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Abstract. Sodium‑glucose cotransporter 2 inhibitors were 
developed for the treatment of diabetes mellitus. Although 
recent studies have indicated that sodium‑glucose cotrans-
porter 2 inhibitors have suppressive effects on several types 
of cancer, their effects against colorectal cancer remain 
unknown. The purpose of the present study was to investigate 
the effects of tofogliflozin, a sodium‑glucose cotransporter 2 
inhibitor, on the development of colorectal cancer in diabetic 
and obese mice. The direct effects of tofogliflozin on the 
proliferation of colorectal cancer cells were also evaluated. 
C57BL/KsJ‑db/db mice were injected with azoxymethane to 
induce colorectal pre‑malignancy and they received drinking 
water with or without tofogliflozin. At the end of the study, 
administration of tofogliflozin was revealed to significantly 
suppress the development of colorectal neoplastic lesions and 
β‑catenin accumulated crypts. In the tofogliflozin‑treated 
mice, the levels of blood glucose and serum TNF‑α, as well 
as mRNA expression of the pro‑inflammatory markers in the 
white adipose tissue, were reduced. Furthermore, macrophage 
infiltrations in the white adipose tissues were also reduced 
significantly. The proliferation of the sodium‑glucose cotrans-
porter 2‑expressing human colorectal cancer cells was not 
altered by tofogliflozin. These results indicated that tofogli-
flozin ameliorated chronic inflammation and hyperglycemic 
condition leading to prevention of colorectal tumorigenesis in 
a diabetes‑ and obesity‑related colorectal cancer model.

Introduction

Colorectal cancer (CRC) is a serious health concern world-
wide although technologies for early detection and early 

treatment are progressing. Globally, CRC is the third most 
commonly diagnosed cancer and the fourth leading cause 
of cancer‑related deaths in males, the second and the third, 
respectively, in females (1). Recent evidence has indicated that 
obesity and its associated metabolic abnormalities, such as 
diabetes and dyslipidemia are related to an increased risk of 
CRC (2,3). Type 2 diabetes mellitus is a major complication of 
obesity and its prevalence is high and increasing. In addition 
to cardiovascular and cerebrovascular events, cancer is also a 
major cause of diabetes‑ and obesity‑related deaths (4‑6).

The patients with diabetes have increased risk of many 
types of cancer, especially cancer of the colon, liver, and 
pancreas (7). The mechanisms by which diabetes promotes 
the development and progression of cancer including CRC 
have been only partially elucidated. These include chronic 
inflammation, oxidative stress, hyperglycemia, and insulin 
resistance (8‑11), which are thought to be caused by meta-
bolic abnormalities. Previously, it was reported that diet‑ or 
drug‑induced diabetic and obese mice were significantly 
susceptible to colon tumorigenesis in carcinogen‑induced 
colon cancer models (12,13). In addition, recent studies have 
revealed that several types of natural compounds and medi-
cines, including catechins obtained from green tea, curcumin, 
and pentoxifylline suppressed the development of diabetes‑ 
and obesity‑related colorectal tumorigenesis partially by 
attenuating chronic inflammation (14‑16). These findings 
indicated that diabetes‑ and obesity‑associated metabolic 
abnormalities may be important targets for preventing colon 
cancer development in diabetic and/or obese individuals (10). 
Several clinical studies have actually demonstrated that 
certain types of anti‑diabetic drugs could reduce the risk of 
CRC (17,18).

Sodium‑glucose cotransporter 2 (SGLT2) inhibitors were 
developed for the treatment of diabetes by preventing reabsorp-
tion of glucose filtered through the glomeruli and increasing 
its urinary excretion (19,20). This phenomenon reduces blood 
glucose levels and improves insulin resistance in patients with 
diabetes as well as in several rodent models of diabetes (21‑23). 
Cancer cells demonstrate uptake of glucose, a major metabolic 
substrate required for cancer growth via glucose transporters 
including SGLT. Therefore, the anticancer effects of SGLT 
inhibitors have gained much attention. Recent publications 
have indicated that SGLT2 inhibitors prevented carcinogenesis 
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and inhibited cancer growth in several types of cancer (24‑26), 
however, little is known on whether the SGLT2 inhibitors have 
efficacy against CRC.

In the present study, in order to examine the effects of 
an SGLT2 inhibitor on CRC, it was investigated whether the 
development of azoxymethane (AOM)‑induced colorectal 
pre‑neoplastic lesions in diabetic and obese db/db mice was 
suppressed by a highly selective SGLT2 inhibitor tofogli-
flozin (27). In addition, the direct effects of tofogliflozin on 
CRC cell proliferation were also examined.

Materials and methods

Animals and housing conditions. Twenty‑four male db/db mice 
(5 weeks old) were obtained from Japan SLC Inc. They were 
acclimatized for a week before initiation of the experiment (16). 
They were carefully handled and humanely maintained at the 
Gifu University Life Science Research Center in accordance 
with the Institutional Animal Care Guidelines. The mice were 
housed in cages and were provided basic diet CE‑2 obtained 
from Oriental Yeast and sterilized tap water ad libitum. The 
environmental conditions inside the room were as follows: 
Temperature, 23±1˚C; humidity, 50±20%; and 12‑h light/dark 
cycle.

Chemicals and methods of drug administration. AOM was 
obtained from Wako Pure Chemical Co. and was intraperito-
neally injected once weekly from weeks 1 to 4 after initiation 
of the experiment. AOM was diluted with ultra‑pure water 
to administer a dose of 15 mg/kg body weight. Tofogliflozin 
was kindly provided by Kowa Co., Ltd. Tofogliflozin (1 mg/kg 
body weight and 10 mg/kg body weight) was dissolved in 
ultra‑pure water. The solution was poured into the bottles and 
exchanged twice a week.

Procedure of the animal experiment. At five weeks of age, the 
mice were randomly divided into four experimental groups and 
treated as follows: No treatment (Group 1, n=5), AOM alone 
(Group 2, n=9), AOM followed by tofogliflozin (1 mg/kg body 
weight) in drinking water (Group 3, n=5), and tofogliflozin 
alone (Group 4, n=5). Group 2 and 3 mice were injected with 
AOM (15 mg/kg body weight) intraperitoneally once weekly 
from weeks 1 to 4 after initiation of the experiment. Mice were 
not anesthetized prior to AOM injection. At 9 weeks of age, 
the Group 3 and 4 mice received drinking water containing 
tofogliflozin. At 24 weeks of age, counting from 14 weeks of 
tofogliflozin treatment, all the mice were euthanized after 12 h 
of fasting. Then, blood samples were collected from the infe-
rior vena cava for clinical chemistry and organs and tissues 
were removed for histopathological examination. For eutha-
nasia, after inhalation of CO2 the chest cavity was opened, and 
the heart was exposed and viewed directly to confirm death. 
The experimental protocol was approved by the Committee of 
Institutional Animal Experiments of Gifu University (authori-
zation code: 30‑7, dated 13 April 2018).

Histopathological examination. The livers, kidneys, white 
adipose tissues, and colorectal tissues were excised. The colon 
and rectum were opened longitudinally and fixed on a filter 
paper in 10% buffered formalin for more than 24 h. It was 

divided into a rectal portion (approximately 1 cm in length on 
the oral side from the dentate line) and colonic portion. Each 
segment and the other tissues were paraffin‑embedded. From 
the rectal tissue blocks, two serial sections were subjected 
to hematoxylin and eosin (H&E) staining for histopathology 
and immunohistochemistry for β‑catenin to evaluate the 
development of β‑catenin accumulated crypts (BCACs) (16). 
Immunohistochemical analyses for β‑catenin (1:1,000 dilu-
tion, BD Transduction Laboratories) was performed using a 
labeled streptavidin‑biotin method (LSAB kit; DAKO; Agilent 
Technologies, Inc.). Immunohistochemical staining for F4/80 
was also performed to examine macrophage infiltration in the 
adipose tissues, according to a previous study (28) with primary 
antibody (1:100 dilution; product code ab111101; Abcam). 
Immunoreactivity was considered as positive when apparent 
staining was detected in the cytoplasm and/or nuclei (28,29).

Clinical chemistry. Serum was centrifuged (1,600 x g for 15 min) 
from the whole blood and was used for chemical analyses. 
Serum glucose, insulin, total cholesterol, free fatty acid (FFA), 
and triglyceride (TG) levels were determined by a commercial 
laboratory (SRL, Inc.). Serum TNF‑α levels were estimated by 
mouse TNF‑α ELISA kit (AKMTM‑011; Shibayagi Co. Ltd.) in 
accordance with the manufacturer's protocol.

mRNA extraction and qRT‑PCR analysis. The mRNA 
expression in the colonic mucosa of the experimental 
mice was examined using quantitative real‑time reverse 
transcription‑polymerase chain reaction (qRT‑PCR) analysis. 
Total RNA was isolated from the scraped colonic mucosa 
of all the experimental mice using PureLinkTM RNA Mini 
Kit (Invitrogen; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's instructions. The complementary DNA 
(cDNA) was amplified from 1.5 µg of total‑RNA of each 
sample using High Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
primers used for the amplification of C‑C motif chemokine‑2 
(CCL‑2), tumor necrosis factor‑α (TNF‑α), F4/80, insulin‑like 
growth factor‑1 (IGF‑1), insulin‑like growth factor‑2 (IGF‑2), 
insulin‑like growth factor binding protein‑3 (IGFBP‑3), and 
18S specific genes were previously reported  (30,31) or as 
follows: IGF‑1 forward, 5'‑TCG​GCC​TCA​TAG​TAC​CCA​CT‑3' 
and reverse, 5'‑ACG​ACA​TGA​TGT​GTA​TCT​TTA​TTG​C‑3'; 
IGF‑2 forward, 5'‑ACC​TTC​GGC​CTT​TGT​CTG​GTA‑3' and 
reverse, 5'‑CGA​AGG​CCA​AAG​AGA​TGA​GA‑3'; and IGFBP‑3 
forward, 5'‑GAC​GAC​GTA​CAT​TGC​CTC​AG‑3', and reverse, 
5'‑GTC​TTT​TGT​GCA​AAA​TAA​GGC​ATA‑3'. Real‑time PCR 
was performed using a Light Cycler with FastStart Essential 
DNA Green Master (both from Roche Diagnostics) (Table III). 
The expression of these genes was normalized to 18S.

Cell lines and culture conditions. Expression of SGLT2 was 
confirmed by western blot for the HT29, HCT116, SW837, and 
SW480 human CRC cell lines, and Huh7 human hepatoma cell 
line. Huh7 was used as a positive control (25). These cell lines 
were obtained from the JCRB Cell Bank (Osaka, Japan). All 
cell lines were authenticated via short tandem repeat analysis 
by PCR and were certified to be free of bacteria, fungi and 
mycoplasmas by the cell bank. These cell lines were grown in 
appropriate media according to the instructions of cell bank. 
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Cells were subjected to experiments within 6 months after 
receipt. All the cells were maintained in Dulbecco's modified 
Eagle's medium supplemented with 10% fetal bovine serum 
and 1% penicillin/streptomycin (all from Sigma‑Aldrich; 
Merck KGaA) in an incubator at 37˚C under a humidified 
atmosphere containing 5% CO2.

Protein extraction and western blot analysis. Total protein 
was extracted from the cultured cells and equivalent amounts 
of protein (20 µg/lane) were examined by western blot as 
previously reported  (32). The primary antibodies against 
SGLT2 (cat. no. 24654‑1‑AP) were obtained from ProteinTech 
Group, Inc. and glyceraldehyde‑3‑phosphate dehydrogenase 
(GAPDH; product no. 2118) was obtained from Cell Signaling 
Technology, Inc. GAPDH served as a loading control.

Cell proliferation assays. SW480 and HT29 cells were seeded 
in 96‑well plates. On the following day, the cells were treated 
with indicated concentrations (0, 0.05, 0.5, 5, and 50 µM) 
of tofogliflozin for 48 h. The cell proliferation assays were 
performed by 3‑(4,5‑dimethylthiazol‑2‑yl)‑5‑(3‑carboxymet
hoxyphenyl)‑2‑(4‑sulfophenyl)‑2H‑tetrazolium (MTS) assay 
(Promega Corporation) in accordance with the manufacturer's 
protocol.

Statistical analyses. The data are represented as the 
mean ± standard error (SE). Differences between groups were 
analyzed using the Kruskal‑Wallis test, then the Steel‑Dwass 
test was performed between the groups on data to confirm 
statistical significance. A P‑value of <0.05 was considered to 
indicate a statistically significant difference.

Results

General observations. There was no significant difference in 
relative kidney weight, and white adipose tissue weight among 
all the groups (Table I). The body weight of tofogliflozin‑treated 
mice was relatively increased compared to the control, which 
is consistent with a previous study demonstrating the body 
weight gain in SGLT2 inhibitor‑treated mice  (33). During 
the experiment, there were no clinical symptoms in all the 
groups. Histopathological examination did not reveal toxicity 
of tofogliflozin in the livers and the kidneys (data not shown).

Serum parameters. The serum concentrations of glucose, 
insulin, total cholesterol, FFA, and TG in each group are 
listed in Table II. There were no significant differences in the 
results between the groups of mice treated with AOM alone 
and AOM followed by tofogliflozin. In this study, no adverse 
effect on serum parameters was observed after tofogliflozin 
administration in the experimental mice.

AOM‑induced colorectal pre‑neoplastic lesions in the 
experimental mice. Colorectal pre‑neoplastic lesions 
BCAC (34,35) were developed in the colons of AOM‑injected 
mice with and without administration of tofogliflozin. Optical 
microscopic representative images of AOM‑induced BCACs 
are presented in Fig. 1A. BCACs developed in the colon and 
rectum of all the mice injected with AOM (Groups 2 and 3), but 
not in the Group 1 and 4 mice that did not receive AOM. As 

revealed in Fig. 1B, the number of BCACs was significantly less 
in the mice treated with AOM plus tofogliflozin as compared to 
the ones treated with AOM alone (72% reduction, P<0.05).

Effects of tofogliflozin on serum levels of TNF‑α, chronic 
inflammation, and insulin‑like growth factor signals in 
colorectal mucosa of the experimental mice. TNF‑α is an 
essential tumor promoter involved in obesity, inflammation, 
and carcinogenesis (36,37). Previous studies have indicated that 
chronic inflammation and activation of the IGF/IGF‑IR axis 
are involved in colorectal carcinogenesis (16,38,39). Therefore, 
the serum levels of TNF‑α were estimated by enzyme‑linked 
immunosorbent assay (ELISA). The mRNA expression of 
the specific molecules associated with chronic inflammation 
and IGF signals, such as TNF‑α, F4/80, CCL2, IGF1, IGF2, 
and IGFBP3, in colonic mucosa, was evaluated by qRT‑PCR. 
Serum TNF‑α levels tended to be lower in the AOM plus 
tofogliflozin‑treated group as compared to the AOM‑treated 
group, however the change was not statistically significant 
(Fig. 2A). There were also no statistically significant differ-
ences in the expression of the analyzed genes between the 
AOM plus tofogliflozin‑treated group and the AOM‑treated 
group, however, IGF1 was decreased by treatment with 
tofogliflozin. In addition, although there were no significant 
differences, the expression levels of TNF‑α and F4/80 in the 
colon mucosa were also decreased in the tofogliflozin‑treated 
group compared to the no treatment group (Fig. 2B and C).

Effects of tofogliflozin on chronic inflammation and macro‑
phage infiltration in white adipose tissue of experimental 
mice. Macrophages play significant roles in pro‑inflammation 
in obese adipose tissues (40,41). In the present study, immu-
nohistochemical staining for F4/80 was performed, which 
revealed significant higher macrophage infiltrations in the 
white adipose tissues of the AOM‑treated mice as compared 
to the mice without AOM treatment (Fig. 3A). However, the 
number of F4/80 positive cells were decreased 0.25‑fold in 
the mice treated with AOM/tofogliflozin as compared to those 
treated with AOM alone (Fig. 3B). In addition, it was investi-
gated whether tofogliflozin administration attenuated chronic 
inflammation and decreased macrophage infiltration in the 
white adipose tissues. The expression of the genes associated 
with chronic inflammation, such as TNF‑a and CCL2, analyzed 
by qRT‑PCR in the white adipose tissues tended to be lower 
in the AOM plus tofogliflozin‑treated group as compared to 
the AOM‑treated group, although the differences were not 
statistically significant (Fig. 3C). These results indicated that 
administration of tofogliflozin attenuated the inflammatory 
response in the white adipose tissues of the diabetic mice.

Effects of tofogliflozin on cellular proliferation in the 
colorectal cancer cells. Recent studies have demonstrated 
that several types of cancer cells exhibit SGLT2 expression 
(24‑26). Therefore, the expression of SGLT2 in four human 
CRC cell lines, HT29, HCT116, SW837, and SW480 cells 
were examined. As revealed in Fig. 4A, western blot analysis 
revealed that SGLT2 was detected in these cells as well as the 
hepatoma cell line Huh7 (positive control) (25). To evaluate 
whether tofogliflozin could directly inhibit the growth of 
CRC cells, a cell proliferation assay was performed using 
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SGLT2‑expressing HT29 and SW480 cells. The MTS assay 
indicated that treatment with tofogliflozin exhibited no effects 
on the proliferation of these cells (Fig. 4B).

Discussion

Diabetes mellitus is associated with a greater risk of CRC. 
According to a meta‑analysis, the overall hazard ratio for 
CRC‑specific incidence was 1.26, and CRC‑specific mortality 
was 1.38 in patients with diabetes as compared to those 
without diabetes (42). CRC and diabetes share several cellular 
and molecular pathways, including epithelial cell injury, 
activation of inflammation, and Wnt/β‑catenin pathways (43). 
Recently, researches on inhibition of colorectal carcinogen-
esis by agents for diabetes have been actively conducted. 
Among them, metformin was revealed to reduce the risk of 
CRC‑specific death by 34% in the CRC patients as compared 
to those in the non‑users  (17). Intake of α‑glucosidase 

inhibitors is an independent factor associated with a decreased 
risk of colorectal neoplasia (18). In the present study, we have 
provided, to the best of our knowledge for the first time, the 
evidence to demonstrate that the anti‑diabetic SGLT2 inhibitor 
tofogliflozin suppressed AOM‑induced colorectal carcinogen-
esis in diabetic and obese db/db mice. SGLT2 inhibitors are 
oral anti‑diabetic medicines that promote urinary glucose 
excretion leading to a reduction of hyperglycemia (20).

Chronic inflammation is one of the key mechanisms in 
diabetes‑ and obesity‑related CRC development. Notably, 
enhanced inflammation in the adipose tissue is known as a key 
feature linking obesity with the development and progression 
of CRC (3). Infiltration of the macrophages into white adipose 
tissues is considered an important phenomenon for the devel-
opment of chronic systemic inflammation at an early phase, 
which usually coexists with the production of TNF‑α (40). In 
this study, treatment with tofogliflozin reduced the expres-
sion of TNF‑α and CCL2 in the white adipose tissues of the 

Table I. General observations of the experimental mice.

	 Relative weight (g/100 g body weight) of:
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ -‑‑‑‑‑‑‑‑‑‑‑
Group	 Treatment	 No. of mice	 Body weight (g)	 Liver 	 Kidneys	 White adipose tissue

1	 No treatment	 5	 40.4±4.5a	 6.4±0.3	 1.6±0.3	 5.8±0.5
2	 AOM	 9	 40.9±2.1	 4.7±0.3	 1.1±0.1	 5.5±0.2
3	 AOM/tofogliflozin	 5	 39.0±2.0	 5.1±0.1	 1.2±0.1	 5.1±0.2
4	 Tofogliflozin	 5	 52.0±2.9	 4.4±0.2	 1.0±0.1	 5.3±0.3

aMean ± SE. AOM, azoxymethane.

Table II. Serum parameters of the experimental mice.

Group	 Treatment	 Glucose (mg/dl)	 Insulin (ng/ml)	 Total cholesterol (mg/dl)	 FFA(µEQ/l)	 TG (mg/dl)

1	 No treatment	 581.0±19.0a	 4.5±1.2	 203.6±39.9	 1542.8±350.0	 194.4±52.5
2	 AOM	 304.9±50.8	 2.6±0.4	 155.9±33.6	 1614.7±187.5	 40.8±5.4b

3	 AOM/tofogliflozin	 223.4±71.8b	 2.7±0.6	 122.4±9.3	 956.8±54.5c	 28.4±7.7b,c

4	 Tofogliflozin	 329.6±69.8	 3.5±0.3	 167.2±12.3	 1446.8±135.9	 214.4±45.8d

aMean ± SE. bSignificantly different from group 1 (P<0.05). cSignificantly different from group 4 (P<0.05). dSignificantly different from group 
2 (P<0.05). AOM, azoxymethane; FFA, free fatty acid; TG, triglyceride.

Table III. Steps and conditions of thermocycling for qRT‑PCR.

Step	 Target temperature	 Hold time	 Cycles

Initial denaturation	 95˚C	  10 min	 1
Amplification‑denaturation	 95˚C	 10 sec	 45
Amplification‑annealing	 60˚C	 10 sec	
Amplification‑elongation	 72˚C	 15 sec	
Melting‑initial stage	 60˚C (5˚C/sec)	 20 sec	 1
Melting‑final stage	    95˚C (0.1˚C/sec)	 20 sec	
Cooling	 40˚C (2˚C/sec)	 10 sec	 1
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Figure 1. Development of BCAC in the colorectum of the experimental mice. (A) Representative images of BCACs (H&E staining and immunohistochemistry 
for β‑catenin) on the colonic mucosa of the experimental mice treated with AOM. The atypical cryptal cells in BCAC had hyperchromatic nuclei and a 
basophilic cytoplasm. The localization of the accumulated β‑catenin protein was apparent in the cytoplasm and nucleus of colonic atypical crypts. Scale bars, 
100 µm. (B) The number of BCACs formed in the colorectum. The values are expressed as the mean ± SE. *P<0.05. BCAC, β‑catenin accumulated crypt; H&E, 
hematoxylin and eosin; NT, no treatment; AOM, azoxymethane; TOF, tofogliflozin.

Figure 2. Effects of tofogliflozin on the serum levels of TNF‑α and the expression levels of mRNA associated with inflammation and IGF signaling in the 
colonic mucosa of the experimental mice. (A) The serum concentrations of TNF‑α were assessed by an enzyme immunoassay. Total RNA was isolated from 
scraped colonic mucosa of mice of all groups, and the expression levels of mRNA involved in (B) inflammation (TNF‑α, F4/80, and CCL2) and (C) IGF 
signaling (IGF1, IGF2, and IGFBP3) were examined by qRT‑PCR with specific primers. Values are expressed as the mean ± SE. NT, no treatment. AOM, 
azoxymethane. TOF, tofogliflozin. TNF‑α, tumor necrosis factor‑α; CCL‑2, C‑C motif chemokine‑2; IGF‑1, insulin‑like growth factor‑1; IGF‑2, insulin‑like 
growth factor‑2; IGFBP‑3, insulin‑like growth factor binding protein‑3.
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Figure 3. Effect of tofogliflozin treatment on macrophage infiltration and the expression levels of mRNA associated with inflammation in the white adipose 
tissue of the experimental mice. (A) Immunohistochemical staining for F4/80 in the white adipose tissue of the mice. F4/80‑stained cells are observed (arrow 
heads). Scale bar, 100 µm. (B) The number of F4/80 positive cells per unit area was counted. (C) Total RNA was isolated from white adipose tissue of mice of 
all groups, and the expression levels of mRNA involved in inflammation (TNF‑α and CCL2) were examined by qRT‑PCR with specific primers. The values 
are expressed as the mean ± SE. *P<0.05. NT, no treatment. AOM, azoxymethane. TOF, tofogliflozin; TNF‑α, tumor necrosis factor‑α; CCL‑2, C‑C motif 
chemokine‑2.

Figure 4. Protein levels of SGLT2 in human colorectal cancer cells and effects of tofogliflozin on the proliferation of the cells. (A) Total protein was extracted 
from colorectal cancer and hepatoma cell lines and examined by western blot analysis with equivalent amounts of protein (20 µg/lane). Primary antibodies 
for SGLT2 and GAPDH were used. GAPDH served as a loading control. The hepatoma cell line Huh7 was used as a positive control. (B) Proliferation 
assay of cells treated with different concentrations of tofogliflozin. Values are expressed as the mean ± SE. SGLT2, glucose cotransporter 2; GAPDH, 
glyceraldehyde‑3‑phosphate dehydrogenase.
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AOM‑administered mice. In addition, macrophage accumula-
tion in adipose tissue, analyzed by immunohistochemistry for 
F4/80, was significantly inhibited by tofogliflozin. These find-
ings indicated that attenuation of adipose tissue inflammation 
through inhibition of macrophage infiltration is important to 
prevent the development of colorectal carcinogenesis in db/db 
mice. The decreasing tendency of the level of TNF‑α in serum 
in the tofogliflozin‑treated mice was due to the reduction of 
chronic inflammation in adipose tissues. Consistent with 
these findings, recent studies have also indicated that SGLT2 
inhibitors could attenuate chronic inflammation in the adipose 
tissues as well as in the liver  (25,44), suggesting that the 
anti‑inflammatory effects of SGLT2 inhibitors may be a novel 
action of these agents apart from lowering blood glucose.

The IGF/IGF‑IR system is generally considered to play 
a significant role in colorectal carcinogenesis and is one 
of the molecular targets for the prevention and treatment of 
CRC (16,45). An increased level of IGF‑1 is related to a higher 
risk of CRC, while genetic reduction of IGF‑1 could suppress 
colorectal carcinogenesis (46,47). The results of the present 
study demonstrated that the expression of IGF‑1 in the colonic 
mucosa of mice was decreased by tofogliflozin. In a similar 
experimental model, a type of green tea‑containing catechins 
was revealed to suppress CRC tumorigenesis by blocking IGF 
signals in the colorectal mucosa (16). Collectively, these results 
indicated that tofogliflozin may prevent the development of 
diabetes‑ and obesity‑related colorectal tumorigenesis, at least 
in part, through amelioration of the hyperglycemic condition 
and inhibition of IGF signaling.

Tofogliflozin has been reported to be a potent and highly 
specific SGLT2 inhibitor which improves glycemic control 
in diabetic rodents and human patients  (48,49). Consistent 
with previous studies, the present study demonstrated that 
administration of tofogliflozin lowered blood glucose levels 
in experimental mice, although no statistical significance was 
reached. Recently, it was reported by Wu et al that one of the 
factors contributing as a link between diabetes and cancer 
may be a high glucose environment (11). They indicated that a 
hyperglycemic state could drive genetic and epigenetic altera-
tions, in which high glucose may lead to destabilization of the 
tumor suppressor ten‑eleven translocation (TET)‑2 through 
dysregulation of 5‑hydroxymethylcytosine.

Originally, only proximal renal tubules were reported to 
contain SGLT2 (50). However, recent studies have demonstrated 
that cancer cells also express SGLT2 (24,25) and inhibition of 
this glucose transporter leads to the reduction in the growth of 
several types of cancer, including that of the pancreas, prostate, 
and liver (24‑26). In the present study, it was demonstrated for 
the first time that SGLT2 is also expressed in CRC cell lines. 
A cell proliferation assay revealed that tofogliflozin displayed 
no significant alteration of CRC cell growth, suggesting that 
this agent has no direct effects on CRC and possibly on colonic 
tumorigenesis. These findings are consistent with a previous 
study in which tofogliflozin was not found to exhibit suppressive 
effects on the growth of hepatoma cell lines (25). Other SGLT2 
inhibitors, however, have been reported to show direct effects on 
cancer proliferation (24). The difference among several SGLT2 
inhibitors may be due to SGLT2 selectivity. Most of the SGLT2 
inhibitors have the inhibitory effects on SGLT1 as well as SGLT2. 
SGLT1 is reported to display antitumor effects, especially when 

co‑expressed with receptor tyrosine kinase EGFR, in many types 
of cancers including CRC (51‑55), indicating that SGLT1 may 
have an important efficacy on cancer proliferation. The selectivity 
of tofogliflozin toward SGLT2 vs. SGLT1 was revealed to be the 
highest among SGLT2 inhibitors under clinical development (49), 
suggesting that inhibition of SGLT1 by ‘SGLT2’ inhibitors played 
a role when using the inhibitors other than tofogliflozin. Further 
studies to investigate the roles of SGLTs and other glucose trans-
porters in cancer cells are required.

In summary, the present study demonstrated that admin-
istration of the SGLT2 inhibitor tofogliflozin markedly 
suppressed colorectal carcinogenesis in AOM‑injected db/db 
mice, presumably through attenuation of chronic inflamma-
tion induced by obesity and diabetes. The risk of CRC is 
increased by diabetes and obesity and their related metabolic 
abnormalities. Therefore, the abnormalities, including chronic 
inflammation and hyperglycemic state, may be effective 
therapeutic targets for preventing CRC in patients having these 
co‑existing conditions. Since SGLT2 inhibitors are used in 
clinical practice without causing severe adverse reactions (56), 
further studies should investigate whether this class of drug 
can be used for CRC chemoprevention in diabetic individuals.
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