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Abstract
It has been shown that SGLT2 suppresses atherosclerosis (AS). Recent studies indicate that autophagy widely participates 
in atherogenesis. This study aimed to assess the effect of canagliflozin (CAN) on atherogenesis via autophagy. Macrophages 
and ApoE − / − mice were used in this study. In macrophages, the results showed that CAN promoted LC3II expression and 
autophagosome formation. Furthermore, the cholesterol efflux assay demonstrated that CAN enhanced cholesterol efflux 
from macrophages via autophagy, resulting in lower lipid droplet concentrations in macrophages. The western blot revealed 
that CAN regulated autophagy via the AMPK/ULK1/Beclin1 signaling pathway. CAN resulted in increased macrophage 
autophagy in atherosclerotic plaques of ApoE − / − mice, confirming that CAN could inhibit the progression of AS via pro-
moting macrophage autophagy. The current study found that CAN reduced the production of atherosclerotic lesions, which 
adds to our understanding of how SGLT2 inhibitors function to delay the progression of AS.
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Abbreviations
CAD	� Coronary artery disease
AS	� Atherosclerosis
SGLT2	� Sodium-Glucose Co-Transporter 2
ApoE	� Apolipoprotein E
ApoE − / − 	� Apolipoprotein E deficient
HFD	� High-fat diet
ox-LDL	� Oxidized low-density lipoprotein
AMPK	� Adenosine 5′-monophosphate-activated 

protein kinase

ULK1	� UNC-51-like autophagy-activating kinase 1
ATG​	� Autophagy-related gene

Introduction

Coronary heart disease is a kind of chronic arterial athero-
sclerotic heart disease [1, 2], and it is a leading cause of 
death in both developed and developing nations [3]. Several 
risk factors, including smoking, obesity, abnormal blood 
glucose, dyslipidemia, hypertension, inflammatory response, 
etc., are associated with the pathogenesis of AS [4]. Pre-
vention and treatment of AS have risen to the forefront of 
cardiovascular disease discourse.

Sodium-glucose cotransporter-2 (SGLT2) is largely 
expressed in the S1 and S2 segments of the proximal tubule 
of the kidney. This is the region of the kidney that is respon-
sible for reabsorbing 90% of primary urine glucose [5]. 
Recently, SGLT-2 inhibitors have been developed as novel 
therapeutic agents for the treatment of patients with type 
2 diabetes mellitus (T2DM). Multiple clinical trials have 
shown that SGLT2 inhibitors may give benefits beyond the 
treatment of diabetes, including a reduction in the risk of 
hospitalization for heart failure or death from cardiovascular 
causes. These benefits are now accessible to individuals with 
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and without T2DM [6, 7]. SGLT2 inhibitors may benefit the 
cardiovascular system by reducing adipose tissue-mediated 
inflammation and pro-inflammatory cytokine production, 
promoting ketone bodies as the metabolic substrate for 
the heart and kidneys, reducing oxidative stress, lowering 
serum uric acid levels, reducing glomerular hyperfiltration 
and albuminuria, and suppressing advanced glycation end-
product signaling [8]. Xu et al. found that empagliflozin 
reduces obesity-induced inflammation and insulin resist-
ance by promoting the conversion of white fat to brown, 
increasing fat metabolism, and activating M2 macrophage 
polarization, which may be an important pathway for the 
cardiovascular benefits of SGLT2 [9, 10].

Autophagy is a complex process inside cells that uses 
lysosomes to break down parts of the cytoplasm. It has been 
linked to metabolic diseases like AS [11, 12]. It is currently 
believed that autophagy is involved in the breakdown of 
lipid droplets (LDs), and autophagy-controlled cholesterol 
outflow from cells is a key part of keeping cholesterol lev-
els stable [13]. Increased macrophage autophagy improves 
cholesterol efflux, lowers the cholesterol content of aortic 
AS plaques, which successfully maintains cholesterol bal-
ance and helps to prevent the onset and progression of AS 
[14]. Collectively, macrophage autophagy plays an impor-
tant role in the pathogenesis of AS. Since therapeutic SGLT2 
leads to substantial loss of energy in the form of glucose 
via sodium–glucose co-transporter, it is an intriguing pos-
sibility that SGLT-2 inhibitors may affect the level of cel-
lular autophagy following the intracellular energy changes. 
The present study aimed to evaluate whether canagliflozin 
(CAN), a kind of SGLT2, can suppress the progression of 
AS by regulating macrophage autophagy.

Methods

Cell Culture and Experimental Design

The human monocyte (THP-1) was purchased from the 
American Type Culture Collection (ATCC). After resusci-
tation, the cells were cultured in 1640 medium (BI, Israel) 
containing 10% fetal bovine serum (FBS) (BI, Israel), 5% 
β-mercaptoethanol (sigma, USA), and 1% penicillin–strep-
tomycin (MCE USA) at 37 °C with 5% CO2. Then the 
cells at logarithmic growth phase were treated with phor-
bol 12-myristate-13-acetate (PMA) (Sigma, USA) for 
24 h followed by ox-LDL (80 μg/ml) (Yiyuan Biotech-
nologies, China) alone for 48 h to become atherosclerotic 
macrophages for further investigations [15]. In this work, 
rapamycin (MCE, USA) was used to induce autophagy, and 
5 mM was found to be the optimal concentration. Like other 
cellular pathways, autophagy has a highly dynamic, multi-
step process that includes the formation and destruction of 

autolysosomes. To find out how CAN regulates autophagy, 
Bafilomycin A1 (BAF) (MCE, USA) was used in an in vitro 
study. BAF is a V-type ATPase inhibitor that prevents 
autophagosomes and lysosomes from forming autolys-
osomes via membrane potential regulation, thereby inhib-
iting autophagosome degradation [16]. The macrophages 
were grouped as follows: (1) the control group; (2) the CAN 
group (10 μM); (3) the CAN + BAF (100 nM) group; and (4) 
the BAF (100 nM) group. For group (4), BAF was adminis-
tered 2 h before harvesting.

Cell Viability Assay

Cell viability was measured using the Cell Counting Kit-8 
(MCE, USA) according to the manufacturer’s instructions.

Autophagic Flow Evaluation

Monomeric red fluorescent protein-green fluorescent pro-
tein-tagged LC3 adenoviral vectors (mRFP-GFP-LC3) were 
developed and synthesized by HANBIO (Shanghai, China). 
THP-1 cells were induced into macrophages on a 12-well 
plate, then transfected with mRFP-GFP-LC3 adenovirus and 
treated with ox-LDL for 48 h. After 12 h of CAN (10 μM/L) 
intervention, the cell slides were subjected to the following 
treatments: The cells were fixed in 4% paraformaldehyde 
for 30 min in the dark, washed twice with PBS, and then 
penetrated for 10 min in the dark with 0.1% Triton. An anti-
fluorescence quencher containing DAPI was used to quench 
the slides. Autophagic flow was observed using a confocal 
laser scanning microscope (Zeiss, Germany). Red/yellow 
puncta indicated autophagic flow.

Cell Lipid Assessment

THP-1 cells were transferred to slides in a 12-well plate 
and differentiated into macrophages with PMA as described 
above. Cells were classified into the following groups: 
(1) the control group; (2) the CAN group; and (3) the 
CAN + 3-methyladenine (3-MA) (1  mM) (MCE, USA) 
group. After 48 h of incubation with ox-LDL, the lipid con-
tent of cells was determined by Oil Red O staining. Photo-
graphs were taken using a microscope (Olymbus, Japan) and 
quantified using Image J software (https://​imagej.​nih.​gov/​ij/, 
Version 1.53n, 7 November 2021). Oil Red area (%) = (posi-
tive area/all cells area) × 100%.

Cholesterol Efflux Assay

The Cholesterol Efflux Assay Kit (Abcam, UK) was 
employed to detect cellular cholesterol efflux. Macrophages 
were cultivated with fluorescence-labeled cholesterol for 1 h, 
then equilibrated overnight. After 16 h, the cells were grown 

https://imagej.nih.gov/ij/
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in pre-treated human serum, which served as a cholesterol 
acceptor with the addition of 3-MA. After a 4-h co-incu-
bation, supernatant and cell lysate were transferred to new 
96-well plates. Supernatant and cell lysate absorbance were 
measured at 482/515 nm (BMG LABTECH, PHERAstar 
FSX, Germany). The formula for cholesterol efflux: Cho-
lesterol efflux (%) = supernatant fluorescence intensity/(cell 
lysate fluorescence intensity + supernatant fluorescence 
intensity) 100%.

Animal Experiments

Eight-week-old female ApoE − / − mice (C57BL/6 J Inv, 
Jackson Laboratory) were obtained from Nanjing Gem-
Pharmatech Company (Nanjing, China) and were fed a 
standard laboratory chow diet for 1 week. Following that, 
each animal was randomly assigned to one of three groups 
(n = 15 in each group): mock, high fatty diet (HFD), and 
HFD + CAN. Mock mice were fed a regular diet, whereas 
the HFD and HFD + CAN groups were provided a high-fat 
diet for 12 weeks. At the same time, the HFD + CAN mice 
were fed CAN (10 mg/kg/day) by gavage, and the mock and 
HFD mice were fed the same volume of 0.5% hydroxypropyl 
methylcellulose/day. All tests were conducted in accordance 
with the American Heart Association’s recommendation for 
the design, execution, and reporting of animal atherosclero-
sis studies [17]. All mice were weighed weekly. Anesthetized 
21-week-old mice were bled retro-orbitally and their hearts 
were preserved in 4% paraformaldehyde (Sigma, USA) and 
paraffin embedded. The serum was isolated from the blood 
sample by centrifugation for 15 min at 3000 rpm. The aortic 
tissues were snap-frozen in liquid nitrogen. All tissues were 
kept at − 80 °C. All institutional and national guidelines for 
the care and use of laboratory animals were followed and 
approved by the appropriate institutional committees.

Western Blot Analysis

Proteins were extracted from treated macrophages and 
ApoE − / − mice aortas. All samples were lysed in RIPA 
buffer for 30 min (Beyotime, China). Proteins on gels were 
transferred to 0.22 m PVDF membranes (Millipore, Ger-
many). Then the PVDF membranes were incubated with 
primary antibodies overnight at 4 °C after being blocked 
with 5% skimmed milk (Spark jade, China) or 3% bovine 
serum albumin (Yeasen Biotech, China) for 1 h at room 
temperature. All primary antibodies are shown in the sup-
plemental materials. After an hour with horseradish per-
oxidase–labeled secondary antibodies and washing 3 × with 
TBST, bands were detected by ECL chemiluminescence 
(Vazyme, China).

Immunofluorescence Staining

The aorta tissues were dehydrated in 30% sucrose after 48 h in 
4% paraformaldehyde. After, the tissues were permeabilized 
for 20 min at room temperature with 0.1% Triton X-100 (Solar-
bio, China) before being embedded with OCT (SAKURA, 
Japan). The slices were blocked for 30 min in 5% goat serum 
before being treated with the primary antibody overnight at 
4 °C. After three PBS washes, the slices were incubated with 
the secondary antibody for 1 h at room temperature, followed 
by being treated with DAPI for the nuclei. Images captured 
with a fluorescence microscope were measured using Image 
J software (Leica Microsystems, Mannheim). LC3 and CD68 
were the primary antibodies used (Abcam, UK). LC3 and 
CD68 in plaque (%) = (staining positive/plaque) 100%.

Hematoxylin and Eosin Staining

HE staining was applied to measure the plaque level. Con-
cisely, after dewaxing, the slices were stained for 30 s with 
hematoxylin and blued for 5 min with alkaline water. The 
slices were then dyed with eosin for 1 min and washed 
with double distilled water (DDW). Leica Microsystems 
(Mannheim, Germany) microscope images were quanti-
fied with Image J software. Plaque area (%) = (plaque area/
aortic root area) × 100%.

Oil Red O Staining

Oil Red O staining was taken to measure the lipid content 
in plaque. After washing 3 × with PBS, the frozen slices 
were fixed in 4% paraformaldehyde for 20 min, followed 
by being incubated at 37 °C for 30 min with Oil Red O 
solution (Solarbio, China). The slices were photographed 
under a microscope (Olymbus, Japan) after 75% ethanol 
washing for 3 s. The aortic tissues were stained using the 
same method. Oil Red area (%) = (staining positive area/
plaque area) × 100%.

Masson Staining

The collagen in the plaque was evaluated with the method 
of Masson staining (Sigma, USA). In short, the nuclei 
were stained black with Weigert’s iron hematoxylin, the 
cytoplasm and muscle fibers were stained red with Bie-
brich scarlet-acid fuchsin, and collagen was stained blue 
with aniline blue following treatment with phosphotung-
stic and phosphomolybdic acid. Photographs were taken 
with a microscope (Olymbus, Japan) and quantified using 
Image J software. Collagen area (%) = (staining positive 
area/plaque area) × 100%.
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Transmission Electron Microscopy

Anesthetized mice were perfused with frozen 0.9% normal 
saline (NS) for 5 min, followed by 10 ml of frozen 4% para-
formaldehyde. Dissected aorta samples were fixed in 3% glu-
taraldehyde for 2 h at 4 °C. Aortic tissues were then rinsed in 
0.1 M PBS 3 × before being fixed with 1% osmium tetroxide 
at 4 °C for 90 min. Following overnight incubation at 35 °C, 
tissues were embedded in Epon 812 mix after dehydration 
in graded ethanol. Finally, the tissues were heated at 37 °C 
for 12 h, 45 °C for 12 h, and 60 °C for 24 h. The MT-X 
ultramicrotome produced ultrathin slices (70 nm) on 100 
mesh copper grids. After 15 min of staining with 2% uranyl 
acetate and 5 min of staining with lead citrate, the slices 
were viewed with a 120 kV transmission electron micro-
scope (TEM) (Technai G2 Spirit Twin device).

Statistical Analysis

Statistical analyzes were performed using GraphPad PRISM 
8.0 software (GraphPad Software, La Jolla, USA). Unless 
otherwise noted, data is presented as means ± SDs (error 
bars). The Shapiro–Wilk test was used to determine the nor-
mality of the data, and the Brown-Forsythe test was used 
to determine the equality of group variance. Student t tests 
(2-tailed unpaired) were used to compare two groups, and 
a one-way ANOVA followed by a Bonferroni post hoc test 
was used to compare more than two groups. Nonparametric 
data were analyzed using the Mann–Whitney U test or the 
Wilcoxon matched-pairs signed-rank test, respectively. Dif-
ferences with a P value < 0.05 were considered significant.

Results

CAN Promoted Autophagy in Macrophages During 
the Autophagic Vesicle Formation Phase

As an inhibitor of glucose sodium translocase, CAN may 
affect cellular activity. The CCK8 assay was employed to 
check cellular vitality, and the results indicated a gradual 
decrease in cell viability with increasing drug concentrations 
when macrophages were co-cultured with CAN (Fig. 1a). In 
this work 10 μM of CAN was found to be the optimal con-
centration. To determine the optimal period for CAN inter-
vention on macrophages, we established three time points 
at 12, 24, and 48 h. At 12 h, the expression of Beclin-1 and 
LC3II was considerably higher and p62 lower in the CAN 
group than in the control group, but at 24 and 48 h, there was 
no statistical difference between the two groups. (Fig. 1b–e).

To further explore how CAN regulated macrophage 
autophagy, BAF was used in the in vitro study. The west-
ern blot revealed that LC3II was significantly higher in the 

CAN group than the control group but significantly lower 
than the BAF and CAN + BAF groups. In comparison to 
the FCAN + BAF group, meanwhile, LC3II was significantly 
lower in the BAF group (Fig. 1f and g). To investigate the 
effect of CAN on autophagy in macrophages more intui-
tively, the mRFP-GFP-LC3 adenovirus mentioned above 
was used to transfect and intervene macrophages for 48 h. As 
can be seen, there was a significant difference in autophago-
somes among the experimental groups, which was consistent 
with western blot (Fig. 1h and i). The results above demon-
strated that CAN promoted autophagy during the autophago-
some formation stage.

CAN Promoted Macrophage Autophagy Through 
AMPK/ULK1/Beclin1 Signaling Pathway

As an agent that affects glucose transport, CAN is antici-
pated to modulate the activation of macrophage energy-
related pathways. Previous studies have indicated that 
AMPK is affected by intracellular energy metabolism and 
regulates cellular autophagy [17]. As determined by west-
ern blot (Fig. 2a and e), unsurprisingly, CAN promoted the 
expression of phosphorylated AMPK protein. Then, we 
searched for AMPK’s downstream pathway proteins. Intra-
cellular signaling pathways that initiate autophagy are acti-
vated in response to a variety of intracellular stressors and 
nutritional status changes. These pathways are aimed at the 
UNC-like autophagy-activating kinase 1 initiation complex 
(ULK1) [9]. Western blot showed that CAN resulted in a sig-
nificant increase in the expression of ULK1 phosphorylation 
(Fig. 2a and f). Finally, we investigated Beclin1, an impor-
tant protein for autophagy, and discovered that it was signifi-
cantly higher in the CAN group (Fig. 2a and b). However, 
the phosphorylation of AMPK, ULK1, and Beclin1 was neu-
tralized by the addition of FTY720 (an AMPK inhibitor) in 
macrophages (Fig. 2h–m). In addition, the autophagosomes 
in the CAN + FTY720 group were significantly lower than 
those in the CAN group, which was consistent with west-
ern blot (Fig. 2n and o). This verified that CAN promoted 
autophagy by upregulating and activating the AMPK/ULK1/
Beclin1 axis.

CAN Induced Lipid Droplet Translocation 
in MacrophageVia Autophagy

Recent investigations have demonstrated that autophagy 
increases the extracellular transfer of LDs in macrophages 
[18, 19]. To investigate if CAN modulates the extracel-
lular transport of LDs via autophagy, the lipid content of 
macrophages was evaluated using Oil Red O staining. 
We observed that CAN decreased the number of LDs in 
macrophages, indicating that CAN was capable of reduc-
ing the LDs in macrophages. Then, 3-MA (an inhibitor of 
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Fig. 1   CAN promoted autophagy in macrophages during the 
autophagic vesicle formation phase. a CCK8 assay of CAN and 
10 μM of CAN was found to be the optimal concentration. b–e Rep-
resentative western blots and relative quantitative analysis of LC3II, 
P62, and Beclin1 in macrophages treated with CAN. f, g Representa-
tive western blots and relative quantitative analysis of LC3II in mac-

rophages treated with CAN (10  μM), CAN + BAF (100  nM), and 
BAF (100  nM). h, i Representative images of the autophagosomes 
in macrophages after transfection of mGFP-RFP-LC3 adenovirus 
for 48  h. The experiment was repeated three times independently. 
Data were expressed as the means ± SDs. Scale bar: 10 μm. P < 0.05, 
P < 0.01, ns > 0.05 as determined by Student t test
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autophagosome synthesis) was added to the culture of mac-
rophages, and the results demonstrated that LDs in mac-
rophages were dramatically elevated compared to the CAN 
alone (Fig. 3a and b). In addition, the cholesterol efflux assay 
demonstrated that CAN enhanced cholesterol efflux from 
macrophages via autophagy (Fig. 3c). Our data revealed that 
CAN induced autophagy and enhanced LDs extracellular 
transport in macrophages.

CAN Inhibited Atherosclerotic Lesion Formation 
and Promoted Plaque Stability in Mice

To determine whether CAN can prevent atherogenesis 
and to investigate potential mechanisms, eight-week-old 
ApoE − / − female mice were fed with CAN. Interestingly, 
CAN was found to significantly prevent the growth of intra-
aortic plaques, which appears to be consistent with the vitro 
outcomes (Fig. 4A–E). Rupture of atherosclerotic plaque due 

to poor plaque stability is the main cause of cardiovascular 
events in clinical practice [20]. CAN slowed the progression of 
atherosclerotic lesions, but its effect on plaque stability needed 
to be determined. The Shiomi plaque vulnerability index is 
commonly used to evaluate plaque stability [21]. In the present 
work, CAN decreased the number of macrophages and lipids 
but increased the number of smooth muscle cells and collagen 
in the atherosclerotic plaques of ApoE − / − mice, hence con-
tributing to plaque stability (Fig. 4F–K). Taken together, these 
findings suggested that CAN prevented atherosclerotic lesion 
formation and promoted plaque stability in vivo.

CAN Enhanced Macrophage Autophagy 
in ApoE − / − Mice Atherosclerotic Plaques

To determine if CAN enhanced autophagy upregulation in 
macrophages, we assessed the expression of LC3II and P62 
in plaques via western blot. Compared with the HFD group, 

Fig. 2   CAN promoted macrophage autophagy through AMPK/
ULK1/Beclin1 signaling pathway. a–f Representative western blots 
and relative quantitative analysis of the autophagic proteins in mac-
rophages. g CCK8 assay of FTY720 (An AMPK inhibitor) and 
50 nM of FTY720 was found to be the optimal concentration. h–m 
Representative western blots and relative quantitative analysis of 

the autophagic proteins in macrophages with FTY720 (50 nM). n, o 
Representative images of the autophagosomes in macrophages with 
FTY720 (50 nM). The experiment was repeated three times indepen-
dently. Data were expressed as the means ± SDs. Scale bar: 10  μm. 
P < 0.05, P < 0.01 as determined by Student’s t test
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LC3II expression was sharply increased in the HFD + CAN 
group, while P62 was decreased. Likewise, immunofluores-
cence revealed that CAN stimulates the synthesis of LC3II 
(Fig. 5a–e). To further visualize autophagy, we calculated the 
number of autophagic vesicles within macrophages within 
plaques using TEM. We observed that CAN stimulated 
autophagosome formation in macrophages (Fig. 5f and g). As 
with in vitro research, the foregoing results demonstrated that 
CAN increase autophagy within plaque macrophages.

Discussion

One of the most prevalent complications of diabetes is 
atherosclerosis [22]. In the treatment of diabetes, SGLT2 
inhibitors have risen to the position of being the hypogly-
cemic medicines of first-line treatment. There is more and 
more evidence that SGLT2 inhibitors help control lipid 

metabolism and slow the progression of atherosclerosis 
[23–26]. The purpose of this study was to explore the role 
of SGLT2 inhibitors in the progression of AS and to try to 
reveal new mechanisms of the action. In the present work, 
we discovered that CAN prevented atherosclerotic plaque 
development via increasing macrophage autophagy.

Intracellular glucose metabolism plays a pivotal role 
in the activation of autophagy [27]. SGLT2 is a member 
of the sodium glucose cotransporter family, which are 
sodium-dependent glucose transport proteins. SGLT2 
inhibitors down-regulate cellular glucose transport, which 
may lead to a relative lack of energy in macrophages and 
thus promote the production of intracellular autophagy. 
Unsurprisingly, we discovered that CAN stimulated 
autophagy in macrophages (Fig. 1b and d). The compli-
cated intracellular physiological process of autophagy 
involves the creation and destruction of autophagic vesi-
cles [11]. In this investigation, we blocked the breakdown 

Fig. 3   CAN induced lipid 
droplet translocation in 
macrophage via autophagy. a, 
b Representative photomicro-
graphs and analysis of lipid 
droplets in macrophage after 
Oil red O staining (× 10, × 40). 
c Cholesterol efflux assay in 
macrophages treated with CAN 
and CAN + 3-MA (1 mM). 
Data were expressed as the 
means ± SDs. Scale bar: 100 μm 
(× 10). P < 0.05, P < 0.001 as 
determined by Student’s t test
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of autophagic vesicles using BAF and observed that LC3II 
was considerably higher in the CAN + BAF group than in 
the BAF group, indicating that CAN enhances autophagy 
during the autophagosome formation phase (Fig. 1f–i). 

AMPK is a crucial metabolic regulator that suppresses 
energy-consuming pathways and activates the compen-
sated energy-producing pathways [27]. Glucose insuffi-
ciency activates AMPK, which in turn causes autophagy 

Fig. 4   CAN inhibited atherosclerotic lesion formation and promoted 
plaque stability in mice. A Schematic diagram of the experimental 
system. B, C Representative images and quantitative analysis of aorta 
en face stained with Oil red O and statistics of plaque area of whole 
aorta (n = 6/group). D, E Representative images quantitative analy-
sis of aortic root atherosclerotic lesion stained with HE staining and 
quantification of aortic root lesion size (n = 6/group). F–J Representa-

tive images quantification of lipid, collagen, smooth muscle cells, 
and macrophages in plaques after staining (× 4, × 10) (n = 6/group). 
K Plaque vulnerability index [(Oil red O area + CD68 area)/(α-SMA 
area + collagen area)] in atherosclerotic plaque. Data were expressed 
as the means ± SDs. Scale bar: 100 μm (× 10). P < 0.05, P < 0.001 as 
determined by Student’s t test
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[28, 29]. In this investigation, CAN dramatically stimu-
lated AMPK activity (Fig. 2a and e), which was consist-
ent with previous research [30]. Located downstream 
of AMPK, ULK1 is a crucial autophagy pathway pro-
tein [11]. The activation of the ULK1 complex initiates 
autophagy, which in turn activates a class III PI3K com-
plex composed of the core components Beclin-1, VPS34/
PIK3C3, and additional recruited variable components, 
with various class III PI3K complexes performing differ-
ent functions. Then the Atg5-Atg12 complex, which is 
coupled to Atg16, promotes autophagosomal membrane 
expansion [31].In this study, CAN significantly pro-
moted the expression of phosphorylated ULK1 and Bec-
lin1 (Fig. 2a, b, and f). Furthermore, we used the AMPK 
inhibitor FTY720 and found that the effects of CAN were 
attenuated (Fig. 2h–o). These results demonstrated that 
CAN may enhance autophagy by activating and upregu-
lating the AMPK/ULK1/Beclin1 axis.

Autophagy has been known to improve macrophage lipid 
transport [13, 14]. In this experiment, CAN was observed 

to increase the efflux of LDs from macrophages, and an 
autophagy inhibitor was able to attenuate this effect, indi-
cating that CAN increases lipid efflux by enhancing mac-
rophage autophagy (Fig. 3). It may explain, at least in part, 
why SGLT2 improves cardiovascular disease outcomes, 
including hospitalization for heart failure, death, and CVD, 
compared to other hypoglycemic medications.

Plaque instability is essential for cardiovascular events 
caused by atherosclerosis. According to our observations, 
CAN could improve the stability of atherosclerotic plaque. 
CAN increased the stability of atherosclerotic plaques, 
which is consistent with previous studies [32]. Several 
recent studies have revealed that SGLT2 inhibitors lower 
the volume of atherosclerotic plaques in mice and influence 
the composition of macrophages, collagen fibers, lipids, and 
smooth muscle cells [25, 33–36]. Interestingly, our study 
observed that increased CAN decreased macrophage infil-
tration in plaques (Fig. 4F and J). Reduced macrophages 
improved plaque stability [37]. In addition, we observed that 
CAN decreased LDs content in plaques, increased smooth 

Fig. 5   CAN enhanced macrophage autophagy in ApoE − / − mice ath-
erosclerotic plaques. a–c Representative western blots and relative 
quantitative analysis of LC3II and P62 in three groups. The experi-
ment was repeated three times independently. d, e Representative IF 
staining images and quantitative analysis of LC3 and CD68 immuno-

fluorescence co-localization in three groups (n = 6/group). Scale bar: 
200 μm. f, g Representative TEC images and quantitative analysis of 
autophagosomes in macrophages of plaques (n = 4/group). Scale bar: 
5 μm. Data were expressed as the mean ± SDs. P < 0.05, P < 0.01 vs 
control as determined by Student’s t test
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muscle cell numbers, and collagen production (Fig. 4F, J, I, 
and H), all of which could increase plaque stability.

Our study is limited in the following ways: to start, 
autophagy’s role differs depending on the stage of atheroscle-
rosis formation. The animals used in this study were treated 
for 21 weeks, and we should have used longer durations to 
better understand CAN’s role in plaque autophagy. Second, in 
addition to macrophages, plaques contain smooth muscle cells 
and endothelial cells, and the control of autophagy by CAN in 
these two types of cells requires urgent investigation in order to 
fully assess CAN’s regulatory effect on autophagy in plaques. 
Finally, we neglected to explore whether the effects of CAN 
on macrophages are modulated by hyperglycemia or insulin 
resistance, and we will explore this aspect in future studies. 
Besides, there are also some other drawbacks in this study: we 
used the THP-1 cell line for the pathway study, when in fact it 
would be better to isolate monocytes from human blood and 
induce their differentiation into macrophages with macrophage 
colony-stimulating factor (M-CSF). We did not knock down 
SGLT2 in in vitro experiments, which is the upstream regula-
tor of the AMPK/ULK1/Beclin1 signaling pathway via CAN.

Conclusion

In the current study, it was revealed that CAN prevented 
the advancement of atherosclerotic plaques by activating 
macrophage autophagy and regulating macrophage lipid 
metabolism during the autophagosome formation phase 
via the AMPK/mTOR/Beclin1 axis. These findings expand 
our knowledge of how SGLT2 inhibitors function to pre-
vent the progression of AS and introduce novel therapeutic 
approaches for the treatment of atherosclerotic diseases.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12265-​023-​10390-w.
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