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Background. Our study aimed to observe the effect of sodium glucose cotransporter-2 (SGLT2) inhibitor dapagliflozin on diabetic
atherosclerosis and investigate the subsequent mechanism. Methods. Aortic atherosclerosis was induced in streptozotocin induced
diabetic ApoE™/~ mice by feeding with high-fat diet, and dapagliflozin was administrated intragastrically for 12 weeks as treatment.
Effects of dapagliflozin on indices of glucose and fat metabolism, IL-1f3, IL-18, NLRP3 protein levels, and the reactive oxygen species
(ROS) were measured. The atherosclerosis was evaluated by oil red O and hematoxylin-eosin staining. The effects of dapagliflozin
on the IL-18 production in culturing primary macrophages of wild type and NLRP3”/~ knockout mice were investigated for
mechanism analyses. Results. Dapagliflozin treatment showed favorable effects on glucose and fat metabolism, partially reversed
the formation of atherosclerosis, inhibited macrophage infiltration, and enhanced the stability of lesion. Also, reduced production
of IL-1p3, IL-18, NLRP3 protein, and mitochondrial ROS in the aortic tissues was detected with dapagliflozin treatment. In vitro,
NLRP3 inflammasome was activated by hyperglucose and hyperlipid through ROS pathway. Conclusions. Dapagliflozin may be of
therapeutic potential for diabetic atherosclerosis induced by high-fat diet, and these benefits may depend on the inhibitory effect

on the secretion of IL-15 by macrophages via the ROS-NLRP3-caspase-1 pathway.

1. Introduction

Previous evidence from epidemiological studies has indicated
that cardiovascular diseases (CVDs) have become the most
serious complications of diabetes mellitus (DM), which is the
leading cause of mortality and morbidity for DM patients.
It has been well understood that pathophysiological changes
in patients with DM, mainly the toxicity of high blood
glucose to the endothelium and other cells of the vessels, may
lead to the pathogenesis of atherosclerosis and subsequent
CVDs. Although the key pathophysiological mechanisms
underlying the so-called diabetic atherosclerosis were not
fully determined, chronic inflammatory response, and asso-
ciated lipid deposition, macrophage infiltration and smooth
muscle cell proliferation in DM have been suggested to play
important roles [1-3].

Recently, interleukin-13 (IL-18) and interleukin-18
(IL-18) have been recognized as two inflammatory

cytokines which contribute to the development of diabetic
atherosclerosis [4], and the underlying mechanisms
downstream of these cytokines have been evaluated. The
inherent immunity has been linked to the activation
of inflammatory response of the body. The inherent
immunity recognizes damage-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns
(PAMPs) via pattern recognition receptors (PRRs) and
thus excites the inflammatory reaction and starts the
defense mechanism [5]. NLRP3, a NOD-like receptor
and also an intracellular PRR, has been suggested to
play a key role during the above pathophysiological
process. The NLRP3 can be activated by several different
exogenous and endogenous stimulation signals to form a
multiprotein complex known as NLRP3 inflammasome.
Previous studies indicated that ligand-binding NLRP3
can promote the formation of inflammasome and activate
caspase-1, eventually facilitating the maturation and



secretion of pro-IL-1f and pro-IL-18 [6, 7]. Recent studies
have confirmed that NLRP3 inflammasome is involved
in inflammatory response during the pathogenesis of
atherosclerosis. Indeed, activation of NLRP3 inflammasome
in macrophages has been involved in the cholesterol
crystals formation in the pathogenesis of atherosclerosis [8].
Moreover, silence of NLRP3 gene has been found to delay
the progression of atherosclerosis in mice [9]. Although
IL-18 [10, 11] and IL-18 [12] have been suggested to be
proatherosclerosis, whether they functions via regulation of
NLRP3 inflammasome remains to be determined.

Sodium glucose cotransporters-2 (SGLT-2) inhibitors are
anew class of antidiabetic medications targeting against renal
glucose reabsorption. Dapagliflozin, as a SGLT-2 inhibitor,
was marketed in 2012. The glucose lowering effect of
dapagliflozin has been confirmed in many randomized con-
trolled clinical trials which showed distinguished lowering
effects of dapagliflozin for glycosylated hemoglobin (HbAlc),
fasting blood glucose, and postprandial blood glucose [13, 14].
Moreover, besides the antidiabetic effect, dapagliflozin also
seemed to be cardioprotective, by lowering blood pressure
[15], reducing body weight [16], triglyceride and uric acid
[17, 18], and improving insulin resistance [19]. Recently,
a few studies indicated that SGLT-2 inhibitors may exert
their cardiometabolic benefits via anti-inflammatory effects
[20, 21]. However, the overall effects of dapagliflozin on
atherosclerosis in DM and the potential benefits involved,
for example, their effects on IL-1f and IL-18 cytokines
and NLRP3 inflammasome systems, have not been eval-
uated. Randomized controlled clinical trials have proven
that dapagliflozin can be used alone to treat the patients
with type 2 diabetes mellitus and it has good effects in
decreasing glycosylated hemoglobin (HbAlc), fasting blood
glucose, and postprandial blood glucose [13, 14]. Interestingly,
dapagliflozin can improve cardiovascular diseases in diabetes
mellitus by slightly lowering blood pressure [15], reducing
body weight [16], triglyceride and uric acid [17, 18], and
improving insulin resistance [19]. In addition, there are trials
showing that SGLT-2 inhibitors can reduce inflammatory
markers in the serum and organs and thus decrease the degree
of arteriosclerosis in the diabetic animal models [20, 21].
However, the effects of SGLT-2 inhibitors on inflammatory
markers, including NLRP3 inflammasome and IL-13, IL-18
cytokines have not been completely clarified yet. It is unclear
that whether SGLT-2 inhibitors can affect atherosclerosis
progression or not. Accumulated knowledge about effect of
dapagliflozin on atherosclerosis and its underlying mecha-
nisms can bring us more information about its safety and
practicability in clinic.

The aims of the present study were to explore the effects
of dapagliflozin on aortic atherosclerosis in diabetic versus
nondiabetic ApoE ™/~ mice and detect the possible underlying
mechanism, particularly their influence on the ROS-NLRP3-
caspase-1 pathway.

2. Methods

2.1. Mice. The spontaneous atherosclerotic lesions in
apolipoprotein E knockout (ApoE™/") mice after the
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hypercholesterolemia have been widely used as a mouse
model of atherosclerosis in previous studies [22].
Consistently, we used this atherosclerotic mouse model
in our study. Briefly, 40 male ApoE~~ mice (6 weeks old,
Beijing HFK Bioscience Co., Ltd.) and the 6 male C57BL/6]
mice (6 weeks old, The Experimental Animal Center of
the Third Military Medical University) were all bred in the
animal rooms of the First Affiliated Hospital of the Third
Military Medical University. The specific conditions were as
follows: a SPF environment, temperature (18-26°C), relative
humidity (55%), and 12h light/12h dark cycle. The animal
cages and drinking bottles were disinfected regularly, the
beddings were sterilized in an autoclave, and the animal
rooms were disinfected with ultraviolet lamps periodically.
After one-week accommodation, the ApoE_/ ~ mice were fed
with a high-fat diet (HFD, general diet 79.85% + fat (oil)
15% + custard powder 5% + cholesterol 0.15%) to induce
atherosclerosis of the aorta, while the C57BL/6] mice were fed
with a general diet. The animal diets were purchased from the
Experimental Animal Center of the Third Affiliated Hospital
of the Third Military Medical University. Male ApoE™/~
mice (12 weeks old, 20 to 24g) were intraperitoneally
injected STZ (Sigma-Aldrich, St. Louis, MO) at the dose
of 130 mg/kg dissolved in 100 mM citrate buffer (pH4.5)
to induce DM, while the controls received buffered saline
alone. After one week, we measured the blood glucose levels
of all mice using a glucometer (Abbott Diabetes Care Inc.
Optium Xceed) by tail vein puncture blood sampling. After
4 weeks, the mice with blood glucose > 16.7 mmol/l served
as diabetic group according to the previous studies [23], and
the non-STZ-injected ApoE ™/~ mice served as nondiabetic
group. The diabetic and nondiabetic mice were randomly
assigned to treatment group (n = 12) and control group
(n = 8) separately. The mice in treatment group received
intragastrically dapagliflozin (AstraZeneca) 1.0 mg/kg/d
for 12-week treatment, while C57BL/6] mice and mice in
control group were intragastrically given vehicle 1.0 mg/kg/d.
All animals received human care and all study protocols
were approved by the Institutional Animal Care and Use
Committee of the Third Military Medical University before
performance.

2.2. Metabolic Measurement. After intraperitoneal injection
of STZ, the blood glucose and body weight of mice were
measured weekly. At an age of 28 weeks, all mice were subject
to 8-12h fasting and then anesthetized by intraperitoneal
injection of 10% chloral hydrate. Thereafter, the blood was
collected via orbital vein and then centrifuged (4°C, 3000
x 15min) to separate the serum. A part of serum was used
to detect the serum concentration of total cholesterol (TCH),
triglyceride (TG), high density lipoprotein cholesterol (HDL-
¢), low density lipoprotein cholesterol (LDL-c), and free
fatty acid (FFA) at Clinical Laboratory of the First Affiliated
Hospital of the Third Military Medical University, and the rest
were preserved at —80°C for the measurements of the serum
levels of NLRP3, IL-1/3, and IL-18 with ELISA kits (Shanghai
Jinglai Biotech, shanghai, China) according to the methods
and procedures provided by the reagent manufacturer.
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2.3. Quantification of Atherosclerotic Lesion Area. After blood
collection via orbital vein, the aorta of the mice was dissected
with fat removed under a surgery microscope. The aortic
root was embedded with OCT and then made into 5um
frozen sections. Thereafter, the sections were dried, soaked in
60% isopropanol for 10 min, stained with oil red O (Sigma-
Aldrich, 00625, USA) working fluid (3:2) for 10 min, dif-
ferentiated in isopropanol for 3-10 s till the interstitium was
clear, and then washed with water. The obtained sections were
counter-stained with Mayer hematoxylin, differentiated in 1%
Hcl-alcohol for 30's, blued with running tap water, carefully
dried with filter papers, and mounted with glycogelatin. The
upper segments of aortas were fixed in 4% paraformaldehyde
solution, embedded in paraffin, and sectioned at 5 ym. After
dehydration, sections were stained with hematoxylin-eosin
(HE, Beyotime, Shanghai, China). After removal of adjacent
fat, the upper segments of thoracic aorta and abdominal
aorta were flatly placed on the slides, differentiated in 60%
isopropanol for 10 min, stained in oil red O working fluid
(3:2) for 3h, differentiated in 60% isopropanol for 6-7
times till the background color became white, and then
photographed. The area of lesion in the sections of aorta
and aortic root was calculated using Image-pro plus 6.0
(MediaCybernetics, Inc.).

2.4. Immunofluorescent Staining. The frozen sections of aor-
tic root were fixed with ice-acetone for 10 min, added with
0.3% Triton X-100 to make cell membrane permeabilized,
and blocked with 5% BSA at room temperature for 1 h. Then
they were blocked at 4°C overnight with primary antibodies
(MOMA-2 antibody 1:50, Abcam; a-SMA antibody 1: 400,
Sigma), and incubated at room temperature for 3h using
secondary antibodies (1:200 and 1:400) protecting from
light for coloration by antigen-antibody binding. Finally they
were counterstained for nuclei with DAPI and mounted with
the fluorescer. Macrophages and smooth muscle actin were
observed under confocal fluorescence microscope (Zeiss
LSM 780) and the positively stained macrophages and
smooth muscle cells were automatically analyzed and quan-
tified on Image-pro plus 6.0.

2.5. ROS Assay. To investigate aortic atherosclerotic
lesions ROS levels, isolated arteries were loaded with DHE
(1umol/L) for 30 minutes at 37°C. The ROS were observed
under confocal fluorescence microscope (Zeiss LSM 780),
and DHE turn red fluorescent upon oxidation.

2.6. Isolation and Culture Macrophages from Bone Marrow.
WT and NLRP3”/~ KO male mice bone marrow-derived
macrophages (BMDMs) were obtained by differentiating
bone marrow. Briefly, bone marrow cells were flushed out of
femurs and tibias and the remaining cells were maintained in
different medium. BMDMs were maintained in macrophage
differentiating medium (DMEM and M-CSF (40 ng/mL,
Sigma)) for 5 days. The medium was supplemented with
10% FBS (Hyclone Laboratories), 2mM L-glutamine, peni-
cillin (100 U/mL), and streptomycin (100 yg/mL). To test
the direct action of dapagliflozin on macrophages, the WT
macrophages were plated into the sterile 96-well plate,

stimulated with LPS (100 ng/mL, Sigma) for 3h, and then,
respectively, cultured with 0.2 M palmitate (PA, Sigma), high
glucose (HG, 33mmol/L), and PA+HG DMEM medium
for 24 h. Finally the medium was added with dapagliflozin
(12.5 uM) and new-prepared ATP (5 mM) for 30 min. Then
we collected the supernatant of cell culture to assay the
content of IL-13 with ELISA kits (Shanghai Jinglai Biotech,
shanghai, China). To test the action pathway of PA or HG on
IL-18 production, the WT and NLRP3 ™/~ KO macrophages
were plated into 6-well plate, stimulated with LPS for 3 h, and
then, respectively, cultured with 0.2 M PA, HG (33 mmol/L),
and PA+HG DMEM medium for 24h and collected cell
lysates to test NLRP3 and caspase-1 expression with Western
blot.

2.7. Western Blot. The total aorta tissue was homogenized.
The proteins of tissues and cell lysates were then separated
by SDS-PAGE and further blotted using following specific
antibodies: (anti-NLRP3 antibody 1: 1000, anti-ASC antibody
1:1000, anti-caspase-1 antibody 1:400, anti-IL-13 antibody
1:1000, and anti-IL-18 antibody 1:500) (Novus biological,
Littleton, Co., USA). The membranes were scanned with
Typhoon (Pharmacia, USA) and quantitated using Quality
One. The experiments were repeated for 3 times.

2.8. Statistical Analysis. All data were presented as means +
standard deviation (M + SD). The nonparametric rank sum
test or analysis of variance (ANOVA) was applied to evaluate
the differences among the groups. A p < 0.05 indicates a
statistically significant difference. All statistical analyses were
performed on SPSS (20.0, Inc., Chicago, IL, USA).

3. Results

3.1. Changes of Metabolic Parameters after Dapagliflozin Treat-
ment. The fasting body weight, blood glucose, and blood
lipid levels of mice in each group measured during the
study were shown in Table 1. No significant changes of body
weight were detected in DM or non-DM ApoE ™/~ mice that
received dapagliflozin. However, the levels of blood glucose,
TCH, TG, and FFA of diabetic ApoE /™ mice were markedly
increased as compared with nondiabetic ApoE_/ " mice. More
importantly, after treatment with dapagliflozin, the fasting
blood glucose decreased by 43% (p < 0.01) in the DM
ApoE ™" mice (p < 0.05), while HDL-c, TC, and LDL-c levels
were merely affected (Figure 1).

3.2. Changes of Serum NLRP3 Inflammasome, IL-1f3, and
IL-18 after Dapagliflozin Treatment. As shown in Table 2,
compared with those of the non-DM mice, DM mice had
significantly increased serum levels of NLRP3 (p < 0.01),
IL-18 (p < 0.05), and IL-18 (p < 0.05). Moreover, serum
IL-1f and IL-18 levels in nondiabetic control group were
also significantly increased as compared with those of the
C57BL/6] group (p < 0.01). More importantly, after 12-week
treatment with dapagliflozin in DM mice, the serum levels of
NLRP3 (p < 0.01), IL-18 (p < 0.05), and IL-18 (p < 0.05)
proteins were all significantly reduced, while NLRP3 and IL-
18 levels were not significantly affected (Figure 2).



Mediators of Inflammation

r 8¢
r LT
r9¢
rSC
r¥c
€T
rCC
r1c
r 0C
r ol
- 8L
A
91l

35

f=4 [Xe)
o N

(8) yBom

20

- 8¢
LT
9T
rSC
r¥e
r€C
rcc
rIc

T
(=3
N

6l
r8I
Al
9l

30

(=} S
N —

(1/10wrur) asoon[o

Weeks age

Weeks age

—4— DM+dapa —+— NDM-+con

—8— DM+dapa —+— NDM-+con

—— C57

—— DM-+con

—— C57

—— DM-+con

—+— NDM-+dapa

—— NDM-+dapa

(®)

o

(1/10wrur) ssoon[oH

LSD
U0O+NAN
edep+INAN
UOd+N(

edep+INQ

LSO

UOO+INAN

edep+INAON

uod+NQ

edep+INQ

28w

e

B 16w

28w

=

BH 16w

(d)

(c)

(1/1owwr) HO T,

e

UOO+INAN

edep+INAN

uod+N g

edep+INQ

LSO
UOD+INAN
edep+INAN
uod+Ng

edep+NQ

—
L
—~

F1GURE 1: Continued.



Mediators of Inflammation

HDL-C (mmol/l)

NDM-+dapa

C57

NDM-+con -

LDL-C (mmol/l)

40 -

30

20 -

10 4

DM-+dapa

& 8
o +
o =
= 7
)

®

NDM-+dapa

NDM-+con

NDM-+dapa

NDM-+con -

C57

FIGURE 1: Changes of metabolic parameters in mice from each group. (a) and (c) Compared with non-DM group, the blood glucose in DM
group was significantly increased; and dapagliflozin treatment of 12 wks significantly decreased blood glucose in both groups; (b) and (d) no
significant changes of body weight were detected before and after dapagliflozin treatment in each group; (e), (g), and (h) the levels of cholesterol
were significantly increased in the ApoE ™/~ mice fed with a high-fat diet, particularly in DM ApoE '~ mice. Dapagliflozin treatment did not
reduce the levels of TCH, HDL-c, or LDL-c; (f) and (i): dapagliflozin treatment decreased the levels of TG and FFA. #, p < 0.05; #*, p < 0.01;

##, p < 0.01.
TaBLE 1: Data on body weight, fasting blood glucose, and blood lipid profile in all groups.
DM-+dapa DM-+con NDM-+dapa NDM-+con C57
BW (g) 28.71+ 2.58 27.05 +£3.97 30.44 + 2.06 32.68 +2.12 31.83 + 2.66
FBG (mmol/l) 13.69 + 2.58" 23.94 +2.73 9.17 +2.28" 12.79 + 1.42 12.05 + 2.24
TC (mmol/l) 34.34 +7.97 41.26 +11.75 29.56 +5.28 19.29 + 7.84 2.48 + 0.41%
TG (mmol/l) 0.87 + 0.22% 214 +1.15 0.85+0.21 0.78 £0.19 0.61+0.23
HDL-c (mmol/l) 3.67 £1.05 3,50 +£1.73 2.89 £0.70 212+ 0.74 1.93 +£0.19
LDL-c (mmol/l) 26.42 +£6.75 25.71 + 8.85 21.56 + 4.06 18.43 + 3.06 0.45 + 0.14%
FFA (mmol/l) 1.02 + 0.22* 1.31+0.34 0.92+0.23 0.83 +£0.24 0.77 £ 0.10

Diabetic mice that received dapagliflozin (DM+dapa), diabetic mice that received vehicle (DM+con), nondiabetic mice that received dapagliflozin
(NDM-+dapa), nondiabetic mice that received vehicle (NDM+con), and wild-type (C57/BL6) mice were measured. BW: body weight; FBG: fasting blood
glucose; TC: total cholesterol; TG: triglycerides; HDL-c: HDL cholesterol; LDL-c: LDL cholesterol; FFA: free fat acid; values are expressed as mean + SD, per
group. #, p < 0.05; ##, p < 0.01 versus DM+con; *, p < 0.05 versus NDM+con; &&, p < 0.01 versus NDM-+con.
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6
TABLE 2: The concentration of serum NLRP3, IL-1§3, and IL-18 in each group.
DM-+dapa DM-+con NDM-+dapa NDM+con C57
NLRP3 (pg/ml) 27.69 + 4.46" 3717 + 6.94 27.71 £ 5.37 25.43 +3.10 22.98 + 4.04
IL-18 (pg/ml) 37.91 + 13.32° 50.51 £ 12.05 25.38 +9.95" 35.73+9.93 19.10 + 8.91%%
IL-18 (pg/ml) 91.15 + 24.90" 122.67 + 29.71 70.85 + 29.74 90.54 +18.10 30.95 + 10.08%%

The concentrations of serum NLRP3, IL-1§3, and IL-18 were measured. Values are expressed as mean + SD. #, p < 0.05; ##, p < 0.01 versus DM+con; #, p <

0.05 versus NDM+con; &&, p < 0.01 versus NDM+con.
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FIGURE 2: Changes of serum NLRP3 inflammasome, IL-1f3, and IL-18 levels in mice from each group. (a), (b), and (c) represented the serum
levels of NLRP3, IL-1f3, and IL-18, respectively. After 12 weeks of treatment with dapagliflozin, the serum levels of NLRP3, IL-1f3, and IL-18

significantly reduced in DM mice. " P < 0.05; **p < 0.01.
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3.3. Dapagliflozin Attenuated Atherosclerotic Lesion Forma-
tion in ApoE™'~ Mice. The pathological images of the aorta
stained with oil red O of the mice from each group were
shown in Figure 3(a) 1-5. Atherosclerotic lesions of STZ-
induced DM mice were 60% larger as compared with those
of non-DM ApoE™~ mice (p < 0.01). Compared with
normal C57BL/6] mice, non-DM ApoE ™/~ mice had a 262%
increment in atherosclerotic lesions (p < 0.01). Importantly,
dapagliflozin treatment was associated with reduced area of
aortic lesions in DM mice by 34% (p < 0.01). Moreover,
dapagliflozin treatment also slightly reduced the formation
of aortic lesions in non-DM group. Similarly, pathological
analyses of the aortic roots (Figure 3(b)) also showed that
dapagliflozin treatment decreased the area of lesion by 64%
(p < 0.01) in DM mice and by 21% (p < 0.05) in non-DM
mice as compared with the controls. HE staining of paraffin
sections showed that the aortic walls of normal C57BL/6]
mice were uniform in thickness and a few atheroscle-
rotic lesions were observed. In other four groups, aortic
walls were accompanied by a series of changes, including
thickened arterial endothelium and aortic wall to different
extents, newly formed fibrous cap, and overt atherosclerotic
lesions. The formation of cholesterol crystals was found
in diabetic group, and dapagliflozin treatment significantly
reduced the cholesterol crystals in diabetic treatment group
(Figure 3(c)). Taking together, these results supported that
dapagliflozin treatment confers antiatherosclerotic effects in
DM mice.

3.4. Dapagliflozin Altered the Content of Macrophages and
SMCs in Atherosclerotic Lesions. Staining of aortic tissues
with specific markers of MOMA-2 and «-SMA further
determined the effects of dapagliflozin on the cellular for-
mation of atherosclerotic lesions in DM mice. We found
that the increased macrophage infiltration in atherosclerotic
lesions was reversed after dapagliflozin in DM ApoE™/~ mice
(Figure 4). Moreover, dapagliflozin treatment also restored
the reduced content of smooth muscle cells in lesions in the
DM ApoE™/~ mice (Figure 4). These results may highlight
that dapagliflozin may improve the vulnerability of the
atherosclerotic lesions by regulation the cellular formation of
the lesion in DM ApoE_/ " mice.

3.5. Effect of Dapagliflozin on ROS Production and Inflam-
matory Cytokine Levels in Aortic Atherosclerotic Tissues. We
conducted ROS measurements to determine the effects of
dapagliflozin on the generation of ROS in aortic atheroscle-
rotic lesions with DHE and found that diabetic ApoE ™/~ mice
demonstrated an elevation in vascular ROS production and
attenuated by dapagliflozin treatment (Figure 5(a)). Com-
pared with non-DM control group, DM mice were associated
with increased NLRP3 (p < 0.01), ASC (p < 0.05), caspase-1
(p < 0.01), IL-1B (p < 0.05), and IL-18 (p < 0.05) proteins
in abdominal aorta, while dapagliflozin treatment partly
inhibited the expressions of the above proteins in aorta tissues
(Figure 5(b)). These results suggested that dapagliflozin can
reduce the ROS production and NLRP3 inflammasome
activation in aortic root of the DM mice.

3.6. Effect of Dapagliflozin on NLRP3 Inflammasome In
Vitro. To investigate the direct effect of dapagliflozin on
macrophage, the WT primary macrophages were treated LPS
and then PA or HG and finally incubated with dapagliflozin
(12.5uM) for 30 m. Dapagliflozin could not directly acti-
vate or inhibit the NLRP3 inflammasome activation in
macrophages (Figures 6(a) and 6(b)). PA and HG stimulation
increased the expression of NLRP3 and production of IL-13
in WT macrophages, special combining together. However, in
NLRP/~ macrophages, the stimulation action of LPS + PA
+ HG on the expression of NLRP3 and production of IL-18
almost disappeared (Figures 6(c) and 6(d)).

4, Discussion

Previous findings from a number of clinical studies have
indicated that some antidiabetics and lipid-lowering medica-
tions (e.g., pioglitazone, statins, and fibrates) were associated
with reduced cardiovascular events in patients with type 2
DM [24-26]. Dapagliflozin is known as a glucose lowering
medication which functions via inhibition of SGLT-2, thus
inhibiting renal glucose reabsorption. However, the car-
diometabolic influence of dapagliflozin and potential mecha-
nisms underlying its benefits to attenuation of atherosclerosis
in DM has not been comprehensively evaluated. In this study,
by using a model of high-fat diet STZ treated ApoE-/-
mice, we found that dapagliflozin treatment was associated
with significant improvement in indices of lipids and glucose
metabolism. Moreover, dapagliflozin partially reversed the
formation of aortic atherosclerotic lesions in DM mice, and
these benefits may involve the inhibition of NLRP3 inflam-
masome. Our results highlighted the benefits of dapagliflozin
for attenuating of diabetic atherosclerosis and provide further
evidence for its application in DM patients.

We found that dapagliflozin had significant glucose
lowering effect in DM mice, and this was consistent with
findings of previous studies [13, 14]. Interestingly, it also
decreased the blood glucose of non-DM ApoE ™/~ mice. After
treatment for 12 weeks, dapagliflozin significantly lowered TG
and FFA levels, but not TCH, HDL-C, and LDL-C in DM
ApoE ™™ mice, suggesting that dapagliflozin had favorable
lipid regulation effect in DM ApoE™/~ mice. A study by
Terasaki et al. [27] also evaluated the effects of dapagliflozin
on blood lipids, although the results of the study which
showed that dapagliflozin did not significantly affect TG or
FFA was different from ours. This could be explained by
the different duration of dapagliflozin treatment between
the 2 studies, and four-week treatment with dapagliflozin
was too short to reduce the TG and FFA levels in diabetic
mice. FFA plays an important role in stimulating NLRP3
inflammasome activation and IL-1$ and IL-18 inflammation
cytokines releasing [28].

Our subsequent pathologic analysis revealed that
dapagliflozin remarkably inhibited the formation and
development of aortic lesions in diabetic ApoEf/ ~ mice,
which indicates that dapagliflozin could delay the formation
of diabetic atherosclerosis. The underlying mechanisms of
the benefits of dapagliflozin on diabetic atherosclerosis may
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FIGURE 3: Dapagliflozin attenuated the formation of atherosclerotic lesion in ApoE ™'~ mice. (a) Oil red O staining of thoracic aorta and
abdominal aorta. Numbers 1-5 indicated diabetic treatment group, diabetic control group, nondiabetic treatment group, nondiabetic control
group, and C57BL/6] control group, respectively; (b) oil red O staining of aortic roots (100x); (c) HE staining of aortic roots (100x), the small
black arrow showed lesions and the big black arrow showed the necrotic lipid core of lesions; (d) percentage of arterial lesions in aorta; (e)
percentage of lesions at aortic root in lumen cross-sectional area; “ P < 0.05; ** P < 0.01.
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FIGURE 4: Influence of dapagliflozin on cellular formation (macrophage infiltration and smooth muscle cells) in atherosclerotic lesion
in the aorta. Numbers 1-5 indicated diabetic treatment group, diabetic control group, nondiabetic treatment group, nondiabetic control
group, and C57BL/6] control group, respectively. (a) Macrophage infiltration in atherosclerotic lesions (red: macrophages; blue: nuclei); (b)
smooth muscle cell infiltration in atherosclerotic lesions (red: a-SMA antibody labeled smooth muscle cells; blue: DAPI-labeled nuclei);
(c) immunofluorescence optimal density of MOMA?2 antibody; (d) immunofluorescence optimal density of a-SMA antibody. “p < 0.05;

**p <0.0L.

be multiple, and chronic improvement of glucose and lipids
metabolisms may play important roles. Besides, inhibition
of inflammatory response during the pathogenesis of
atherosclerosis may also be involved. Chronic inflammation
response plays a key role in the diabetic atherosclerosis

and macrophages have been recognized as the principal
inflammation reaction cells. On one hand, macrophages
can be transformed into foam cells and the necrotic foam
cells can form a lipid core which is the main component
of atheromatous lesions; on the other hand, macrophages
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FIGURE 5: Dapagliflozin attenuated the formation of ROS and NLRP3 inflammasome in DM ApoE ™/~ mice. Decreased ROS formation in
aortic tissues of diabetic ApoE ™/~ mice was attenuated by dapagliflozin treatment (a). The expression of NLRP3 inflammasome, IL-1f3, and
IL-18 in aortic tissues of mice from each group (b). Western blot analysis was used to detect the protein expression levels with the antibodies
against NLRP3, ASC, caspase-1, IL-1$3, and IL-18. GAPDH was used as loading control (c). * P < 0.05; **p < 0.01.

are the major part of cell composition in atheromatous
lesions, and several cytokines secreted by the cells could
change the local environment and cause the instability of
lesions and the development of disease [1, 29]. The smooth
muscle cells (SMCs) migrating into the lesions are capable
of producing collagen fibers which are the main source of
fibrous cap in the lesions. Reduced SMCs in the fibrous cap
or increment of macrophages can make fibrous cap thin
and vulnerable to rupture [30]. Therefore, suppressing the
macrophage infiltration in the lesions as well as preventing
the reduction of SMCs has been considered as the treatment
targets to reduce the vulnerability of lesion rupture. In our
study, dapagliflozin was found to prevent the infiltration of
macrophages in the arterial lesions of DM mice and prevent
the loss of SMCs in the lesions, which suggest its benefit for
lesion stability.

In the local chronic inflammation response of athero-
matous lesions, NLRP3 inflammasome was activated via
ROS production, which was related to the release of IL-13
and IL-18 from macrophages. Our results showed that DM
mice had elevated serum NLRP3, IL-1f3, and IL-18 proteins as
compared with the nondiabetic mice, which might be related
to the high glucose and FFA state. Zhou et al. proposed that
hyperglycemic exposure was a key inducer for the production
of IL-18 and the activation of NLRP3 inflammasome in

pancreas [31]. Wen et al. found that the increased
FFAs induced by a high-fat diet could activate NLRP3
inflammasome in macrophages [32]. Our study found that
dapagliflozin could decrease the serum levels of NLRP3,
IL-18, and IL-18 proteins in diabetic ApoE~/~ mice and
IL-18 level in nondiabetic ApoE~/~ mice, indicating that
the benefits of dapagliflozin in diabetic atherosclerosis may
involve both the systematic and regional anti-inflammatory
effects, perhaps by inhibition of NLRP3 inflammasome
system. Moreover, dapagliflozin inhibited the expression
of NLRP3, ASC, caspase-1, IL-1(3, and IL-18 in DM mice,
and such expression was also decreased in the nondiabetic
atherosclerosis model (not statistically significant).

As we all know, three models for activation of the NLRP3
inflammasome have been proposed: the channel model, the
lysosome rupture model, and the ROS model [33]. All NLRP3
agonists trigger the generation of ROS, which activates the
NLRP3 inflammasome via the ROS-sensitive thioredoxin-
interacting (TXNIP) protein. The important contributions of
oxidative stress to atherosclerosis have been well established;
for example, Di Marco et al. demonstrated that diabetes-
accelerated atherosclerosis is associated with elevated ROS
[34]. So we further tested the level of ROS in aortic atheroscle-
rotic lesions. Our results found that diabetes- accelerated
atherosclerosis is associated with an increase in IL-15 and
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IL-18 via the activation of NLRP3 inflammation by a process
that involves the generation of ROS, and treatment with
dapagliflozin prevented the diabetes-associated increase in
IL-18 and IL-18 and ROS production and attenuated the
accelerated development of atherosclerosis in the aortic root.
We also investigated the action of dapagliflozin on NLRP3
inflammasome in culturing primary macrophages. PA or HG
caused activation of the NLRP3 inflammasome and triggered
the generation of IL-18 in WT macrophages, but the action

was canceled in NLRP3™/~ macrophages. Dapagliflozin had

not direct action on macrophages. Our results show that
dapagliflozin may be inhibit ROS-NLRP3 pathway by means
of reducing blood sugar and lipid and then reduce the
production of IL-1f3 and IL-18. To the best of our knowledge,
this study is the first to elucidate that dapagliflozin treatment
was associated with inhibition of the secretion of IL-1J
by macrophage via the ROS-NLRP3-caspase-1 pathway in
diabetic atherosclerosis (Figure 7). The potential molecular
signaling underling the inhibitory effect of dapagliflozin on
NLRP3 inflammasome system deserves further evaluation.
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5. Conclusions

Results of our study indicated that SGLT2 inhibitors
dapagliflozin can attenuate the formation of atherosclerotic
lesion and increase the stability of lesion by inhibiting the
NLRP3 inflammasome in diabetic atherosclerosis, which
provide further evidence for its benefits in DM patients

Competing Interests

The authors declare that they have no conflict of interests.

Authors’ Contributions

Weiling Leng and Xinshou Ouyang contributed equally to
this article

Acknowledgments

The authors thank AstraZeneca Plc for offering dapagliflozin
powder. This project was supported by the National Natural
Science Foundation of China (Grant nos. 30670838 and
81200614).

References

[1] P. Libby, P. M. Ridker, and A. Maseri, “Inflammation and
atherosclerosis,” Circulation, vol. 105, no. 9, pp. 1135-1143, 2002.

[2] G. K. Hansson, “Inflammation, atherosclerosis, and coronary
artery disease,” The New England Journal of Medicine, vol. 352,
no. 16, pp. 1685-1695, 2005.

[3] G. K. Hansson and P. Libby, “The immune response in
atherosclerosis: a double-edged sword,” Nature Reviews
Immunology, vol. 6, no. 7, pp. 508-519, 2006.

[4] R. Kleemann, S. Zadelaar, and T. Kooistra, “Cytokines and
atherosclerosis: a comprehensive review of studies in mice;
Cardiovascular Research, vol. 79, no. 3, pp. 360-376, 2008.

[5] O. Takeuchi and S. Akira, “Pattern recognition receptors and
inflammation,” Cell, vol. 140, no. 6, pp. 805-820, 2010.

[6] S. L. Cassel, S. Joly, and E S. Sutterwala, “The NLRP3 inflam-
masome: a sensor of immune danger signals,” Seminars in
Immunology, vol. 21, no. 4, pp. 194-198, 2009.

[7] W. P. Arend, G. Palmer, and C. Gabay, “IL-1, IL-18, and IL-33
families of cytokines,” Immunological Reviews, vol. 223, no. 1,
pp. 20-38, 2008.

[8] P.Duewell, H. Kono, K. J. Rayner et al., “NLRP3 inflammasomes
are required for atherogenesis and activated by cholesterol
crystals,” Nature, vol. 464, no. 7293, pp. 1357-1361, 2010.

[9] E Zheng, S. Xing, Z. Gong, W. Mu, and Q. Xing, “Silence
of NLRP3 suppresses atherosclerosis and stabilizes plaques in
apolipoprotein E-deficient mice;” Mediators of Inflammation,
vol. 2014, Article ID 507208, 8 pages, 2014.

H. Kirii, T. Niwa, Y. Yamada et al, “Lack of interleukin-
13 decreases the severity of atherosclerosis in ApoE-deficient
mice,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 23,
no. 4, pp. 656-660, 2003.

(10]



Mediators of Inflammation

[11] E Merhi-Soussi, B. R. Kwak, D. Magne et al., “Interleukin-1
plays a major role in vascular inflammation and atherosclero-
sis in male apolipoprotein E-knockout mice,” Cardiovascular
Research, vol. 66, no. 3, pp. 583-593, 2005.

[12] Z. Mallat, A. Corbaz, A. Scoazec et al, “Expression of
interleukin-18 in human atherosclerotic plaques and relation to
plaque instability,” Circulation, vol. 104, no. 14, pp. 1598-1603,
2001.

[13] E. Ferrannini, S. J. Ramos, A. Salsali, W. Tang, and J. E List,
“Dapagliflozin monotherapy in type 2 diabetic patients with
inadequate glycemic control by diet and exercise: a randomized,
double-blind, placebo-controlled, phase 3 trial,” Diabetes Care,
vol. 33, no. 10, pp. 2217-2224, 2010.

[14] L.Ji, J. Ma, H. Li et al., “Dapagliflozin as monotherapy in drug-
naive asian patients with type 2 diabetes mellitus: a randomized,
blinded, prospective phase III study;” Clinical Therapeutics, vol.
36, no. 1, pp. 84.9-100.€9, 2014.

(15] D.E.Kohan, P. Fioretto, W. Tang, and J. F. List, “Long-term study
of patients with type 2 diabetes and moderate renal impairment
shows that dapagliflozin reduces weight and blood pressure but
does not improve glycemic control,” Kidney International, vol.
85, no. 4, pp. 962-971, 2014.

[16] J. Bolinder, O. Ljunggren, J. Kullberg et al, “Effects of
dapagliflozin on body weight, total fat mass, and regional adi-
pose tissue distribution in patients with type 2 diabetes mellitus
with inadequate glycemic control on metformin,” Journal of
Clinical Endocrinology and Metabolism, vol. 97, no. 3, pp. 1020-
1031, 2012.

[17] T. Nagata, T. Fukuzawa, M. Takeda et al, “Tofogliflozin, a
novel sodium-glucose co-transporter 2 inhibitor, improves
renal and pancreatic function in db/db mice,” British Journal of
Pharmacology, vol. 170, no. 3, pp. 519-531, 2013.

[18] N. Terami, D. Ogawa, H. Tachibana et al., “Long-term treat-
ment with the sodium glucose cotransporter 2 inhibitor,
dapagliflozin, ameliorates glucose homeostasis and diabetic
nephropathy in db/db mice,” PLoS ONE, vol. 9, no. 6, Article
ID e100777, 2014.

[19] A. Merovci, C. Solis-Herrera, G. Daniele et al., “Dapagliflozin
improves muscle insulin sensitivity but enhances endogenous
glucose production,” The Journal of Clinical Investigation, vol.
124, no. 2, pp. 509-514, 2014.

[20] A. Tahara, E. Kurosaki, M. Yokono et al., “Effects of SGLT2
selective inhibitor ipragliflozin on hyperglycemia, hyperlipi-
demia, hepatic steatosis, oxidative stress, inflammation, and
obesity in type 2 diabetic mice;” European Journal of Pharma-
cology, vol. 715, no. 1-3, pp. 246-255, 2013.

[21] D.Z.1.Cherney, B. A. Perkins, N. Soleymanlou et al., “The effect
of empagliflozin on arterial stiffness and heart rate variability in
subjects with uncomplicated type 1 diabetes mellitus,” Cardio-
vascular Diabetology, vol. 13, no. 1, article 28, 2014.

[22] S. Zadelaar, R. Kleemann, L. Verschuren et al., “Mouse models
for atherosclerosis and pharmaceutical modifiers,” Arterioscle-
rosis, Thrombosis, and Vascular Biology, vol. 27, no. 8, pp. 1706-
1721, 2007.

[23] M. Chai, Q. Ji, H. Zhang et al., “The protective effect of
interleukin-37 on vascular calcification and atherosclerosis
in apolipoprotein E-deficient mice with diabetes,” Journal of
Interferon and Cytokine Research, vol. 35, no. 7, pp. 530-539,
2015.

[24] R. E. Pratley, “The PROactive Study: pioglitazone in the sec-
ondary prevention of macrovascular events in patients with

13

type 2 diabetes,” Current Diabetes Reports, vol. 6, no. 1, pp. 45—
46, 2006.

[25] J. Armitage and L. Bowman, “Cardiovascular outcomes among
participants with diabetes in the recent large statin trials,
Current Opinion in Lipidology, vol. 15, no. 4, pp. 439-446, 2004.

[26] A.S. Wierzbicki, J. Morrell, D. Hemsley, Z. McMahon, M. A.
Crook, and R. Wray, “The effect of fibratestatin combination
therapy on cardiovascular events: a retrospective cohort anal-
ysis,” Current Medical Research and Opinion, vol. 26, no. 9, pp.
2141-2146, 2010.

[27] M. Terasaki, M. Hiromura, Y. Mori et al., “Amelioration
of hyperglycemia with a sodium-glucose cotransporter 2
inhibitor prevents macrophage-driven atherosclerosis through
macrophage foam cell formation suppression in type 1 and type
2 diabetic mice,” PLOS ONE, vol. 10, no. 11, Article ID e0143396,
2015.

[28] S. Legrand-Poels, N. Esser, L. CHomme, A. Scheen, N. Paquot,
and J. Piette, “Free fatty acids as modulators of the NLRP3
inflammasome in obesity/type 2 diabetes,” Biochemical Phar-
macology, vol. 92, no. 1, pp. 131-141, 2014.

[29] H. J. Williams, E. A. Fisher, and D. R. Greaves, “Macrophage
differentiation and function in atherosclerosis: opportunities
for therapeutic intervention?” Journal of Innate Immunity, vol.
4, no. 5-6, pp. 498-508, 2012.

[30] P.Lacolley, V. Regnault, A. Nicoletti, Z. Li, and J.-B. Michel, “The
vascular smooth muscle cell in arterial pathology: a cell that can
take on multiple roles,” Cardiovascular Research, vol. 95, no. 2,
pp. 194-204, 2012.

[31] R. Zhou, A. Tardivel, B. Thorens, I. Choi, and J. Tschopp,
“Thioredoxin-interacting protein links oxidative stress to
inflammasome activation,” Nature Immunology, vol. 11, no. 2,
pp. 136-140, 2010.

[32] H. Wen, D. Gris, Y. Lei et al., “Fatty acid-induced NLRP3-ASC
inflammasome activation interferes with insulin signaling,’
Nature Immunology, vol. 12, no. 5, pp. 408-415, 2011.

[33] M. Lee, “Role of innate immunity in diabetes and metabolism:
recent progress in the study of inflammasomes,” Immune
Network, vol. 11, no. 2, pp. 95-99, 2011.

[34] E. Di Marco, S. P. Gray, P. Chew et al, “Pharmacological
inhibition of NOX reduces atherosclerotic lesions, vascular
ROS and immune-inflammatory responses in diabetic Apoe™~
mice;” Diabetologia, vol. 57, no. 3, pp. 633-642, 2014.



MEDIATORS
INFLAMMATION

The Scientific Gastroenterology Fi o Journal of
World Journal Research and Practice Diabetes Research

Journal of International Journal of

Immunology Research Endocrinology

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
Research International

PPAR Research

Journal of
Obesity

AL
@

Evidence-Based b ‘
Stem Ce' |S Complementary and - 4 < 3 = Journal of
International Alternative Medicine & Oncology

oot oume 014

Journal of

Ophthalmology

Parkinson’s
Disease

. <
l-r/

e .

: o .
Ly,

| i

Behavioural Oxidative Medicine and

Neu I’O|Ogy Research and Treatment Cellular Longevity

Computational and
Mathematical Methods
in Medicine




