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Aim: Recent studies have demonstrated that selective sodium–glucose cotransporter 2 inhibitors (SGLT2is)
reduce cardiovascular events, although their mechanism remains obscure. We examined the effect of canagliflozin,
an SGLT2i, on atherogenesis and investigated its underlying mechanism.
Method: Canagliflozin (30 mg/kg/day) was administered by gavage to streptozotocin-induced diabetic apolipoprotein E-deficient (ApoE−/−) mice. Sudan IV staining was performed at the aortic arch. Immunostaining, quantitative RT-PCR, and vascular reactivity assay were performed using the aorta. In vitro experiments using human
umbilical vein endothelial cells (HUVECs) were also performed.
Result: Canagliflozin decreased blood glucose (P ＜ 0.001) and total cholesterol (P ＜ 0.05) levels. Sudan IV staining showed that 12-week canagliflozin treatment decreased atherosclerotic lesions (P ＜ 0.05). Further, 8-week
canagliflozin treatment ameliorated endothelial dysfunction, as determined by acetylcholine-induced vasodilation
(P ＜ 0.05), and significantly reduced the expressions of inflammatory molecules such as ICAM-1 and VCAM-1
in the aorta at the RNA and protein levels. Canagliflozin also reduced the expressions of NADPH oxidase subunits such as NOX2 and p22phox in the aorta and reduced urinary excretion of 8-OHdG, suggesting a reduction
in oxidative stress. Methylglyoxal, a precursor of advanced glycation end products, increased the expressions of
ICAM-1 and p22phox in HUVECs (P ＜ 0.05, both). Methylglyoxal also decreased the phosphorylation of
eNOS Ser1177 and Akt but increased the phosphorylation of eNOS Thr495 and p38 MAPK in HUVECs.
Conclusion: Canagliflozin prevents endothelial dysfunction and atherogenesis in diabetic ApoE−/− mice. Antiinflammatory and antioxidative potential due to reduced glucose toxicity to endothelial cells might be its underlying mechanisms.
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Abbreviation: 8-OHdG: 8-hydroxy-2-deoxyguanosine, Ach: acetylcholine, AGE: advanced glycation end
products, ApoE−/−: apolipoprotein e-deficient, CMC: carboxymethyl cellulose, HDL: high-density lipoprotein,
HUVEC: human umbilical vein endothelial cell, ICAM-1: intercellular adhesion molecule-1, IL: interleukin,
Mac-3: macrophage antigen-3, MGO: methylglyoxal, RAGE: receptor for AGEs, SGLT2i: sodium-dependent
glucose transport 2 inhibitor, SNP: sodium nitroprusside, STZ: streptozotocin, T2DM: type 2 diabetes
mellitus, TC: total cholesterol, TG: triglyceride, TNF-α: tumor Necrosis Factor-α, VCAM-1: vascular cell
adhesion molecule-1, WTD: Western-type diet

Introduction
The prevalence of type 2 diabetes mellitus
(T2DM) in the world is increasing 1-3). Even after

using medical treatment and lifestyle modifications, it
is still hard to achieve the goal of reducing blood glucose to an optimal level 4, 5). In T2DM, atherosclerosis
plays an important role in cardiovascular disease com-
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plications, and vascular inflammation due to hyperglycemia is one of the mechanisms of atherosclerosis 6-10).
Recent randomized placebo-control studies
found that sodium-dependent glucose transport 2
inhibitors (SGLT2is) (e.g., canagliflozin) reduced cardiovascular events in addition to their effect as antidiabetic drugs 11-14). Previous studies demonstrated that
SGLT2is reduce blood glucose levels, blood pressure,
and body weight in T2DM patients, all of which play
roles in atherogenesis 11, 15-17). However, the mechanisms by which SGLT2is prevent cardiovascular events
are not completely understood and need to be
explored to achieve better treatment in T2DM
patients with risk of cardiovascular events.
Previous preclinical studies have demonstrated
that SGLT2is reduced vascular inflammation and atherogenesis in apolipoprotein e-deficient (ApoE−/−)
mice 18-22). Oxidative stress that is induced in a hyperglycemic state causes vascular inflammation, thus leading to the development of endothelial dysfunction,
which is an initial step in atherogenesis 23-25). However,
few studies have investigated the effects of canagliflozin on atherogenesis, particularly on endothelial
cells 26, 27). Therefore, in the current study, we examined whether canagliflozin ameliorates endothelial
dysfunction and prevents atherogenesis in diabetic
ApoE−/− mice.
Methods
Animals and Treatment
ApoE−/− (C57BL/6J background) mice were
originally purchased from The Jackson Laboratory.
Male, 8-week-old ApoE−/− mice were treated with
streptozotocin (STZ) (75 mg/kg/day) on three consecutive days to induce diabetes. A Western-type diet
(Harlan Teklad Western diet TD.88137) was started
from 9 weeks old and continued throughout the study
period. From 9 weeks old, canagliflozin (30 mg/kg/
day), which was supplied by Mitsubishi Tanabe
Pharma, was orally administered for 12 weeks or 8
weeks to investigate its effect on atherosclerosis or
endothelial function, respectively. Canagliflozin was
suspended in 0.5% carboxymethyl cellulose (CMC)
solution. The control group received only CMC. Mice
were maintained under a 12-hour light/dark cycle. All
experimental procedures conformed to the guidelines
for the animal experimentation of Tokushima
University.
Measurement of Metabolic Parameters
At the time of sacrifice, blood was collected from
the heart into EDTA-containing tubes, and plasma
1142

was separated by centrifugation (9,000 rpm for 15
min) at 4 ℃. Plasma lipid levels (total cholesterol [TC],
high-density lipoprotein [HDL] cholesterol, and triglycerides [TG]) were measured at LSI Medicine Corporation (Japan). Plasma levels of nonfasting insulin
(FUJIFILM Wako Shibayagi Corporation) and
advanced glycation end products (AGEs; Cell Biolabs,
Inc.) were measured using commercially available kits.
Urinary 8-hydroxy-2-deoxyguanosine (8-OHdG) concentration in urine collected for 16 hours was determined using a commercially available kit (Japan Institute for the Control of Aging, Nikken SEIL Co., Ltd.)
and was corrected by creatinine level.
Analysis of Atherosclerotic Lesions
The thoracic aorta was opened longitudinally,
and atherosclerotic lesions in the aortic arch were visualized using Sudan IV staining after fixation with 10%
neutral buffered formalin. The luminal aspect of the
stained aorta was photographed. The quantification of
atherosclerotic lesions in the aortic arch was performed with Adobe Photoshop TM CS3 image analysis
software. The thoracic aorta and abdominal aorta were
collected and snap-frozen immediately for gene and/
or protein analyses.
Histological and Immunohistochemical Analyses
Each heart was cut along a horizontal plane
between the lower tips of the right and left atria. The
upper portion was snap-frozen in OCT compound
(TissueTeck). Sections (5 µm intervals) were stained
with oil red O to detect lipid deposition. Other sections were incubated overnight with antivascular cell
adhesion molecule-1 (VCAM-1) antibody, anti-intercellular adhesion molecule-1 (ICAM-1) antibody
(Abcam), or antimacrophage antigen-3 (Mac-3) antibody (BD Biosciences). Thereafter, sections were incubated with biotinylated secondary antibody (VECTOR Laboratories, Inc.), followed by VECTASTAIN
ABC-AP Kit (VECTOR Laboratories, Inc.) and were
stained using a VectorRed AP Substrate Kit (VECTOR Laboratories, Inc.). All sections were counterstained with hematoxylin. The ratio of positive area to
plaque area was then calculated 28).
Vascular Reactivity Assay
The analysis of vascular reactivity was performed
as described previously 29). The descending thoracic
aorta was cut into 2 mm rings with special care to preserve the endothelium, and the rings were mounted
on a force transducer in an organ bath filled with
modified Krebs–Henseleit buffer (118.4 mM NaCl,
4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PH4, 1.2
mM MgSO4, 25 mM NaHCO3, and 11.1 mM glu-
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Table 1. Primer sequences
Name

Foward

Reverse

Mouse
ICAM-1
VCAM-1
MCP-1
TNF-α
F4/80
iNOS
IL6
NOX2
NOX4
p22phox
P47phox
RAGE
β-actin

TTCACACTGAATGCCAGCTC
CCCGTCATTGAGGATATTGG
CCACTCACCTGCTGCTACTCAT
ACCCTCACACTCAGATCATCTTC
TGCATCTAGCAATGGACAGC
CACCTTGGAGTTCACCCAGT
ACAACCACGGCCTTCCCTACTT
ACTCCTTGGGTCAGCACTGG
TGTTGGGCCTAGGATTGTGTT
CATGTGGGCCAACGAACA
AGACGGCTCCTATCCCTATCTCTG
ACTACCGAGTCCGAGTCTACC
CCTGAGCGCAAGTACTCTGTGT

GTCTGCTGAGACCCCTCTTG
GGTCATTGTCACAGCACCAC
TGGTGATCCTCTTGTAGCTCTCC
TGGTGGTTTGCTACGACGT
GCCTTCTGGATCCATTTGAA
ACCACTCGTACTTGGGATGC
CACGATTTCCCAGAGAACATGTG
GTTCCTGTCCAGTTGTCTTCG
AGGGACCTTCTGTGATCCTCG
CACTGTGTGAAACGTCCAGCAGTA
TGCTAGCAATACCGGTGGAGATTA
GTAGCTTCCCTCAGACACACA
GCTGATCCACATCTGCTGGAA

Human
ICAM-1
p22phox
RAGE
GAPDH

TGATGGGCAGTCAACAGCTA
CCAGTGGTACTTTGGTGCCT
ACCAGTTATGTAAGTCCCTGGATCA
TGGGTGTGAACCATGAGAAG

GGGTAAGGTTCTTGCCCACT
CCAGTGGTACTTTGGTGCCT
CGTGTACGGCTGCTTGGAATAG
GCTAAGCAGTTGGTGGTGC

cose) aerated with 95% O2 and 5% CO2 at 37 ℃. Vessel rings were primed with 31.4 mM KCl and precontracted with phenylephrine to produce submaximal
(60% of maximum) contraction. After the plateau was
attained, the rings were exposed to increasing concentrations of acetylcholine (Ach) or sodium nitroprusside (SNP) to obtain cumulative concentration–
response curves. Isometric tension was recorded on a
polygraph.
Cell Culture Experiments
Human umbilical vein endothelial cells
(HUVECs) were purchased from Life Technologies
and cultured in EGM-2 (Lonza). HUVECs (passages
5–8) were treated with 500 µM methylglyoxal (MGO;
Sigma-Aldrich) in the presence or absence of 1 mM
canagliflozin in EBM-2 (Lonza) containing 2% FBS
for 30 minutes or 8 hours.
Quantitative RT-PCR
Total RNA was extracted from tissues and cells
by using an illustra RNAspin RNA isolation kit (GE
Healthcare). Reverse transcription was performed
using a QuantiTect Reverse Transcription kit (Qiagen)
according to the manufacturer’s instructions. Quantitative real-time PCR was performed on an Mx3000P
(Agilent Technologies) by using gene-specific primers
(Table 1) and Power SYBR Green PCR Master Mix
(Applied Biosystems). Data are expressed in arbitrary
units normalized by β-actin or GAPDH.

Western Blot Analysis
Cell lysates were prepared using RIPA buffer
(Wako Pure Chemical Industries, Ltd.) containing a
protease inhibitor cocktail (Takara Bio Inc.) and phosphatase inhibitors (Roche). Proteins were separated by
SDS-PAGE and then transferred onto polyvinylidene
difluoride membranes (Hybond-P; GE Healthcare).
After blocking with 5% bovine serum albumin or 5%
skimmed milk, the membranes were incubated overnight at 4 ℃ with primary antibody against either
phosphorylated-eNOSSer1177, eNOS (BD Biosciences),
phosphorylated-eNOSThr495, phosphorylated-AktSer473,
Akt, phosphorylated-p38 MAPK, p38 MAPK (Cell
Signaling Technology), or β-actin (Sigma). Horseradish peroxidase-conjugated antimouse Ig antibody or
antirabbit Ig antibody (Cell Signaling Technology)
was then used as the secondary antibody. Antibody
distribution was visualized with ECL-plus reagent (GE
Healthcare) by using a luminescent image analyzer
(LAS-1000, Fuji Film).
Statistical Analysis
All numerical values are expressed as mean±
SEM. Student’s t-test was used to compare the two
groups. Comparisons between multiple groups were
performed with analysis of variance (ANOVA), followed by Scheffe’s post hoc test for comparison
between groups. The comparison of vascular response
curves was performed by two-factor repeated measurement ANOVA. A value of P ＜ 0.05 was considered
1143
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Fig. 1. Canagliflozin attenuated atherosclerosis progression in diabetic ApoE−/− mice
En face Sudan IV staining showed that the administration of canagliflozin for 12 weeks significantly reduced atherosclerotic lesions in the aortic arch (n = 13–17 per group). Bar: 2 mm. ＊＊; P ＜ 0.01. All values are mean±SEM.

Table 2. Effects of canagliflozin after 12-week treatment

Body weight, g
Blood glucose, mg/dl
Total cholesterol, mg/dl
Triglyceride, mg/dl
HDL cholesterol, mg/dl
Insulin, pg/ml
Heart rate, bpm
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg

Veh (n = 13)

Cana (n = 17)

27.5±1.5
612.6±43.9
2215.5±338.3
294.7±53.9
45.1±12.3
668.3±162.0
652.2±23.1
101.5±5.7
65.4±3.3

32.1±1.3
218.9±7.7＊＊＊
1333.2±145.5＊
186.0±44.2
21.65±3.8＊
1125.1±207.7
678.4±13.9
92.9±3.3
59.6±1.9
＊

Veh; vehicle, Cana; canagliflozin, HDL; high density lipoprotein. All values are mean±SEM. ; P ＜ 0.05 and

significant.
Results
Canagliflozin Decreased Atherosclerotic Lesions in
Diabetic ApoE−/− Mice
After 12 weeks of canagliflozin administration,
we examined atherosclerosis lesions in the aortic arch
in diabetic ApoE−/− mice. Canagliflozin administration significantly reduced atherosclerotic lesions compared with the vehicle group (P ＜ 0.01) (Fig. 1). The
administration of canagliflozin for 12 weeks significantly reduced blood glucose level. Canagliflozin significantly reduced TC and HDL cholesterol levels and
tended to reduce TG level after 12 weeks of treatment.
The canagliflozin-treated group and nontreated group
had no differences in blood pressure levels (Table 2).
Canagliflozin Ameliorated Endothelial Dysfunction
in Diabetic ApoE−/− Mice
We examined the effects of canagliflozin on
endothelial dysfunction, which is an initial step of
atherogenesis. Canagliflozin administration for 8
1144

＊＊＊

; P ＜ 0.001 vs. Veh.

weeks significantly ameliorated Ach-dependent vasodilation in diabetic ApoE−/− mice, thus suggesting the
improvement of endothelial function (P ＜ 0.05) (Fig.
2A). Our study showed that there were no significant
differences in the endothelial-independent vasodilatation, as determined by the vascular response to SNP
(Fig. 2B). As observed with 12-week treatment, canagliflozin treatment for 8 weeks significantly reduced
blood glucose levels. The plasma AGE level in the
canagliflozin-treated group was lower than that of the
vehicle-treated group (vehicle vs. canagliflozin; 9.8±
4.0 vs. 7.9±2.1 mg/ml, P = 0.12); however, it did not
reach statistical significance. Canagliflozin also
reduced TC level and HDL cholesterol level with this
treatment protocol (Table 3). Throughout this study
protocol, canagliflozin reduced food intake, water
intake, and urine volume compared with the vehicle
group (Table 4).
Canagliflozin Reduced Inflammatory Molecule
Expression and Oxidative Stress in Diabetic ApoE−/−
Mice
Canagliflozin administration for 8 weeks signifi-

Canagliflozin and Vascular Function

$

%




&KDQJH



&KDQJH










%



    

%

$FKORJ 0

 

   

613ORJ 0

9HKLFOH

&DQDJOLIOR]LQ

Fig. 2. Canagliflozin ameliorated endothelium-dependent vasodilation in diabetic ApoE−/− mice
(A) After 8 weeks of treatment with canagliflozin, the vascular response to Ach was ameliorated in canagliflozin-treated diabetic ApoE−/− mice
compared with the nontreated group. (B) There was no difference in vascular response to SNP between the treated group and nontreated
group (n = 10–16, per group). ＊; P ＜ 0.05. All values are mean±SEM.

Table 3. Effects of canagliflozin after 8-week treatment
Veh (n = 10)
Body weight, g
Blood glucose, mg/dl
Total cholesterol, mg/dl
Triglyceride, mg/dl
HDL cholesterol, mg/dl
Insulin, pg/ml
Heart rate, bpm
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg

Cana (n = 16)

21.5±0.6
578.4±51.9
3138.6±356.3
315.9±75.5
125.0±26.0
260.3±97.9
682.8±18.3
86.0±3.8
49.0±1.3

21.6±0.5
214.8±26.2＊＊＊
2114.0±177.3＊＊
187.6±80.9
52.9±14.5＊
427.6±183.8
696.4±8.9
89.6±3.0
57.3±2.4＊

Veh; vehicle, Cana; canagliflozin, HDL; high density lipoprotein.
＊
＊＊
＊＊＊
All values are mean±SEM. ; P ＜ 0.05, ; P ＜ 0.01, and
; P ＜ 0.001 vs. Veh.

Table 4. Food intake, water intake, and urine output after canagliflozin treatment
Veh (n = 10)

Food intake, g
Water intake, ml
Urine output, ml

Cana (n = 16)

4th week

8th week

4th week

8th week

3.21±0.27
14.00±1.8
11.72±1.83

3.87±0.35
14.05±2.34
14.46±2.18

2.44±0.17＊
9.38±1.09＊
7.03±1.29＊

2.7±0.13＊＊
9.84±1.70
7.12±1.47＊＊

＊

Veh; vehicle, Cana; canagliflozin. All values are mean±SEM. ; P ＜ 0.05,

cantly reduced the expression of inflammatory molecules such as ICAM-1, VCAM-1, MCP-1, F4/80, and
IL-6 in the aorta. Canagliflozin also decreased the
expression of tumor necrosis factor-α (TNF-α) and
receptor for AGEs (RAGE) in the aorta; however, it
did not reach statistical significance. Furthermore,
canagliflozin also reduced the expression of molecules
related to oxidative stress such as iNOS and NADPH
oxidase subunits (e.g., NOX2, NOX4, p22phox, and

＊＊

; P ＜ 0.01 vs. Veh.

p47phox) (Fig. 3A). Canagliflozin significantly
decreased the urinary excretion of 8-OHdG, which is
an oxidative stress marker, compared with the vehicle
group (P ＜ 0.01) (Fig. 3B). Canagliflozin also reduced
lipid deposition in atherosclerotic plaques in the aortic
root (Fig. 4A). The results of immunostaining demonstrated that canagliflozin decreased the expression of
inflammatory molecules such as VCAM-1 (P ＜ 0.05)
and ICAM-1 (P ＜ 0.01) and decreased the accumula1145
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Fig. 3. Canagliflozin reduced the expression of inflammatory molecules and oxidative stress-related molecules in diabetic ApoE−/−
mice
(A) Canagliflozin treatment for 8 weeks reduced the expression of a macrophage marker, namely, F4/80, and inflammatory molecules (ICAM1, VCAM-1, and MCP-1, and IL-6) in the aorta of diabetic ApoE−/− mice. Canagliflozin also reduced the expression of molecules that contribute to the production of oxidative stress, such as iNOS, NOX2, NOX4, p22phox, and p47phox, in the aorta. Canagliflozin tended to
reduce RAGE. (B) Canagliflozin treatment for 8 weeks reduced the urinary excretion of 8-OHdG in diabetic ApoE−/− mice (n = 10–14, per
group) ＊; P ＜ 0.05 and ＊＊; P ＜ 0.01. All values are mean±SEM.

tion of macrophages (P ＜ 0.01) in atherosclerotic
plaques in the aortic root (Figs. 4B-4D).
Hyperglycemic Condition Contributed to Endothelial
Dysfunction
Our in vivo data suggested that canagliflozin suppressed the glucose toxicity represented by the AGE–
RAGE system. Thus, we treated HUVECs with
MGO, which is a major precursor of AGEs, to investigate the effects of canagliflozin on endothelial cells.
MGO significantly increased the expression of inflammatory molecules such as ICAM-1, RAGE, and
p22phox. The presence of canagliflozin in culture
medium did not affect the expressions promoted by
MGO (Fig. 5A). MGO decreased the phosphorylation of eNOS Ser1177 and Akt Ser473 (P ＜ 0.05) (Fig. 5B).
On the contrary, MGO increased the phosphorylation
of eNOS Thr495 and p38 MAPK in HUVECs (P ＜ 0.05)
(Fig. 5C).
Discussion
We demonstrated that canagliflozin attenuated
the development of endothelial dysfunction and atherogenesis in diabetic ApoE−/− mice. Canagliflozin
reduced the expression of inflammatory molecules and
1146

oxidative stress, thus suggesting that this drug reduced
vascular inflammation. The results of in vitro experiments using HUVECs suggested that the glucose-lowering effects of canagliflozin contribute to the inhibition of inflammatory activation of endothelial cells.
Canagliflozin is a selective SGLT2i that inhibits
glucose reabsorption and increases glucose excretion
into urine 11). Although there are numerous antidiabetic drugs, large-scale randomized trials have proved
that only a few drugs decrease cardiovascular events in
diabetic patients. By contrast, recent studies demonstrated that SGLT2i, including canagliflozin, reduced
cardiovascular events in diabetic patients 11, 12). Several
studies demonstrated that canagliflozin reduced albuminuria, plasma lipid levels, blood pressure, and body
weight, in addition to its effect as an antidiabetic drug,
thus suggesting that these metabolic actions of canagliflozin contribute to cardiovascular protection 11, 15-17).
However, the mechanisms by which SGLT2is reduce
cardiovascular events are not well established.
In this study, we demonstrated that the administration of canagliflozin to diabetic ApoE−/− mice for
12 weeks reduced atherosclerotic lesions in the aorta.
Several previous studies also reported that SGLT2is
reduced atherosclerotic lesion development in diabetic
and nondiabetic mice 18, 19, 26). Our results are consis-
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Fig. 4. Effects of canagliflozin on the characteristics of atherosclerotic plaques
(A) Oil red O staining showed that canagliflozin treatment for 8 weeks reduced lipid deposition in atherosclerotic plaques in the aortic root
compared with the nontreatment group. (B–D) Immunostaining against Mac-3 (B), ICAM-1 (C), and VCAM-1 (D). Canagliflozin treatment for 8 weeks reduced the accumulation of macrophages and the expression of adhesion molecules compared with the nontreatment group
(n = 10 per group). Bar: 200 µm ＊; P ＜ 0.05, ＊＊; P ＜ 0.01, and ＊＊＊; P ＜ 0.001. All values are mean±SEM.

tent with these studies. We also showed that canagliflozin significantly reduced lipid deposition, macrophage accumulation, and expression of adhesion molecules such as ICAM-1 and VCAM-1. These results
indicate that canagliflozin attenuated vascular inflammation, which is a major cause of atherosclerosis, in

diabetes.
One of the pathological processes of atherogenesis is endothelial dysfunction. Endothelial dysfunction
is an initial step of atherosclerosis. Our study showed
that canagliflozin treatment improved endothelial dysfunction in diabetic ApoE−/− mice compared with the
1147
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Fig. 5. MGO induced endothelial dysfunction
(A) The incubation of HUVECs with MGO, which is one of the major precursors of AGEs, for 8 hours increased the expression of inflammatory molecules such as ICAM-1, RAGE, and p22phox, which is an NADPH oxidase subunit (n = 5, per group). The presence of canagliflozin did not affect these expressions. (B) The incubation of HUVECs with MGO (500 µM) for 30 minutes reduced the phosphorylation
of eNOSSer1177 and increased the phosphorylation of the eNOS inhibitory site, namely, eNOSThr495. MGO also reduced the phosphorylation
of Aktser473 (n = 8, per group). (C) MGO increased the phosphorylation of p38 MAPK in HUVECs (n = 8, per group). ＊; P ＜ 0.05 and ＊＊; P ＜
0.01. All values are mean±SEM.

nontreatment group. The improvement of endothelial
dysfunction by SGLT2is has been shown in other
studies 26, 27). In addition to these studies, our results
demonstrated that canagliflozin ameliorated endothelial dysfunction in a diabetic atherosclerotic mouse
model. Vascular inflammation promotes endothelial
dysfunction, thus leading to the development of atherosclerosis 30). In the current study, together with the
amelioration of endothelial dysfunction, canagliflozin1148

treated mice showed lower expressions of inflammatory molecules such as VCAM-1, ICAM-1, and
MCP-1 in the aorta. In addition to these inflammatory molecules, we observed that canagliflozin reduced
the expression of molecules related to the elevation of
oxidative stress. Metabolic disorders influence the production of oxidative stress, and a hyperglycemic state
is one of them 31). Numerous studies have reported
that oxidative stress promotes various processes of vas-
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cular inflammation and decreases NO bioavailability,
thus leading to endothelial dysfunction 32). Therefore,
several studies have indicated that oxidative stress is
one of the therapeutic targets for vascular diseases 33).
In the current study, canagliflozin reduced iNOS;
NOX2; NOX4; p22phox, and p47phox expression in
the aorta of diabetic ApoE−/− mice. Previous studies
have reported that these NADPH oxidase subunits
contribute to the development of atherosclerosis 34).
Furthermore, we found that canagliflozin decreased
the excretion of 8-OHdG, which is a marker for oxidative stress, thus suggesting that canagliflozin reduced
oxidative stress in diabetic ApoE−/− mice.
We further examined the mechanism by which
canagliflozin attenuated endothelial dysfunction and
atherosclerosis. In this study, we focused on the role of
the AGE–RAGE system. AGEs are generated in a
hyperglycemic condition 35). There is a growing body
of evidence indicating that AGEs elicit oxidative stress
via its receptor, namely, RAGE, and evoke inflammation in vascular cells, thus leading to the development
of microvascular and/or macrovascular diabetic complications 36, 37). In the present study, despite having no
significance, canagliflozin decreased plasma AGE levels and RAGE expression. HUVECs treated with
MGO, which is the main precursor of AGEs 38),
showed increased expression of inflammatory molecules such as ICAM-1, RAGE, and p22phox. However, canagliflozin did not reduce their expression possibly because SGLT2 is exclusively expressed on proximal tubules and because endothelial cells rarely express
SGLT2 39). MGO also decreased the phosphorylation
of eNOS Ser1177 and Akt and increased the phosphorylation of an inhibitory site of eNOS, namely,
eNOS Thr495. These results suggest that a hyperglycemic
condition affects endothelial function. Furthermore,
MGO promoted the phosphorylation of p38 MAPK,
thus suggesting activation of this pathway. The p38
MAPK pathway is associated with the promotion of
inflammation 40) and regulation of oxidation 5). The
activation of MAPK by MGO might affect endothelial function in a diabetic condition 41). Our results
suggest that the glucose-lowering effect of canagliflozin promotes the Akt–eNOS pathway and inhibits p38 MAPK activation, thus conferring atheroprotective effects.
Our study demonstrated that a glucose-lowering
effect that subsequently suppresses the AGE–RAGE
system was the one of the mechanisms by which canagliflozin attenuated the development of endothelial
dysfunction and atherosclerosis. From this point of
view, all antidiabetic drugs may have the same effects.
However, several studies proposed the specific effects
of SGLT2i. A recent study demonstrated that treat-

ment with canagliflozin favorably affects the levels of
adipokines and inflammatory molecules, which are
associated with impaired adipose tissue function and
cardiovascular disease, compared with glimepiride 42).
Furthermore, many studies demonstrated that
SGLT2is decrease body weight, blood pressure, and
TG. These results support the hypothesis that
SGLT2is have specific cardioprotective effects 16, 17).
Further studies are needed to understand the cardioprotective effects of SGLT2is.
This study has several limitations. First, we used
STZ-induced diabetic mice. This model does not
reflect T2DM completely. Second, canagliflozin significantly reduced TC and HDL cholesterol levels and
tended to reduce TG level. Several previous studies
have demonstrated similar effects of SGLT2is 18-21).
These effects on lipid levels might have affected the
development of atherogenesis and endothelial dysfunction in the treated group. Third, the glucose-lowering effect of canagliflozin contributed largely to the
inhibition of atherogenesis in our mouse model. To
investigate the SGLT2i-specific effects, we needed to
incorporate other groups that received different classes
of antidiabetic drug. Fourth, the dose of canagliflozin
used in this study was higher than that for humans. In
a previous study, the same dose of canagliflozin effectively increased urinary glucose excretion and
decreased blood glucose levels without any harmful
effects 43). The difference in metabolic speed of medical
substances between mice and humans may explain
higher dose for mice. Finally, several studies have
reported that SGLT2is have a small diuretic effect and
reduce body weight; however, in the current study, the
treated group did not show these effects. Furthermore,
canagliflozin reduced food intake, water intake, and
urine volume in this study. These might have been
caused by the improvement of a hyperglycemic condition by canagliflozin. Unexpectedly, canagliflozin
increased diastolic blood pressure after 8 weeks of
treatment. Although the results of animal studies cannot be directly applied to humans, further research is
needed to elucidate the mechanism of action of
SGLT2is on both metabolic and cardiovascular systems. Despite these limitations, our research suggests
that canagliflozin improves endothelial function and
attenuates atherosclerosis by reducing inflammation
and oxidative stress.
Conclusion
Canagliflozin ameliorates endothelial dysfunction and prevents atherogenesis in diabetic ApoE−/−
mice. Anti-inflammatory and antioxidative effects that
are potentially caused by the reduction of glucose tox1149
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icity might be involved in the cardioprotective effects
of canagliflozin.
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