the in vitro experiments, tumor weight was not decreased by canagliflozin. In addition, 
the serum insulin level, but not body weight or blood glucose level, was decreased by canagliflozin. The number of cells 
positive for Ki67 was slightly decreased by canagliflozin, but this was not statistically significant. In conclusion, SGLT2 
is expressed in human lung cancer tissue and cell lines, and the SGLT2 inhibitor, canagliflozin, attenuated proliferation of 
A549 lung cancer cells by inhibiting cell cycle progression in vitro but not in vivo.
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Introduction

Recently, cancer has emerged as a major cause of death in 
patients with diabetes mellitus (DM) [1]. This is particularly 
true in Japan where cancer is the leading cause of death in 
patients with type 2 diabetes mellitus (T2DM). Accordingly, 
the Japan Diabetes Society and the Japan Cancer Associa-
tion have issued a warning regarding increased cancer risk 
in patients with diabetes mellitus [2]. Notably, T2DM and 
metabolic syndrome caused by obesity have been suggested 
to be associated with a higher risk of many cancers [3]. This 
evidence suggests the need for a T2DM therapeutic strategy 
that decreases not only the glucose level but also the risk 
and progression of cancer. In our previous study, we inves-
tigated the anti-cancer effect of a glucagon-like peptide-1 
(GLP-1) receptor agonist in prostate cancer [4] and breast 
cancer models [5]. We observed a further reduction of pros-
tate cancer growth upon combined therapy with metformin 
and the GLP-1 receptor agonist [6].

 *	 Shinichi Yamashita 
	 yamashi1@fukuoka‑u.ac.jp

 *	 Takashi Nomiyama 
	 tnomiyama@iuhw.ac.jp

1	 Department of General Thoracic, Breast and Pediatric 
Surgery, School of Medicine, Fukuoka University, 7‑45‑1 
Nanakuma, Jonan‑ku, Fukuoka 814‑0180, Japan

2	 Department of Diabetes, Metabolism and Endocrinology, 
International University of Health and Welfare Ichikawa 
Hospital, 6‑1‑14, Kounodai, Ichikawa, Chiba 272‑0827, 
Japan

3	 Department of Diabetes, Metabolism and Endocrinology, 
School of Medicine, International University of Health 
and Welfare, 4‑3, Kozunomori, Narita, Chiba 286‑8686, 
Japan

4	 Department of Endocrinology and Diabetes Mellitus, School 
of Medicine, Fukuoka University, 7‑45‑1, Nanakuma, 
Jonan‑ku, Fukuoka 814‑0180, Japan

5	 Muta Hospital, 3‑9‑1 Hoshikuma, Sawara‑ku, 
Fukuoka 814‑0163, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s13340-021-00494-6&domain=pdf


390	 L. Yamamoto et al.

1 3

Sodium-glucose cotransporter 2 (SGLT2) inhibitors are 
anti-diabetic agents that are currently approved for clini-
cal application. Because of their unique glucose-lowering 
mechanism and cardiovascular protective effect, they have 
received substantial attention. We previously reported that 
the SGLT2 inhibitor, ipragliflozin, increased adiponectin 
and HDL cholesterol levels, and decreased glycated hemo-
globin and serum C-peptide levels, body mass index, and 
blood pressure in Japanese patients with T2DM [7]. Indeed, 
obesity, hyperinsulinemia, hyperglycemia and lower serum 
adiponectin concentration are all possible mechanisms by 
which T2DM increases cancer risk [2]. In addition, glucose 
uptake through SGLT is a main source of energy for cancer 
cells. Furthermore, evidence from the CANVAS (Canagli-
flozin Cardiovascular Assessment Study) program, suggests 
that the SGLT2 inhibitor, canagliflozin, reduces cardiovascu-
lar events in patients with T2DM [8]. Interestingly, SGLT2 
inhibitor canagliflozin decreased death from any cause by 
2.2 participants per 1000 patients-year compared with pla-
cebo (17.3 vs. 19.5 participants per 1000 patients-year), 
while death from cardiovascular causes was decreased by 1.2 
participants per 1000 patients-year compared with placebo 
(11.6 vs. 2.8 participants per 1000 patients-year) in CAN-
VAS program [8]. This suggests that canagliflozin might be 
able to decrease mortality due to not only cardiovascular 
diseases but also unknown other critical diseases in patients 
with T2DM. In the present study, we examined the anti-
cancer effect of canagliflozin in lung cancer cells.

Materials and methods

Human tissues

Human lung cancer tissues were obtained from two non-
diabetic patients with lung cancer (both 72 years old) after 
lung segmental resection at Fukuoka University Hospital. 
The tissues were embedded in paraffin, fixed in formalin, 
and cut into 4-µm sections for immunofluorescence stain-
ing. One section was cut and stained from each of two inde-
pendent lung cancers from the two independent patients. 
The study protocol was approved by the Ethics Commit-
tees of Fukuoka University Hospital (date of approval 4th/
July/2018, approval number 2017M059) and the participat-
ing hospitals, and complied with the principles in the Decla-
ration of Helsinki (2013). Patients provided written informed 
consent prior to all procedures.

Cell culture and proliferation assays

A549 human lung adenocarcinoma, H1975 human lung 
adenocarcinoma, and H520 human squamous cell carci-
noma cell lines were purchased from the American Type 

Culture Collection (Manassas, VA, USA). A549 cells 
were maintained in Ham’s F-12K, and H1975 and H520 
cells were maintained in RPMI-1640. Both media were 
supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin. Cell proliferation assays were per-
formed as described previously [4–6] with minor modifica-
tions. Briefly, A549 cells were seeded in 12-well culture 
plates and maintained in complete medium with or without 
1–50 μM canagliflozin (kindly provided by Mitsubishi Tan-
abe Pharma., Osaka, Japan). Cell proliferation was analyzed 
after 0–3 days by cell counting using a hemocytometer.

Animals

Male athymic CAnN.Cg-Foxn1nu/CrlCrlj mice were pur-
chased from Charles River Laboratories Kanagawa, Japan, 
Inc. and housed in specific-pathogen-free barrier facilities at 
Fukuoka University. The mice were treated with either saline 
(control, n = 10), 10 mg/kg/day canagliflozin (low dose, 
n = 10), or 50 mg/kg/day canagliflozin (high dose, n = 10) 
in freely accessible drinking water for 8 weeks. When the 
mice reached 6 weeks of age, 5 × 105 A549 cells (passage 
4–8) were mixed with 250 μl Matrigel (Becton Dickinson 
Labware, Bedford, MA, USA) and implanted subcutane-
ously in the flank region. When the mice reached 14 weeks 
of age, blood samples were collected, and the mice were 
euthanized. All procedures involving animals were reviewed 
and approved by the Institutional Animal Care Subcommit-
tee at Fukuoka University Hospital. All institute and national 
guidelines for the care and use of laboratory animals were 
followed.

Immunohistochemistry

Paraffin-embedded sections were incubated with anti-SGLT2 
(ab37296; Abcam, Cambridge, UK) or anti-Ki67 (ab66155; 
Abcam) antibodies and subsequently incubated with Alexa 
Fluor 488 goat anti-rabbit IgG (A-11008; Thermo Fisher 
Scientific, Rockford, IL, USA). Sections were counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI) and visualized 
by confocal microscopy.

Reverse transcription and quantitative real‑time 
PCR

Reverse transcription (RT) and quantitative real-time poly-
merase chain reaction (PCR) were performed as described 
previously [4, 6]. The primer sequences were as follows: 
human TATA box-binding protein (TBP), 5′-TGC​TGC​GGT​
AAT​CAT​GAG​GATA-3′ (forward), 5′-TGA​AGT​CCA​AGA​
ACT​TAG​CTG​GAA​-3′ (reverse); human SGLT2, 5′-TGC​
ATC​TGA​TTG​GCA​GTC​AC-3′ (forward), 5′-TTT​TTG​GAC​
AGG​GGA​AAG​GC-3′ (reverse).
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Bromodeoxyuridine (BrdU) assays

To evaluate the proliferation of lung cancer cells, a BrdU 
incorporation assay was performed using a Cell Prolifera-
tion ELISA kit (1647229; Roche Applied Science, Man-
nheim, Germany), as described previously [4–6].

Apoptosis assays

To label nuclei of apoptotic cells, 1.2 × 105 lung cancer 
cells were plated on glass coverslips in Lab-Tek Chamber 
Slides (177380; Nunc, Thermo Scientific, Waltham, MA, 
USA) and fixed in 4% paraformaldehyde for 25 min. Ter-
minal deoxynucleotidyl transferase-mediated dUTP nick 
end labeling (TUNEL) staining was performed using a 
DeadEnd Fluorometric TUNEL System (Promega, Madi-
son, WI, USA), according to the manufacturer’s protocol. 
During the final 24 h, the cells were incubated with 10 μM 
canagliflozin. Cells treated with 1 U/100 μl RQ1 RNase-
Free DNase (M6101; Promega) for 24 h were used as a 
positive control.

Cell cycle analysis by flow cytometry

Cell cycle analysis by flow cytometry was conducted as 
reported previously [9].

Western blot analysis

Western blotting was performed as described previ-
ously [4–6]. The following primary antibodies were used: 
phospho-ERK (Thr-202/Tyr-204) (#9101, Cell Signaling, 
Danvers, MA) and ERK (#9102, Cell Signaling). Protein 
expression was examined in A549 cells incubated in medium 
containing 10% FBS and stimulated with or without 10 μM 
canagliflozin for 24, or 48 h.

Insulin measurements

Insulin concentrations in mouse sera were measured using 
an Ultra Sensitive Mouse Insulin ELISA Kit (Morinaga 
Institute of Biological Science, Inc. Kanagawa, Japan), 
according to the manufacturer’s protocol.

Statistical analysis

One-way, two-way ANOVA, and ANOVA (mix-effect 
analysis) or the unpaired t-test for repeated measures were 
performed for statistical analysis as appropriate. P-values 

of < 0.05 were considered as statistically significant. Results 
are expressed as the mean ± SEM.

Results

SGLT2 is expressed in human lung cancer tissue 
and cell lines

To detect SGLT2 expression in human lung cancer tissue 
extracted by lung segmental resection, we performed immu-
nohistochemical analysis. As depicted in Fig. 1a, SGLT2 was 
expressed on the membrane of lung cancer cells in two inde-
pendent cases. Furthermore, SGLT2 expression was detected 
in three human lung cancer cell lines, A549, H1975, and 
H520 (Fig. 1b). SGLT2 gene expression was confirmed by 
quantitative PCR (Fig. 1c) and significantly higher SGLT2 
expression was detected in H1975 cells compared with the 
other two cell lines. Unfortunately, we could not perform 
immunohistochemical analysis of normal human lung tissue 
because it was not in our protocol submitted to the ethical 
committee. According to the NCBI Gene database, SGLT2 
is abundantly expressed only in kidney and is undetectable 
in normal human lung tissue (https​://www.ncbi.nlm.nih.ov/
gene/6524). Therefore, we suggest that expression of SGLT2 
in lung tissue is a cancer-specific phenotype.

SGLT2 inhibitor, canagliflozin, attenuates lung 
cancer cell proliferation

We next treated the three lung cancer cell lines with 
0–50 μM canagliflozin and constructed growth curves. 
Adenocarcinoma is the most common lung cancer in Japan 
and the lung cancer tissues in Fig. 1a were both adenocar-
cinomas. Also, one of the most frequently used lung adeno-
carcinoma cell lines is A549; therefore, the following experi-
ments were mainly performed using A549 cells. As shown 
in Fig. 1d, canagliflozin decreased the number of A549 cells 
in a dose-dependent manner. A549 cell proliferation was 
completely abolished with 50 μM canagliflozin. Further-
more, BrdU assays revealed that canagliflozin significantly 
inhibited DNA synthesis in A549 cells in a dose-dependent 
manner (Fig. 1e). Similar significant anti-proliferative effects 
by canagliflozin were also observed in H1975 and H520 
cells (data no shown).

Canagliflozin does not induce apoptosis, 
but attenuates cell cycle progression

Apoptosis of lung cancer cells was not induced by 10 μM 
canagliflozin (Fig. 2a). To examine the mechanism by 
which canagliflozin attenuated lung cancer cell prolif-
eration, we conducted cell cycle distribution analysis by 

https://www.ncbi.nlm.nih.ov/gene/6524
https://www.ncbi.nlm.nih.ov/gene/6524
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flow cytometry. As shown in Fig. 2b, 1–50 μM canagli-
flozin significantly increased the number of cells in G0/
G1 phase and decreased the number of S phase cells in 
a dose-dependent manner, suggesting that canagliflozin 

induced G1 arrest in lung cancer cells. To further elucidate 
the mechanism and cell signaling by which canagliflozin 
attenuated lung cancer cell proliferation, we employed 
western blotting. Although no significant changes were 
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detected in Akt phosphorylation or cell cycle regulators 
(data not shown), ERK and MAPK phosphorylation was 
significantly decreased by treatment with canagliflozin for 
24 h (Fig. 2c).

Canagliflozin did not decrease lung cancer cell 
proliferation in vivo

Finally, we performed in vivo experiments using a xeno-
graft model that we have reported previously [4–6]. A549 
cells were implanted into athymic mice and treated with 
low and high dose canagliflozin. Tumor size (Fig. 3a), body 
weight (Fig. 3b) and blood glucose level (Fig. 3c) were not 
decreased by canagliflozin. The serum insulin level was 
decreased by canagliflozin (Fig. 3d); however, this was 
not statistically significant. The weight of resected tumors 
was not changed by canagliflozin treatment (Fig. 3e), and 
cells positive for Ki67, a proliferation marker, were slightly 
decreased by canagliflozin (Fig. 3f). Immunohistochemistry 
of tumor sections confirmed SGLT2 expression in tumors 
with or without canagliflozin treatment (Fig. 4).

Discussion

In the present study, we detected the expression of SGLT2 
in human lung cancer tissue and determined the anti-prolif-
erative effect of the SGLT2 inhibitor, canagliflozin, in A549 
lung cancer cells through inhibition of cell cycle progression. 
SGLT2 inhibitors are currently used as anti-diabetic agents 
and have received much attention for their glucose-lowering 

effects without body weight gain or hypoglycemia, as well as 
for their clinical cardiovascular and renal protective effects. 
Notably, recent data from basic experimental studies indicate 
that SGLT2 inhibitors may exert effects against cancers, such 
as pancreatic, prostate [10], liver [11], and colon cancers 
[12]. We are currently investigating anti-breast cancer effects 
of the SGLT2 inhibitor, ipragliflozin, via membrane hyper-
polarization and mitochondrial membrane instability [13]. 
Cancer is emerging as a leading cause of death in Japanese 
patients with DM, and lung cancer is the leading cause of 
cancer death in Japanese patients with DM [14]. Accord-
ingly, glycemic control while inhibiting lung cancer pro-
gression is particularly important for DM patients in Japan.

In the present study, we investigated SGLT2 expression 
in human lung cancer tissue from non-diabetic subjects. 
SGLT2 is not expressed in normal lung tissue. Therefore, 
SGLT2 could be a diagnostic and therapeutic target for lung 
cancer, especially early-stage lung adenocarcinoma, as pre-
viously suggested [15]. The two lung cancer cases in Fig. 1a 
were both adenocarcinomas. In our in vitro experiment, we 
detected SGLT2 expression not only in adenocarcinoma 
A549 and H1975 cell lines, but also in the squamous cell 
carcinoma H520 cell line. In future investigations, SGLT2 
expression in squamous cell carcinoma and other types of 
lung cancer should be determined and the anti-lung cancer 
effect of SGLT2 inhibitors in patients should be explored.

Our findings revealed that the SGLT2 inhibitor, cana-
gliflozin, may attenuate lung cancer cell proliferation and 
DNA synthesis by inhibiting cell cycle progression. Anti-
cancer effects have been reported for several of SGLT2 
inhibitors, such as ipragliflozin [13] and dapagliflozin 
[12]. However, the most frequently used SGLT2 inhibi-
tor to demonstrate anti-cancer effects is canagliflozin 
[11, 16–19]. Furthermore, a systematic review and meta-
analysis revealed that canagliflozin decreases gastro-
intestinal cancer risk in T2DM patients compared with 
placebos [20]. Interestingly, the mechanisms by which 
canagliflozin attenuates cancer growth are slightly differ-
ent among several reports depending on the cancer type 
and the experiments conducted. In previous reports by 
other groups, canagliflozin inhibited mitochondrial com-
plex-I in prostate and lung cancer cells [16]. It also inhib-
ited hepatocellular carcinogenesis and growth in model 
mice including the non-alcoholic steatohepatitis-related 
hepatocarcinogenesis model [11, 17–19]. In the present 
study, we did not observe that canagliflozin significantly 
reduced lung cancer growth in vivo, probably because our 
animal model differed from those used in previous reports 
[11, 19], and the dose of canagliflozin was much lower 
than in previous reports [17, 18]. There are many reasons 
why in vivo results do not reflect in vitro efficacy. In our 

Fig. 1   SGLT2 is expressed in human lung cancer tissue and cell lines 
and SGLT2 inhibitor, canagliflozin, attenuates lung cancer cell pro-
liferation. Immunohistochemistry was performed to examine SGLT2 
expression in human lung cancer tissues (a) and cell lines (b). All 
samples were counterstained with DAPI (magnification, 400 ×). c 
Quantitative RT-PCR was performed using a set of primers target-
ing a 94-bp coding region of SGLT2. TBP expression was used for 
normalization. One-way ANOVA was performed to calculate statis-
tical significance. **P < 0.01 vs. A549 cells and H520 cells (n = 3). 
d A549 cells were maintained in media supplemented with 10% 
fetal bovine serum (FBS) and DMSO or canagliflozin (1–50  μM). 
After 0, 24, 48, 72, and 96 h, the cells were harvested and cell pro-
liferation was analyzed by cell counting using a hemocytometer. 
Two-way ANOVA was performed to calculate statistical significance. 
*P < 0.05, **P < 0.01 vs. control (n = 3). e A549 cells were seeded at 
a density of 5000 cells/well in 96-well plates in media supplemented 
with 10% FBS and incubated with canagliflozin (0–50  μM) for 24, 
48 and 72 h. A BrdU solution was added during the last 2 h, and the 
cells were harvested to measure DNA synthesis using a microplate 
reader at 450–620 nm. Mean data are expressed as the relative ratio to 
the proliferation of control (untreated) cells. Two-way ANOVA was 
performed to calculate statistical significance. *P < 0.05, **P < 0.01 
vs. control (n = 3)
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previous report, we demonstrated an anti-cancer effect of 
a GLP-1 receptor agonist using the same mouse model 
[4, 5]. The GLP-1 receptor agonist was injected subcu-
taneously, while canagliflozin was administered orally; 
therefore, the certainty of treatment might be different. 
In addition, in the present study, mice were fed ad libitum 
and we did not measure food intake during canagliflozin 
treatment. One possibility for the non-compatible in vivo 

and in vitro results is compensatory over-eating that might 
mask the effect of canagliflozin. Accordingly, blood glu-
cose levels were not decreased by canagliflozin. Further 
study incorporating food restriction and measurement of 
food intake should be performed. Attention should also 
be paid to interpreting differences between in vitro and 
in vivo pharmacology. The optimal treatment settings as 
well as dose regimens must be refined using lung cancer 
models. However, canagliflozin significantly attenuated 
lung cancer cell proliferation in vitro. As a mechanism 
by which canagliflozin attenuates lung cancer cell pro-
liferation, we identified cell cycle blockade from G1 to S 
entry, but not apoptosis, which is consistent with previous 
reports [17, 19]. Taken together, canagliflozin might play 
an important role in cytostasis of lung cancer cells, but has 
no cytotoxic activity. Cell cycle regulation may underlie 
the anti-cancer effects of SGLT2 inhibitors and these drugs 
have potential for chemoprevention of lung cancer.

In conclusion, we showed expression of SGLT2 in 
human lung cancer tissue and the anti-cancer effect of the 
SGLT2 inhibitor, canagliflozin, against a lung cancer cell 
line through inhibition of cell cycle progression.

Fig. 2   Canagliflozin does not induce apoptosis, but attenuates cell 
cycle progression. a A549 cells were seeded on glass coverslips in 
six-well plates. After incubation with 10 nM Ex-4 or 1 U/100 μl RQ1 
DNase for 24 h, apoptotic cells were detected by terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) staining. 
Images are representative of three independent experiments. b Flow 
cytometric analysis was performed to determine the cell cycle distri-
bution of A549 cells with or without canagliflozin treatment. Data are 
represented as the ratios of cells distributed in each phase to the total 
cells. Two-way ANOVA was performed to calculate statistical sig-
nificance. **P < 0.01 vs. control (n = 3). c Western blotting of phos-
phorylated ERK and MAPK. Densitometry was conducted by com-
parison against GAPDH. Data are represented as relative expression 
to the control [Cana (−), 0 h]. The unpaired t-test was performed to 
calculate statistical significance. *P < 0.05 vs. control (n = 3)
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Fig. 3   Canagliflozin does not decrease lung cancer cell proliferation 
in vivo. a Athymic CAnN.Cg-Foxn1nu/CrlCrlj mice (6 weeks of age) 
were implanted with 5 × 105 A549 cells (passage 4–8) and treated 
with either saline (control, n = 10), 10 mg/kg/day canagliflozin (low 
dose, n = 10), or 50  mg/kg/day canagliflozin (high dose, n = 10) in 
freely accessible drinking water for 8 weeks. Body weight (b), casual 
plasma glucose in ad libitum-fed mice (mg/dL) (c), and plasma insu-
lin (ng/mL) (d) are shown. Tumors were resected and weighed (e) 

when the mice reached 14 weeks of age. f Sections (5 µm thick) were 
subjected to immunohistochemistry for Ki67 and counterstained with 
4′,6-diamidino-2-phenylindole (DAPI; magnification, 400 ×). Ki67-
positive cells were quantified by analyzing the fraction of stained 
cells in the tumor relative to the total number of nuclei. Values are 
expressed as the percentage of positive cells. The unpaired t-test was 
performed to calculate statistical significance
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statistical significance
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