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Abstract
Epidemiological and animal studies have revealed that sodium-glucose cotransporter 
2 (SGLT2) inhibitors suppress cardiovascular events in subjects with type 2 diabetes 
and atherosclerosis in animal models of diabetes. However, it still remains unclear 
if the anti-atherosclerotic effect of SGLT2 inhibitors is entirely dependent on their 
glucose-lowering effect. Tofogliflozin, a highly specific SGLT2 inhibitor, was admin-
istrated to apolipoprotein-E-deficient (ApoEKO) with streptozotocin (STZ)-induced 
diabetes and nondiabetic ApoEKO mice. After 6 weeks, samples were collected to in-
vestigate the histological changes and peritoneal macrophage inflammatory cytokine 
levels. Tofogliflozin suppressed atherosclerosis in the diabetic ApoEKO mice. The 
atherosclerosis lesion areas and accumulation of macrophages in these areas were 
reduced by tofogliflozin treatment. The expression levels of interleukin (IL)-1β and 
IL-6 in the peritoneal macrophages were significantly suppressed in the tofogliflozin-
treated diabetic ApoEKO mice. Tofogliflozin treatment failed to inhibit atherosclerosis 
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1  |  INTRODUC TION

Diabetic patients are reported to be at a two- to fourfold higher risk 
of the development of coronary artery disease as compared to non-
diabetic patients.1,2 Atherosclerotic cardiovascular disease (ASCVD) 
is now reported to be the major cause of death in diabetic patients.3,4 
The increase in the risk of ASCVD in patients with type 2 diabetes 
has been reported to show a strong association with poor control of 
hyperglycemia,5-7 suggesting that control of hyperglycemia is essen-
tial for preventing ASCVD in patients with type 2 diabetes mellitus.

Sodium-glucose cotransporter 2 (SGLT2) inhibitors, a recently 
approved class of antidiabetic drugs, reduce the blood glucose lev-
els by inhibiting glucose reabsorption in the proximal tubules of the 
kidney and increasing the urinary glucose excretion.8,9 EMPA-REG 
OUTCOME (The Empagliflozin Cardiovascular Outcome Event Trial 
in Type 2 Diabetes Patients-Removing Excess Glucose), a random-
ized, double-blind, placebo-controlled trial, was conducted to assess 
the cardiovascular safety of empagliflozin in type 2 diabetic patients 
with a prior history of cardiovascular events.10,11 The trial revealed 
that empagliflozin protected against cardiovascular events in pa-
tients with type 2 diabetes. In CANVAS (Canagliflozin Cardiovascular 
Assessment study), canagliflozin inhibited the development of car-
diovascular events in patients with type 2 diabetes, including 30% of 
patients with no prior history of cardiovascular events.12 Moreover, 
the DECLARE-TIMI 58 (Dapagliflozin Effect on Cardiovascular 
Events) trial also showed suppression of cardiovascular events by 
an SGLT2 inhibitor.13 A number of epidemiological studies have sug-
gested that SGLT2 inhibitors exert anti-atherosclerotic effects in pa-
tients with type 2 diabetes mellitus.

Animal models with diabetes have been used to investigate 
the mechanisms by which SGLT2 inhibitors suppress atherosclero-
sis.14-16 Dapagliflozin inhibited macrophage foam cell formation and 
macrophage interleukin-1β (IL-1β) secretion via the reactive oxygen 
species (ROS)-NLRP3-caspase1 pathway to suppress atheroscle-
rosis in apolipoprotein E-deficient knockout (ApoEKO) mice with 

streptozotocin (STZ)-induced diabetes.17,18 Empagliflozin amelio-
rated endothelial dysfunction by ameliorating oxidative stress and 
glucotoxicity, and reducing the inflammatory molecule levels in the 
perivascular adipose tissue (PVAT), leading to the inhibition of ath-
erosclerosis in diabetic animals.19,20 However, the precise underlying 
mechanisms of the anti-atherosclerotic effects of SGLT2 inhibitors 
still remain unclear.

Tofogliflozin is a highly specific SGLT2 inhibitor; the reported 
IC50 values of tofogliflozin against rat SGLT1 and rat SGLT2 are 
8200 and 15 nM, respectively.21 Tofogliflozin is used worldwide 
as a treatment agent for type 2 diabetes mellitus.22,23 We previ-
ously demonstrated that tofogliflozin reduced the degree of body 
weight gain, mainly via reducing the fat mass associated with a di-
minished adipocyte size, and improved glucose tolerance and insulin 
sensitivity.24

In the present study, we used tofogliflozin to investigate the mech-
anisms underlying the anti-atherosclerotic effects of SGLT2 inhibitors. 
Although tofogliflozin treatment increased the food intake and water 
intake in the diabetic ApoEKO mice, it also caused a marked decrease 
of the blood glucose levels. The atherosclerosis was significantly re-
duced, and the accumulation of macrophages in the atherosclerotic 
lesions tended to be lower in the diabetic ApoEKO mice treated with 
tofogliflozin. The expression levels of IL-1β and IL-6 in the peritoneal 
macrophages were also significantly reduced in the diabetic ApoEKO 
mice treated with tofogliflozin. Tofogliflozin treatment failed to inhibit 
atherosclerosis in the nondiabetic ApoEKO mice. No significant differ-
ence in the anti-atherosclerotic effects of insulin and tofogliflozin was 
observed between diabetic ApoEKO mice with equivalent degrees of 
glycemic control achieved with the two treatments. Insulin treatment 
significantly reduced the IL-1β and IL-6 expression levels in the perito-
neal macrophages of the diabetic ApoEKO mice. Significant decrease 
of the LPS-stimulated IL-1β concentrations was also observed in the 
conditioned medium of the peritoneal macrophages collected from in-
sulin-  and tofogliflozin-treated diabetic ApoEKO mice. These results 
suggest that tofogliflozin suppresses atherosclerosis by improving 

in the nondiabetic ApoEKO mice. No significant difference in the anti-atherosclerotic 
effects of insulin and tofogliflozin was observed between diabetic ApoEKO mice with 
equivalent degrees of glycemic control achieved with the two treatments. Insulin 
treatment significantly reduced the IL-1β and IL-6 expression levels in the peritoneal 
macrophages of the diabetic ApoEKO mice. Significant decrease of the LPS-stimulated 
IL-1β concentrations was also observed in the conditioned medium of the peritoneal 
macrophages collected from insulin- and tofogliflozin-treated diabetic ApoEKO mice. 
These results suggest that tofogliflozin suppresses atherosclerosis by improving glu-
cose intolerance associated with inhibition of inflammation. Tofogliflozin suppresses 
atherosclerosis in ApoEKO mice with STZ-induced diabetes via its glucose-lowering 
effect.
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glucose intolerance associated with inhibition of inflammation in the 
diabetic ApoEKO mice.

2  |  MATERIAL S AND METHODS

2.1  |  Animals and Ethics statement

The male ApoEKO (6–7 weeks) and male C57BL6 (6–7 weeks) mice 
were purchased from Charles River Laboratories, Japan, and Taconic 
Farms Inc, USA, respectively. Three mice were housed per cage, and 
all the mice were maintained under a 12/12-hour light/dark cycle 
and had free access to water and chow. The animal care and experi-
mental procedures used in the study were carried out in accordance 
with the Guide for the Care and Use of Laboratory Animals and were 
approved by The University of Tokyo Animal Care Committee.

2.2  |  Experimental protocols

Tofogliflozin was kindly provided by Kowa Company, Ltd. The dia-
betic ApoEKO mice were separated into two groups: one group was 
fed a normal chow diet and the other a normal chow diet containing 
0.005% tofogliflozin, ad libitum. After 4 weeks, an oral glucose toler-
ance test (OGTT) was performed, and the plasma levels of insulin, 
triglyceride (TG), total cholesterol (T-CHO), and non-esterified fatty 
acid (NEFA) were measured. After 6 weeks, all the mice were ad-
ministered an intraperitoneal injection of thioglycolate, and 4 days 
later, peritoneal macrophages were collected to investigate the ex-
pression levels of inflammatory cytokines in the macrophages by 
real-time PCR. Histological changes were evaluated by Sudan IV, Oil 
Red O, and MOMA-2 staining (Figure S1A). The same experiment 
was performed in the nondiabetic ApoE KO mice (Figure S1B). The 
diabetic ApoEKO mice were divided into three groups: a group fed 
normal chow, a group fed normal chow containing 0.005% tofogliflo-
zin (average 1.71±0.08 mg/kg body weight/day) ad libitum, based 
on data from previous studies24, and a group fed normal chow that 
was given an intraperitoneal injection of insulin. Prior to the study, 
the optimal insulin dose (Insulin Degludec 0.2 unit/day; Novo) was 
determined in a preliminary study by administering various doses. 
After 4 weeks, the blood pressure was measured by the tail-cuff 
method. Plasma levels of TG, T-CHO, NEFA, and glycoalbumin (GA) 
were also measured by the enzymatic assay. Plasma IL-1β levels were 
measured using a mouse IL-1β ELISA kit (Proteintech). After 6 weeks, 
all mice were dissected and the histological changes were evaluated 
by Sudan IV (Figure S1C).

2.3  |  Mouse model of STZ-induced diabetes

STZ (Sigma-Aldrich) diluted in sodium citrate buffer (pH 4.5) was ad-
ministered by intraperitoneal injection at 100 mg/kg on days 0 and 
4, as previously reported.24

2.4  |  Blood sample assay

Blood glucose was measured using an automatic glucometer (Glutest 
mint sensor. Sanwa Chemical Co.). Plasma triglyceride, total choles-
terol, and free fatty acid (Wako Pure Chemical Industries, Ltd.) levels 
were assayed by enzymatic methods, as previously reported, with 
some modifications.26

2.5  |  Oral glucose tolerance test

Mice were loaded with oral glucose at 1.5 mg/g body weight after 
16 h fasting. Blood samples were taken at 0, 15, 30, 60, 120 min and 
the blood glucose levels were measured with an automatic glucom-
eter, as previously reported, with some modifications.26 Blood sam-
ples were collected from the tail vein and centrifuged in heparinized 
tubes, and the separated plasma samples were stored at –20°C. The 
insulin levels in the plasma samples were measured using a mouse 
insulin ELISA kit (Morinaga Co., Ltd.).

2.6  |  Measurement of blood pressure

The mice were first trained to reduce stress associated with blood 
pressure measurement. And then, blood pressure was measured 
with an automatic sphygmomanometer by the tail-cuff method in 
unanesthetized animals (Natsume Seisakusho Co., Ltd).

2.7  |  Histological analysis

The heart and aorta were perfusion-fixed with 4% paraformalde-
hyde. The aorta was excised from the root to the iliac artery and 
stained with Sudan IV (Catalog: 194-07652Wako Pure Chemical 
Industries, Ltd.). The percent Sudan IV-positive areas were measured 
using the image analyzer software, WinROOF (Mitani Corp), as pre-
viously reported, with some modifications.27 The transverse section 
of the aortic valve was stained with Oil Red O (Catalog: O0625-25G; 
Sigma) and MOMA-2 (Catalog: ab33451; Abcam, 1:1000 dilution), 
and the positively stained areas with the two stains were measured 
using the image analyzer software, Image J (NIH), and the positively 
stained areas were calculated, as previously reported, with some 
modifications.27

2.8  |  Peritoneal macrophages

The mice were administered an intraperitoneal injection of 3% so-
dium thioglycolate (Pure Chemical Industries, Ltd.), as previously re-
ported.25 Peritoneal macrophages were collected after 4 days and 
the inflammatory cytokine levels were measured in these cells. A 
proportion of the peritoneal macrophages (4.0 × 105 cells) was cul-
tured in 12-well plates. Then, 24 h after lipopolysaccharide (LPS: 100 
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ng/mL) stimulation, conditioned medium specimens were collected 
and the IL-1β concentrations measured.

2.9  |  RNA preparation and quantitative PCR

The RNA was extracted using the RNeasy Mini Kit (Qiagen Co.), in ac-
cordance with the manufacturer’s instructions. cDNA was generated 
from less than one microgram of RNA using random hexamers with 
QPCR master mix reagents (ABI). TaqMan quantitative PCR (50°C for 
2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C 
for 1 min) was then performed with the Applied Biosystems 7900HT 
Fast Real-Time PCR system (Applied Biosystems), using TaqMan 
Gene Expression Assays or SYBR Green PCR Master Mix (Applied 
Biosystems).25 The expression level of each of the transcripts was 
normalized to the mRNA expression level of the housekeeping gene, 
cyclophilin, as the internal control. The TaqMan MGB probes were 
purchased from Applied Biosystems: IL-1β: Mm00434228_m1; IL-6: 
Mm00446190_m1; CCR2: Mm99999051_gH; Arg1: Mm00475988_
m1. The primer sequences were designed as follows:

CD36: Fw: TCTGTTGGAACAGAGGATGA, Rv: TGGAACCAAACT​
GAGGAATG;

TNFα: Fw: CCAGACCCTCACACTCAGATC, Rv: CACTTGGTGGT​
TTGCTACGAC

Mcp1: Fw: CCTGCTGTTCACAGTTGCC, Rv: ATTGGGATCATCT​
TGCTGGT

MMP9: Fw: CATTCGCGTGGATAAGGAGT, Rv: CACTGCAGGAG​
GTCGTAGG

Cyclophilin A: Fw: GAGCTGTTTGCAGACAAAGTTC, Rv: CCCTGG​
CACATGAATCCTGG

2.10  |  Statistical analysis

Data are expressed as means ± SEM. Statistical analyses were as-
sessed with analysis of variance (ANOVA), and post hoc analysis was 
performed by the Tukey–Kramer method. Differences between two 
groups were assessed using Wilcoxon signed-rank test. p values of 
<  .05 were considered statistically significant.

3  |  RESULTS

3.1  |  Tofogliflozin treatment suppressed 
atherosclerosis with decreasing the blood glucose 
levels in the diabetic ApoEKO mice

The aortic lesion area was first compared by Sudan Ⅳ staining 
among the wild-type (C57BL6), nondiabetic ApoEKO, and diabetic 
ApoEKO mice. The area of the atherosclerotic lesions was signifi-
cantly greater in the nondiabetic ApoE mice as compared with the 
wild-type mice (p  <  .05, Figure S2A), consistent with a previous 
report.28 The area of the atherosclerotic lesions was significantly 

greater in the diabetic ApoEKO mice as compared with the nondia-
betic ApoEKO mice (p < .01, Figure S2A). Treatment of the diabetic 
ApoEKO mice with tofogliflozin for 6 weeks led to increases in the 
food and water intakes of the mice (p <  .05 or <  .01), but no sig-
nificant difference in the body weights was observed between the 
tofogliflozin-treated and control non-treated mice (Figure 1A–C). 
The diabetic ApoEKO mice began to show significant decreases of 
the blood glucose level from 1 week after the start of tofogliflozin 
treatment (p <  .01, Figure 1D; left panel). The mean blood glucose 
level at the end of 6 weeks from the study baseline was significantly 
lower in the tofogliflozin-treated diabetic ApoEKO mice than in the 
control non-treated group (p < .01, Figure 1D; right panel). Consistent 
with these data, the diabetic ApoEKO mice treated with tofogliflo-
zin showed significantly improved blood glucose levels in the OGTT 
(p <  .01, Figure 1E; left panel). The area under the curve (AUC) of 
the blood glucose levels was significantly reduced after tofogliflozin 
treatment in the diabetic ApoEKO mice (p < .01, Figure 1E; middle 
panel). Fasting plasma insulin levels were also significantly reduced 
after tofogliflozin treatment (p < .05, Figure 1E; right panel). To con-
firm that tofogliflozin treatment also suppressed atherosclerosis, 
we carried out Sudan Ⅳ staining, which revealed that tofogliflozin 
treatment significantly reduced the Sudan Ⅳ-positive areas in the 
diabetic ApoEKO mice (p  <  .05, Figure 1F). There were no differ-
ences in the plasma triglyceride, total cholesterol, or free fatty acid 
levels between the control and tofogliflozin-treated mice (Figure S2). 
These data suggest that tofogliflozin treatment suppressed athero-
sclerosis with reducing the blood glucose levels.

3.2  |  Tofogliflozin treatment inhibited the 
expression levels of inflammatory cytokines in the 
macrophages in atherosclerotic areas in the diabetic 
ApoEKO mice

As shown in Figure 2A, significant reduction in the oil red O-positive 
areas in the aortic valves was observed in the tofogliflozin-treated 
diabetic ApoEKO mice (p  <  .05). A significant reduction in the 
MOMA-2-positive areas in the aortic valves was also observed in the 
tofogliflozin-treated diabetic ApoEKO mice (p < .05, Figure 2B). We 
next investigated the expression levels of inflammatory cytokines 
in the peritoneal macrophages of the mice after tofogliflozin treat-
ment. As shown in Figure 2C, the expression levels of TNFα and IL-
1β were significantly decreased in the tofogliflozin-treated diabetic 
ApoEKO mice (p < .05). These data suggest that tofogliflozin treat-
ment inhibited atherosclerosis by reducing macrophage accumula-
tion and inflammation.

3.3  |  Tofogliflozin treatment did not suppress 
atherosclerosis in the nondiabetic ApoEKO mice

In order to investigate whether the anti-atherosclerotic effects 
of tofogliflozin were entirely mediated by its effect of reducing 
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the blood glucose levels, we also examined nondiabetic ApoEKO 
mice. Although these mice also showed an increase in water intake 
(p < .05), no significant difference in the food intake or body weight 
was observed in the tofogliflozin-treated nondiabetic ApoEKO mice 
(Figure 3A–C). The blood glucose levels were markedly lower in the 
nondiabetic ApoEKO mice as compared to the diabetic ApoEKO 
mice (Figures 1D and 3D), while the blood glucose levels were simi-
lar between the nondiabetic ApoEKO mice treated and not treated 
with tofogliflozin (Figure 3D). In the OGTT performed in the nondia-
betic ApoEKO mice treated with tofogliflozin, significant reduction 
of the blood glucose levels at 15 min after glucose loading (p < .05, 
Figure 3E; left panel) and plasma insulin levels at 30 min after glucose 
loading was observed (Figure 3F; right panel, p < .05). No reduction 
of the Sudan Ⅳ-positive areas was observed in the tofogliflozin-
treated nondiabetic ApoEKO mice (Figure 3F). Also, there were no 
significant differences in the peritoneal macrophage expression 
levels of inflammatory cytokines (Figure 3G), or in the plasma tri-
glyceride, total cholesterol, or free fatty acid levels between the 

control and tofogliflozin-treated nondiabetic ApoEKO mice (Figure 
S3). These data suggest that tofogliflozin treatment did not suppress 
atherosclerosis in the nondiabetic ApoEKO mice.

3.4  |  No significant difference in the  
anti-atherosclerotic effects of insulin and tofogliflozin 
was observed between diabetic ApoEKO mice with 
equivalent degrees of glycemic control achieved 
with the two treatments

In order to investigate whether the anti-atherosclerotic effect of 
tofogliflozin goes beyond glucose lowering, we treated the diabetic 
ApoEKO mice with tofogliflozin or insulin. As shown in Figure 4A, 
equivalent degrees of reduction of the blood glucose levels were 
obtained by insulin treatment and tofogliflozin treatment in the 
diabetic ApoEKO mice (p < .01). Consistent with these data, the de-
grees of reduction of the plasma levels of glycoalbumin (GA) were 

F I G U R E  1 Tofogliflozin treatment 
suppressed atherosclerosis in addition 
to decreasing the blood glucose levels 
in the STZ-induced diabetic ApoEKO 
mice. (A) Food intake, (B) water intake, 
(C) body weight, and (D) plasma blood 
glucose levels in STZ-induced diabetic 
ApoEKO mice that received or did not 
receive tofogliflozin (Tofo) treatment 
(n = 4–12). *p < .05 and **p < .01 
compared with the STZ-induced diabetic 
ApoEKO mice. (E) Blood glucose and 
plasma insulin levels during an OGTT in 
diabetic ApoEKO mice that received or 
did not receive Tofo treatment (n = 9–12). 
*p < .05 and **p < .01 compared with 
the STZ-induced diabetic ApoEKO mice. 
(F) Sudan Ⅳ-positive area in diabetic 
ApoEKO mice that received or did not 
receive Tofo treatment (n = 7–12). *p < .05 
compared with the STZ-induced diabetic 
ApoEKO mice. Data are represented as 
means ± SEM
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also equivalent between the insulin-  and tofogliflozin-treated dia-
betic ApoEKO mice (p <  .01, Figure 4B). There were no significant 
differences in the body weight or blood pressure among the three 
groups (Figure 4C, D). Interestingly, equivalent degrees of reduc-
tion of atherosclerotic lesion areas were observed in the tofogliflo-
zin- and insulin-treated diabetic ApoEKO mice (p <  .05, Figure 4E). 
Furthermore, there were also no differences in the plasma triglyc-
eride, total cholesterol, or free fatty acid levels among the three 
groups (Figure S4). These data suggest that the anti-atherosclerotic 
effects beyond glucose-lowering action of tofogliflozin were not ob-
served in the diabetic ApoEKO mice.

3.5  |  Both insulin and tofogliflozin treatment 
reduced the expression levels of inflammatory 
cytokines in the peritoneal macrophages

The expression levels of inflammatory cytokines were investigated 
in the peritoneal macrophages of the untreated, insulin-treated, and 

tofogliflozin-treated diabetic ApoEKO mice. The expression levels of 
TNFα, IL-1β, and IL-6 were significantly decreased in the tofogliflozin-
treated diabetic ApoEKO mice (p  <  .05 or <  .01, Figures 5A, S5). 
Insulin treatment also elicited similar significant reductions of the 
IL-1β and IL-6 expression levels to same degree of tofogliflozin treat-
ment (p < .05, Figures 5A, S5). We measured plasma TNFα and IL-1β 
levels among the diabetic ApoEKO, insulin- and tofogliflozin-treated 
diabetic ApoEKO mice. Plasma TNFα was not detected among three 
groups (data not shown). There was no difference in plasma IL-1β 
levels among three groups (Figure 5B). We measured the concentra-
tions of TNFα and IL-1β in the peritoneal macrophage-conditioned 
medium with and without LPS stimulation in all the three groups. 
No TNFα was detected in the conditioned medium without the LPS 
stimulation in any of the three groups (data not shown). After LPS 
stimulation, there were no significant differences in the TNFα con-
centrations in the conditioned medium among the three groups (data 
not shown). In regard to the IL-1β concentrations in the peritoneal 
macrophage-conditioned medium, while there were no significant 
differences among the three groups prior to the LPS stimulation, 

F I G U R E  2 Tofogliflozin treatment 
inhibited the macrophage expression 
levels of inflammatory cytokines in 
atherosclerotic lesions in the STZ-induced 
diabetic ApoEKO mice. (A) Representative 
immunohistochemical staining and areas 
of positive staining for Oil Red O in 
diabetic ApoEKO mice that were or were 
not treated with Tofo (n = 6). *p < .05 
compared with the STZ-induced diabetic 
ApoEKO mice. Magnification, ×100. (B) 
Representative immunofluorescence 
staining and areas of positive staining for 
Oil Red O in diabetic ApoEKO mice that 
received Tofo treatment (n = 10). *p < .05 
compared with the STZ-induced diabetic 
ApoEKO mice. Magnification, ×40; scale 
bar = 500 μm (C) Expression levels of 
inflammatory cytokines in the peritoneal 
macrophages in diabetic ApoEKO mice 
that received or did not receive Tofo 
treatment (n = 9–21). *p < .05 compared 
with the STZ-induced diabetic ApoEKO 
mice. Data are expressed as means ± SEM
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significant reductions of the IL-1β concentrations were observed 
in the peritoneal macrophage-conditioned medium collected after 
LPS stimulation from the insulin- and tofogliflozin-treated diabetic 
ApoEKO mice (p  <  .05, Figure 5C). These data suggest that to-
fogliflozin treatment also, like insulin, inhibited atherosclerosis by 
reducing inflammation.

4  |  DISCUSSION

In this study, we demonstrated that tofogliflozin treatment had a 
marked anti-atherosclerotic effects, in addition to eliciting a marked 
decrease of the blood glucose levels in diabetic ApoEKO mice. 
Although tofogliflozin treatment also elicited a slight decrease of 
the blood glucose levels in the nondiabetic ApoEKO mice, it failed 
to show an atherosclerosis-suppressant effect in these mice. No 
significant difference in the anti-atherosclerotic effects of insu-
lin and tofogliflozin was observed between diabetic ApoEKO mice 
with equivalent degrees of glycemic control achieved with the two 

treatments. Moreover, tofogliflozin treatment was found to inhibit 
macrophage accumulation in the atherosclerotic lesions in the dia-
betic ApoEKO mice. Expression levels of inflammatory cytokines, 
such as TNFα and IL-1β, in the macrophages were also significantly 
suppressed in the tofogliflozin-treated ApoEKO mice with STZ-
induced diabetes. These data suggest that tofogliflozin treatment 
reduced the macrophage expressions of inflammatory cytokines via 
controlling hyperglycemia, thereby exerting anti-atherosclerotic ef-
fects in the diabetic ApoEKO mice.

Consistent with our data, Terasaki et al. also revealed that da-
pagliflozin and ipragliflozin reduced macrophage foam cell forma-
tion along with amelioration of hyperglycemia, thereby exerting 
a suppressive effect against atherosclerosis.17 They observed a 
positive correlation between the atherosclerotic lesion areas and 
HbA1c levels in the diabetic mice.17 Dapagliflozin suppressed IL-
1β secretion via the macrophage ROS-NLRP3-caspase-1 pathway, 
which is known to be activated by hyperglycemia in the macro-
phages, thereby exerting a suppressive effect against atherosclero-
sis in the diabetic mice.16 Empagliflozin was demonstrated to exert 

F I G U R E  3 Tofogliflozin treatment 
did not suppress atherosclerosis in the 
nondiabetic ApoEKO mice. (A) Food 
intake, (B) water intake, (C) body weight, 
and (D) plasma blood glucose levels in 
nondiabetic ApoEKO mice that were or 
were not treated with Tofo (n = 3–5). 
*p < .05 compared with control mice. (E) 
Blood glucose and plasma insulin levels 
during an OGTT in nondiabetic ApoEKO 
mice that received or did not receive Tofo 
treatment (n = 5). *p < .05 compared with 
control mice. (F) Sudan Ⅳ-positive area in 
nondiabetic ApoEKO mice that received 
or did not receive Tofo treatment (n = 5). 
(G) Expression levels of inflammatory 
cytokines in the peritoneal macrophages 
in nondiabetic ApoEKO mice that received 
or did not receive Tofo treatment (n = 4–
5). Data are represented as means ± SEM
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a protective effect on endothelial function, along with reducing the 
blood glucose levels.19 Some clinical studies have reported a reduc-
tion in the risk of nonfatal MI, stroke, and death from cardiovascular 
disease, along with the reduction of the blood glucose levels in pa-
tients with type 2 diabetes.29,30 These data suggest that SGLT2 in-
hibitors may suppress atherosclerosis by ameliorating inflammation 
and improving endothelial function, along with reducing the blood 
glucose levels. Canagliflozin and dapagliflozin increased the plasma 
levels of β-hydroxybutyrate and ketones, leading to suppression of 
NLRP3 inflammasome-mediated inflammation.31-33 SGLT-2 inhibi-
tors have also been reported to exert anti-atherosclerotic actions 
through mechanisms other than glucose lowering. SGLT2 inhib-
itors, as compared to other antidiabetic medications, have been 
shown to dramatically reduce major adverse cardiovascular events 
(MACEs) and hospitalization for heart failure in cardiovascular out-
come trials (CVOTs).10-12,34 The potential mechanisms by which 
SGLT-2 inhibitors reduce the risk of cardiovascular events, include 
factors, such as inhibiting the inflammation and sympathetic ner-
vous activity system, increasing autophagy, lysosomal degradation, 
and decreasing oxidative stress.34,35 Further studies are required to 
elucidate the precise contributions of these factors.

Treatment with tofogliflozin inhibited macrophage accumu-
lation and the inflammatory cytokine expression levels in the 
peritoneal macrophages. Hyperglycemia induces monocyte che-
motactic protein 1 (MCP1) and vascular cell adhesion molecule 
1(VCAM1) in the endothelial cells, resulting in the accumulation 
of monocytes.36-38 Transmigrated monocytes differentiate into 
macrophages and further exacerbate inflammation by inducing 
ROS generation in the tissue.39 Hyperglycemia causes mitochon-
drial dysfunction in the macrophages and aberrant activation of 
cytoplasmic NADPH oxidases (NOX), both of which enhance ROS 
production.40 The increased ROS subsequently activate NLRP3 
inflammasomes to induce IL-1β synthesis.41-43 Hyperglycemia 
has been reported to stimulate acute production of TNFα and 
long-term production of IL-1β during macrophage differentiation 
in vitro.44 Moreover, it has been reported that mouse peritoneal 
macrophages cultured in hyperglycemic media show increased 
expression levels of pro-inflammatory cytokines, including IL-1β 
and TNFα, in a time- and dose-dependent manner.45 Tofogliflozin 
inhibited the expression levels of IL-1β and TNFα in the diabetic 
ApoEKO mice. Although we did not investigate the VCAM1, 
ROS, and NLRP3 expression levels, tofogliflozin may suppress 

F I G U R E  4 No significant difference 
in the anti-atherosclerotic effects of 
insulin and tofogliflozin was observed 
between STZ-induced diabetic ApoEKO 
mice with equivalent degrees of glycemic 
control achieved with the two treatments. 
(A) Blood glucose levels, (B) glycoalbumin 
(GA), (C) body weight, and (D) blood 
pressure in the diabetic ApoEKO mice 
that received no treatment, received 
0.005% Tofo, or received insulin (Insulin 
Degludec 0.2 unit/day) (n = 4–8). **p < .01 
compared with the STZ-induced diabetic 
ApoEKO mice. (E) Sudan Ⅳ-positive area 
in the diabetic ApoEKO mice that received 
no treatment, received Tofo, or received 
insulin (n = 9–21). *p < .05 compared with 
the STZ-induced diabetic ApoEKO mice. 
Data are means ± SEM
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macrophage accumulation and the expression levels of inflamma-
tory cytokines via these mechanisms.

In this study, we found significantly reduced IL-1β concentrations 
in the peritoneal macrophage-conditioned medium collected after 
LPS stimulation from the tofogliflozin-treated diabetic ApoEKO 
mice (p  <  .05, Figure 5C); however, the mechanism by which to-
fogliflozin suppressed the IL-1β concentrations in the peritoneal 
macrophage-conditioned medium after LPS stimulation remains un-
clear. In previous studies, while high glucose caused activation of 
the NLRP3 inflammasome leading to the generation of IL-1β in the 
primary macrophages of wild-type mice, this effect was abrogated 
in NLRP3KO mice.46. Dapagliflozin did not inhibit the activation of 
the NLRP3 inflammasome or generation of IL-1β in macrophages,46 
suggesting that this SGLT2 inhibitor did not exert any direct actions 

on the macrophages. Empagliflozin caused a greater degree of re-
duction of macrophage IL-1β secretion, accompanied by increased 
serum β-hydroxybutyrate (BHB), in subjects with type 2 diabetes. 
BHB inhibited LPS-stimulated IL-1β secretion in a dose-dependent 
manner from human macrophages in vitro.47 Canagliflozin increased 
the phosphorylation of AMPK (Thr172) and ACC (Ser79) in the 
macrophages of wild-type mice, but not of AMPKβ1KO mice. IL-1β 
secretion was reduced by canagliflozin in an AMPKβ1-dependent 
manner in vitro.48 These discrepancies may be explained by differ-
ences in the effects of various SGLT2 inhibitors or in the experimen-
tal conditions.

In conclusion, tofogliflozin suppresses atherosclerosis by im-
proving glucose intolerance associated with inhibition of inflamma-
tion in diabetic ApoEKO mice.

F I G U R E  5 Tofogliflozin or insulin treatment inhibited the macrophage expression levels of inflammatory cytokines in the atherosclerotic 
lesions in the ApoEKO mice with STZ-induced diabetes. (A) Expression levels of TNFα, IL-1β, and IL-6 in the peritoneal macrophages of the 
in diabetic ApoEKO mice that received/did not receive Tofo or insulin treatment (n = 5–6). *p < .05 as compared with the diabetic ApoEKO 
mice. **p < .01 as compared with the diabetic ApoEKO mice. (B) Plasma IL-1β levels in the untreated, insulin-treated, and tofogliflozin-treated 
diabetic ApoEKO mice. (C) Concentrations of IL-1β in the peritoneal macrophage-conditioned medium before and after LPS stimulation in 
the untreated, insulin-treated, and tofogliflozin-treated diabetic ApoEKO mice. *p < .05 as compared with the STZ-induced diabetic ApoEKO 
mice. Data are represented as means ± SEM
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