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Abstract—— Viral myocarditis (VMC), which is most prevalently caused by Coxsackievirus
B3 (CVB3) infection, is a serious clinical condition characterized by cardiac inflammation.
Dapagliflozin, a kind of sodium glucose co-transporters 2(SGLT-2) inhibitor, exhibited
protective effects on plenty of inflammatory diseases, while its effect on viral myocarditis
has not been studied. Recently, we found the protective effect of dapaglifiozin on VMC.
After CVB3 infection, dapaglifiozin and STATTIC (a kind of stat3 inhibitor) were given
to Balb/c male mice for 8 days, and then the severity of myocarditis was assessed. Our
results indicated that dapagliflozin significantly alleviated the severity of viral myocar-
ditis, elevated the survival rate, and ameliorated cardiac function. Besides, dapagliflozin
can decrease the level of pro-inflammatory cytokines including IL-1f, IL-6, and TNF-a.
Furthermore, dapagliflozin can inhibit macrophages differentiate to classically activated
macrophages (M1) in cardiac tissue and activate the Stat3 signal pathway which is reported
to promote polarization of the alternatively activated macrophage (M2). And STATTIC can
reverse these changes caused by dapagliflozin. In conclusion, we found that dapagliflozin
treatment increased anti-inflammatory macrophage polarization and reduced cardiac injury
following VMC via activating Stat3 signal pathway.
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INTRODUCTION

Myocarditis can be caused by a variety of patho-
gens including virus, bacteria, fungi, Chlamydia, rick-
ettsia, protozoa, and toxins. Viral myocarditis (VMC) is
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2]. The pathogenesis of VMC induced by CVB3 includes
direct viral injury and indirect injury caused by immune
response. After CVB3 infection, numerous of inflamma-
tory factors are produced such as IFN-y, IL-1f, and TNF-
o, which will lead to the migration and infiltration of mac-
rophages, and eventually lead to autoimmune injury [3, 4].

There is a remarkable gender difference in the type of
cardiac macrophages in VMC. The macrophages infiltrated in
the heart of female mice are mainly M2-type, which secretes
anti-inflammatory factors such as IL-10. While in male mice
are mainly M1-type, which secretes pro-inflammatory fac-
tors such as IL-6, IL-12, and chemokine MCP-1 [5, 6]. Thus,
inhibiting macrophage polarizing to M1-type or promoting
macrophage polarizing to M2-type can alleviate the myocar-
dial inflammation in male mice [7, 8].

Dapagliflozin, a kind of sodium glucose co-transporters
2 (SGLT-2) inhibitor, targets renal glucose reabsorption.
Recently, several clinical trials showed the cardiovascular
protective effects of SGLT-2 inhibitors [9]. Both DAPA-HF
and EMPEROR-Reduced trials showed that in patients with
heart failure, SGLT2 inhibitor reduced the combined risk
of cardiovascular death or hospitalization for heart failure
[10, 11], and consistent with the above clinical trials, sev-
eral studies indicated that the benefits of SGLT-2 inhibi-
tors depending on its anti-inflammatory effects [12—14].
SGLT-2 inhibitors can reduce inflammatory markers such
as interleukin-6 (IL-6), monocyte chemoattractant protein-1
(MCP-1), and tumor necrosis factor (TNF-a), thereby alle-
viating arteriosclerosis in diabetes animal models [15].
Terami et al. treated diabetic mice with dapagliflozin and
found that macrophage infiltration in the treatment group
and the expressions of inflammatory genes such as MCP-1
and transforming growth factor-§ (TGF-p) all decreased
[16]. Weiling Leng et al. found that dapagliflozin has a
therapeutic effect on diabetic atherosclerosis, which may
depend on macrophages [17].

The transcription factor signal transducer and acti-
vator of transcription 3 (STAT3) is recognized to have
protective effects in the heart [18]. There is growing
evidence indicating that STAT3 signaling pathway can
regulate the phenotype of macrophages, which STAT3 is
a key factor in the polarization of M2 [5, 19]. Coinciden-
tally, Tsung-Ming Lee et al. reported that dapagliflozin
induced M2 polarization through a RONS-dependent
STAT3-mediated pathway in the infarcted rat heart [20].
Furthermore, cardiac-specific STAT3 knockout mice
showed a long-term decline in cardiac function after
virus infection, which is associated with myocardial
fibrosis [21].

These suggested that dapaglifiozin plays an impor-
tant role in inflammatory disease. However, the role of
dapagliflozin in CVB3 induced viral myocarditis has not
been reported. In view of this, we would like to explore
the role of dapagliflozin in VMC induced by CVB3 and
the specific molecular biological mechanism.

METHODS

Animals and Virus

Six-week-old male BALB/c mice were purchased
from Vital River Laboratory Animal Technology (Beijing,
China). All animals were fed in the Experimental Ani-
mal Center of Shandong Provincial Hospital (Shandong,
People’s Republic of China). All animal experiments and
procedures were approved by the Ethics Committee of
Shandong Provincial Hospital, and the experiments were
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals, 8th edition, published by the
National Institutes of Health (NIH Publication No. 85-23,
revised 1996) [22]. The CVB3 (Nancy strain) was pre-
pared by passage through HeLa cell cultures. Virus titers
were determined through a 50% tissue culture infectious
dose (TCID50) assay of HeLa cells and calculated by the
Reed—Muench method [23].

Experiment (In vivo)

Forty-eight male mice (18-20 g, 6 weeks old) were
randomly assigned into 4 groups with 12 mice per group:
Control, Dapa (dapagliflozin, a specific SGLT?2 inhibi-
tor, Bristol-Myers Squibb), CVB3, and the combination
of CVB3 + Dapa. Mice were injected with 100 ul of
phosphate-buffered saline (PBS) containing 10°> TCID50
of CVB3 intraperitoneally at day O to establish a VMC
model as previously described in the literature, while con-
trol mice were injected with 100 pl of PBS. Dapagliflozin
(0.1 mg/kg per day) dissolved in 60% propylene glycol or
control agent (60% propylene glycol) was given daily by
gavage from day 1. To further investigate whether dapa-
gliflozin alleviates myocarditis by increasing stat3 phos-
phorylation, 36 male mice (18-20 g, 6 weeks old) were
injected 10* TCID50 of CVB3 intraperitoneally at day 0
to establish a VMC model, and then randomized to either
CVB3, CVB3 + Dapa, or CVB3 + Dapa + STATTIC.
STATTIC (MedChemExpress,10 mg/kg) was given every
2 days intraperitoneally according to the instructions from
day 1. At day 8, all the mice underwent echocardiography
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and were then executed, heart tissues and serum were
taken for the next analysis.

Cell Culture and Treatment Protocol

The Raw264.7 macrophage cell line was cultured
in RPMI-1640 (Life Technologies, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS) (Life
Technologies). 1 x 10° cells/well were seeded in 6-well
plate and incubated in serum free medium overnight
before treatment. To examine the effect of dapagliflozin,
lipopolysaccharides (LPS) (Sigma) were administered to
stimulate M1 macrophage activation, dapagliflozin (10
pM) was given at the same time; after 24 h stimulation,
the macrophages’ phenotype distribution and inflamma-
tory factors were observed.

Mouse Cardiac Echocardiography

Mouse cardiac echocardiography was operated in
accordance with the manufacturers’ instructions. Mice
were anesthetized by 2% isoflurane (supplied by Shan-
dong Provincial Hospital). Then, the cardiac function
parameters such as left ventricular internal dimensions in
systole (LVID-s) and diastole (LVID-d), left ventricular
fractional shortening (LVFS), and left ventricular ejec-
tion fraction (LVEF) were measured. The experiment was
conducted in a double-blind fashion.

Serological Index Measurement

Serum cardiac troponin I (cTNI) activities were
tested by Shandong Provincial Hospital. The levels of
serum IL-1p, IL-6, and TNF-a were determined by
ELISA (eBioscience) following the manufacturer’s
instructions. All samples were measured in triplicate.

Histopathological Analysis

Heart samples were fixed in 10% buffered formalin
solution and then embedded in paraffin. The samples were
sectioned (5 pm thick) and then stained with hematoxy-
lin and eosin (Servicebio, Wuhan,China) according to the
manufacturing instructions, and the degree of inflammation
was determined under 200 X magnification light micros-
copy. Myocardial histopathologic findings were quantified
and scored for severity as follows: 0 = no inflammation,
1 = one to five distinct mononuclear inflammatory foci
with 5% involvement or less of the cross-sectional area,
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2 = more than five distinct mononuclear inflammatory
foci or over 5% but not exceeding 20% involvement of
the cross-sectional area, 3 = diffuse mononuclear inflam-
mation involving over 20% of the area without necrosis,
and 4 = diffuse inflammation with necrosis. The analysis
was performed in a double-blinded manner by a trained
pathologist. Besides, myocardial fibrosis was determined
by Masson staining (Servicebio, Wuhan,China) according
to the manufacturing instructions. Myocardial cells were
stained red and collagenous fibers were stained blue. Col-
lagen area fraction (collagen area/field area X 100%) was
calculated by the Image-Pro Plus analysis system.

Immunofluorescence

Heart samples were fixed in 10% buffered formalin
solution and then embedded in paraffin. The samples were
sectioned (5 pm thick). Incubate sections in 2 changes of
xylene, 15 min each. Dehydrate in 2 changes of pure etha-
nol for 5 min, followed by dehydrating in gradient ethanol
of 85% and 75% ethanol, respectively, 5 min each. Wash
in distilled water. Immerse the slides in EDTA antigen
retrieval buffer (pH 8.0) and maintain at a sub-boiling tem-
perature for 8 min, standing for 8 min and then followed
by another sub-boiling temperature for 7 min. Let air cool.
Wash three times with PBS (pH 7.4) in a Rocker device,
5 min each. Block endogenous peroxidase: wash three
times with PBS (pH 7.4) in a Rocker device, 5 min each
eliminate obvious liquid, mark the objective tissue with
liquid blocker pen. Immerse in 3% H,0, and incubate at
room temperature for 25 min, kept in a dark place. Then,
wash again three times with PBS (pH 7.4) in a Rocker
device, 5 min each. Eliminate obvious liquid, and mark
the objective tissue with liquid blocker pen. Cover objec-
tive tissues with 10% donkey serum at room temperature
for 30 min. Incubate slides with CD68 antibody (diluted
at 1:200; Servicebio) overnight at 4 °C, wash slides three
times with PBS (pH 7.4) in a Rocker device, 5 min each.
Cover objective tissue with Cy3 conjugated Goat Anti-
Rabbit IgG (diluted at 1:200; Servicebio), and incubate
at room temperature for 50 min in dark conditions. Wash
slides three times with PBS (pH 7.4) in a Rocker device, 5
min each. Incubate slides with TSA-FITC solution for 10
min in dark conditions. After that, wash slides three times
with TBST in a Rocker device, 5 min each. Immerse the
slides in EDTA antigen retrieval buffer (pH 8.0) and main-
tain at a sub-boiling temperature for 8 min, standing for 8
min and then followed by another sub-boiling temperature
for 7 min, to remove the antibodies combined with tissue.
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Incubate slides with CD163 antibody (diluted at 1:1000;
Servicebio) overnight at 4 °C, placed in a wet box contain-
ing a little water. Wash slides three times with PBS (pH
7.4) in a Rocker device, 5 min each. Then throw away the
liquid slightly. Cover objective tissue with Cy3 conjugated
Goat Anti-Rabbit IgG (diluted at 1:200; Servicebio), incu-
bate at room temperature for 50 min in dark conditions.
Eliminate obvious liquid, incubate slides with spontaneous
fluorescence quenching reagent for 5 min, then wash slides
under flowing water for 10 min. Incubate with DAPI solu-
tion at room temperature for 10 min, kept in a dark place.
Wash three times with PBS (pH 7.4) in a Rocker device, 5
min each. Throw away liquid slightly, then coverslip with
anti-fade mounting medium. Microscopy detection and
collect images by Fluorescent Microscopy. DAPI glows
blue by UV excitation wavelength 330-380 nm and emis-
sion wavelength 420 nm; FITC glows green by excita-
tion wavelength 465—-495 nm and emission wavelength
515-555 nm; CY3 glows red by excitation wavelength
510-560 nm and emission wavelength 590 nm.

Quantitative Real-Time PCR

Total RNA samples of myocardial infiltrating mac-
rophages and cultured RAW264.7 were extracted with TRI-
zol reagent (Takara, China) in accordance with the manu-
facturer’s instruction. First-strand complementary DNA
was synthesized using 1 pg of total RNA in a 20-uL reac-
tion buffer containing MMLV-RT and oligo (dT) primers
(Takara, China). The mixture was incubated at 42 °C for 60
min, 70 °C for 15 min, and then cooled to 4 °C. To detect
the expression of genes (TNF-a, iNOS, CD206, Arginase-1
and Stat3), cDNA was amplified with specific real-time PCR
primers by using SYBR green real-time PCR kits (Takara,
China). The following mRNA primer sequences were used:

Gene  Forward primer Reverse primer

TNF-a 5-TGTGCTCAGAGCTTT 5-CTTGATGGTGGTGCA
CAACAA-3' TGAGA-3'

IL-1p  5-GCAACTGTTCCT 5-ATCTTTTGGGGTCCG
GAACT-3' TCAACT-3'

iNOS  5-CGAAACGCTTCACTT 5-TGAGCCTATATGCTG
CCAA-3' TGGCT-3'

CD206 5-ACGAGCAGGTGCAGT 5-ACATCCCATAAGCCA
TTACA-3’ CCTGC-3'

Stat3  5'-ACGAAAGTCAGGTTG 5-GCTGCCGTTGTTAGA
CTGCT-3' CTCCT-3'

B-actin 5“TGTTACCAACTGGGA  5-CTGGGTCATCTTTTC

CGACA-3'

ACGGT-3'
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Fig. 1 Dapagliflozin treatment ameliorates myocarditis. Viral myo-»
carditis model was created in BALB/C mice as described in Methods.
Monitor the a body weight change and b survival rate of mice from
day O to day 8. Survival proportions at day 8 were 100% for the con-
trol group and Dapa group. ¢ Hematoxylin—eosin staining to observe
the inflammatory response to myocarditis. Red-stained area shows
myocardial tissue, blue staining shows inflammatory cell infiltration
(magnification: X 200, scale bar: 100 pm). d The severity of myocar-
ditis was scored using a standard 0—4 grading scale. e Masson staining
to observe the inflammatory response to myocarditis. Myocardial cells
were stained red and collagenous fibers were stained blue (magnifi-
cation: X 200, scale bar: 100 um). f Collagen area fraction (collagen
area/field area X 100%) was calculated by the Image-Pro Plus analysis
system. g Serum myocardial injury markers cardiac troponin I (CTnI)
were measured by ELISA. h, i, j Serum inflammation markers IL-1p,
IL-6, and TNF-o were measured by ELISA. Data are shown as mean
+ SD. (control, normal mice; Dapa, normal mice treated with dapagli-
flozin; CVB3, CVB3-infected mice treated with 60% propylene glycol;
CVB3 + Dapa, CVB3-infected mice treated with dapagliflozin. *P <
0.05, **P < 0.01, #*P < 0.001, ****P < 0.0001).

The quantified data were analyzed using the 2744t

method [24].

Western Blot Analysis

Fresh myocardial tissue was lysed by RIPA lysis
buffer (Nanjing, China) and proteins were extracted. Pro-
teins were separated by SDS-PAGE and transferred to
PVDF membranes. The membrane was closed with 5%
bovine serum albumin and then incubated with the appro-
priate primary antibody overnight at 4 °C, followed by
washing with TBS-Tween and incubation with the appro-
priate secondary antibody at room temperature for 1 h.
Spots were detected using an ECL system (Amersham,
UK) and optical density was measured using ImageJ
software. The following antibodies were used: iNOS
(Cell Signaling Technology, 13120S), CD206 (Abcam,
ab125028), (Abcam, ab28946), IL-6 (Cell Signaling
Technology, 12912S), Stat3 (Cell Signaling Technol-
ogy, 9139S), Phospho-Stat3 (Cell Signaling Technol-
ogy, 9145S), GAPDH polyclonal antibody (Proteintech,
No.10494-1-AP).

Statistical Analysis

The survival rate was analyzed using the log-rank
test. Comparisons between two groups were performed
with an unpaired #-test. For comparisons of four or three
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groups, one-way ANOVA analysis was used, followed by
post-test using Tukey multiple comparison test. Correla-
tions were determined by Pearson’s correlation coefficients.
All statistical analyses were performed using the commer-
cially available software SPSS version 20.0, GraphPad
Prism version 7. The data are presented as the mean + SD
in the figures, with P < 0.05 considered significant.

RESULTS

Dapagliflozin Reduced Mortality and Alleviated
the Cardiac Lesion of Mice with Viral
myocarditis

As expected, the symptoms of viral myocarditis in
the CVB3 group were evident, including a rough gray
color, reduced activity and diet, and dyspnea at rest. These
signs were improved to varying degrees after dapagliflozin
treatment. We also monitored weight loss, the bodyweight
of the CVB3 group decreased continuously from day 2
post-infection compared to the control group, and dapa-
gliflozin has no effect on this change (Fig. 1a). No mice
died in the control and Dapa groups, whereas 7 mice died
in CVB3 group and 5 mice died in CVB3 + Dapa group.
Dapaglifiozin treatment significantly improved the survival
rate of mice. (Fig. 1b). Taken together, dapagliflozin appli-
cation significantly prevented the progression of CVB3-
induced general presentation and improved survival.

We further assayed the potential of dapagliflo-
zin to inhibit CVB3-mediated cardiac dysfunction by

echocardiography on day 8. As Table 1 depicted, CVB3
infection led to significantly reduced cardiac contractil-
ity and impaired diastolic function, while dapagliflozin
administration could reverse cardiac function decline.
Thus, these data support the notion that dapagliflozin par-
ticipates in CVB3-induced myocardial dysfunction in vivo.

Next, we examined the protective role of dapagliflo-
zin against myocarditis-affected inflammation and cardiac
remodeling in vivo on day 8. As shown in Fig. 1c, virus
myocarditis elicited typical cardiac histopathological
changes in the myocardium. Severe inflammatory lesions
infiltrated by large numbers of inflammatory cells were
observed, while dapagliflozin treatment significantly
reduced the infiltration of inflammatory cells. Further
quantitative evaluation revealed a significant reduction
of mean pathological myocarditis scores in the CVB3 +
Dapa group compared with the CVB3 group during the
acute phase of virus myocarditis (P < 0.001, Fig. 1d).
Consistent with these findings, the serum cTnl activities
were also reduced in the mice treated with dapaglifiozin
(P < 0.001, Fig. 1g). For evaluation of cardiac remod-
eling, heart sections were stained with Masson trichrome
dye to visualize interstitial collagen content. As shown in
Fig. le, CVB3 resulted in a visible fibrosis in interstitial
tissue of myocardium in the CVB3 group. Quantification
of fibrosis (Fig. 1f) also showed a statistical increase in
collagen deposition of virus mice. Contrary to this, in
dapagliflozin treatment mice, the collagen area fraction
was significantly lower than that in the CVB3 group (P
< 0.001, Fig. le, f). Taken together, our data indicate

Table 1 Dapagliflozin Alleviates CVB3 Infection Induced Reduced Cardiac Contractility and Impaired Diastolic Function

Control Dapa CVB3 CVB3 +
Dapa
LVID-d(Mm) 2.66 + 0.25 2.65 + 0.31 3.88 + 0.217 3.36 + 0.20"*
LVID-s(Mm) 1.91 + 0.37 1.90 + 0.21 2.80 + 0.15™ 2.49 + 0.06"#*
LVEF (%) 74.17 + 6.26 74.88 + 5.53 39.76 + 6.57""" 58.79 + 6.08"
LVFS (%) 43.98 + 2.85 44.82 + 3.54 24.27 + 1.677" 35.93 + 1.87*##

Data are expressed as mean + SD

CVB3 coxsackievirus B3, Dapa dapagliflozin, LVID-d and LVID-s left ventricular diastolic and systolic internal diameters, LVEF left ventricular
ejection fraction, LVFS left ventricular short-axis shortening rate, Control normal mice, Dapa normal mice treated with dapagliflozin, CVB3 CVB3-
infected mice treated with 60% propylene glycol, CVB3 + Dapa CVB3-infected mice treated with dapagliflozin

*CVB3 group versus the control group, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < (0.0001
#CVB3 + Dapa group versus the CVB3 group, #P < 0.05; ##P < 0.01; ###P < 0.001; ###P < 0.0001
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Fig. 2 Dapagliflozin decreased the percentage of M1 and increased the percentage of M2 in myocardium at day8 after CVB3 infection. a Immunofluorescent
double staining of myocardial tissue with antibodies to CD68 and CD163. Red indicates CD68 (one marker for M1), green CD163 (one marker for M2), and
blue DAPI-stained cellular nuclei. b, ¢ Quantitative reverse transcription polymerase chain reaction (QRT-PCR) was used to detect iNOS and CD206 mRNA
levels. Data were expressed as mean + SD (control, normal mice; Dapa, normal mice treated with dapagliflozin; CVB3, CVB3-infected mice treated with 60%
propylene glycol; CVB3 + Dapa, CVB3-infected mice treated with dapagliflozin. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001).
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that dapagliflozin protected mice against the pathological
changes of viral myocarditis.

Dapagliflozin Decreased the Percentage
of M1 and Increased the Percentage of M2
in Myocardium at Day 8 After CVB3 Infection

The phenotype of macrophages is directly regulated
by the composition of the microenvironment, including
cytokine profiles. We therefore examined the levels of
inflammatory or anti-inflammatory cytokines in each
group. Plasma samples were collected at day 8 and ana-
lyzed by ELISA. The levels of IL-1p, IL-6, and TNF-
a, cytokines related to macrophage, were higher in the
virus group than in the control group, but were lower in
dapagliflozin-treated mice (Fig. 1h, i, j). To identify the
subtype of infiltrated macrophages in myocardium, the
marker for M1 (CD68+) and M2 (CD163+) was exam-
ined. Immunofluorescence showed that there were a large
number of CD68 + macrophages infiltrated in the CVB3
groups, and CD163 + macrophages were more frequent
in the CVB3 + Dapa group (Fig. 2a). Besides, the mRNA
expression of iNOS (a marker of M1 macrophages) were
significantly upregulated in the myocardial tissue of mice
in the CVB3 group compared with the control group
(Fig. 2b), which was significantly downregulated in the
dapagliflozin-treated group compared with the CVB3
group (Fig. 2b). In addition, we found that the mRNA
expression of CD206 (a marker of M2 macrophages) was
significantly decreased in VMC mice, and dapagliflozin
treatment alleviated this change (Fig. 2¢). Besides, the
level of iNOS and IL-6 were significantly upregulated in
the myocardial tissue of mice in the CVB3 group com-
pared with the control group, while it was significantly
downregulated in the CVB3 + Dapa group compared
with the CVB3 group (Fig. 4c, d). These results suggest
that dapagliflozin decreased the percentages of M1 and
increased the percentages of M2 in VMC mice.

Dapagliflozin Alleviates Myocarditis Through
Activating Stat3 Signal Pathway

Previous studies have demonstrated that Stat3 is
important in regulating the phenotype of macrophages,
here we investigate the effect of dapagliflozin on Stat3
in VMC. We found that pstat3/stat3 was significantly
upregulated in the myocardial tissue of mice in the
CVB3 group compared with the control group, and it

Fig. 3 STATTIC eliminates the therapeutic effect of dapagliflozin in»
VMC. a Body weight change and b survival rate of mice from day
0 to day 8. ¢ Hematoxylin—eosin staining to observe the inflamma-
tory response to myocarditis. Red-stained area shows myocardial tis-
sue, blue staining shows inflammatory cell infiltration (magnification:
X 200, scale bar: 100 um). d The severity of myocarditis was scored
using standard 0—4 grading scale. e Masson staining to observe the
inflammatory response to myocarditis. Myocardial cells were stained
red and collagenous fibers were stained blue (magnification: X 200,
scale bar: 100 um). f Collagen area fraction (collagen area/field area X
100%) was calculated by the Image-Pro Plus analysis system. g Serum
myocardial injury markers cardiac troponin I (CTnl) were meas-
ured by ELISA. h, i, j Serum inflammation markers IL-1f, IL-6, and
TNF-a were measured by ELISA. k Immunofluorescent double stain-
ing of myocardial tissue with antibodies to CD68 and CD163. Red
indicates CD68 (one marker for M1), green CD163 (one marker for
M2), and blue DAPI-stained cellular nuclei. Data were shown as mean
+ SD (CVB3, CVB3-infected mice treated with 60% propylene gly-
col; CVB3 + Dapa, CVB3-infected mice treated with dapagliflozin;
CVB3 + Dapa + STATTIC, CVB3-infected mice treated with dapa-
gliflozin and STATTIC, *P < 0.05, **P < 0.01, ***P < 0.001, *#**p
< 0.0001).

was significantly upregulated in the CVB3 + Dapa-
group compared with the CVB3 group (Fig. 4b).

To further investigate whether dapagliflozin alle-
viates myocarditis by increasing stat3 phosphorylation,
we injected STATTIC into the abdominal cavity of
mice with viral myocarditis. Compared with the CVB3
+ Dapa group, the body weight and survival rate of
the CVB3 + Dapa + STATTIC group were a little bit
decreased though without significance (Fig. 3a, b).
What’s more, the LVFES and LVEF of STATTIC-treated
myocarditis mice were significantly reduced, indicating
that ventricular function worsened after STATTIC treat-
ment (Table 2). Besides, HE and Masson stain showed
more severe inflammation and fibrosis after STATTIC-
treated (Fig. 3c, d, e, f,). Consistent with this, the serum
cTnl activities and IL-1p were also increased in the
mice treated with STATTIC (Fig. 3g, i). However, the
level of IL-6 and TNF-a did not show a similar change
(Fig. 3h, j). In addition, STATTIC increased the num-
ber of CD68 + macrophages and reduced CD163 +
macrophages in myocardium (3 k). Furthermore, we
found that STATTIC can eliminate the upregulation of
p-STAT3 induced by dapagliflozin (Fig. 4e, f), while
it can also eliminate the downregulation of iNOS and
IL-6 induced by dapagliflozin (Fig. 4e, g, h). These data
illustrated that downregulation of activated STAT3 can
significantly aggravate the severity of CVB3-induced
myocarditis, eliminating the therapeutic effect of dapa-
gliflozin, which indicates that dapaglifiozin alleviate
myocarditis through activating stat3 signal pathway.
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Table 2 Stat3 is involved in Dapagliflozin allviated Reduced Cardiac
Contractility and Impaired Diastolic Function Caused by CVB3 Infec-
tion

CVB3 CVB3 + Dapa CVB3 +
Dapa +
STATTIC
LVID-dMm)  4.16 + 0.32  3.51 + 0.25™ 3.87 + 0.13*
LVID-s(Mm)  3.28 + 0.27  2.51 + 0.04™"  2.87 + 0.15"*
LVEFR(%) 3291 + 3.75 51.59 + 3.64™"  38.16 + 4.27"
LVFS(%) 2245+ 1.32  33.96 + 225" 2520 + 1.8

Data are expressed as mean + SD

CVB3 coxsackievirus B3, Dapa dapagliflozin, LVID-d and LVID-s left
ventricular diastolic and systolic internal diameters, LVEF left ven-
tricular ejection fraction, LVFS left ventricular short-axis shortening
rate, CVB3 CVB3-infected mice treated with 60% propylene glycol,
CVB3 + Dapa CVB3-infected mice treated with dapaglifiozin, CVB3
+ Dapa + STATTIC CVB3-infected mice treated with dapaglifiozin
and STATTIC

“CVB3 + Dapa group versus the CVB3 group, *P < 0.03, **P < 0.01,
kP < 0.001, ####P < 0.0001

#CVB3 + Dapa + STATTIC group versus the CVB3 + Dapa group,
#P < 0.05, ##P < 0.01, #HP < 0.001, ####P < 0.0001

DISCUSSION

Viral myocarditis is considered as an inflamma-
tory disease and immunomodulatory therapy has drawn
intensive attention. The existing literature suggests that
macrophages play a crucial role in CVB3-induced myo-
carditis [25]. In this study, we focused on the therapeutic
potential of dapagliflozin for VMC. Results showed that
dapagliflozin treatment inhibited macrophage polarizing
to M1 type, thereby alleviating the severity of VMC.
In addition, dapagliflozin inhibited inflammatory cell
infiltration and pro-inflammatory cytokine production
in VMC mice infected with CVB3. And STATTIC can
eliminate the therapeutic effect of dapagliflozin. These
results indicate that dapagliflozin has the potential to be
an effective drug for the treatment of VMC, which was
depending on the activation of stat3 signal pathway.

The pathogenic mechanism of the VMC includes two
sequential processes. In the early stage, the virus enters
the cardiac muscle cells by receptor-mediated endocyto-
sis. During late-stage infection, large numbers of immune
cells accumulate in the infected heart tissue and strongly
augment the expression of pro-inflammatory cytokines,
resulting in massive inflammation and aggravated heart
injury [26]. Therefore, immunosuppression is the focus of
treatment research at present and many drugs have been

Fig. 4 Dapagliflozin alleviates myocarditis through activating stat3»
signal pathway. a Western blot detection of iNOS, IL-6, pstat3, stat3,
and GAPDH expression. Statistics of b pstat3/stat3, ¢ iNOS, d IL-6.
e Western blot detection of iNOS, IL-6, pstat3, stat3, and GAPDH
expression. Statistics of f pstat3/stat3, g iNOS, h IL-6. Data were
expressed as mean + SD. All the experiments were repeated at least
three times (control, normal mice; Dapa, normal mice treated with
dapaglifiozin; CVB3, CVB3-infected mice treated with 60% propylene
glycol; CVB3 + Dapa, CVB3-infected mice treated with dapagliflozin.
CVB3 + Dapa + STATTIC, CVB3-infected mice treated with dapagli-
flozin and STATTIC. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001).

reported have a protective effect on VMC through anti-
inflammatory effects [27]. The existing literature indicates
that macrophages play a crucial role in CVB3-induced
myocarditis, in particular, differential-phenotype mac-
rophages may generate an opposite inflammatory response.
Consistent with this, some drugs work by promoting the
polarization of macrophages towards M2 [28].

Dapagliflozin have been reported to have an anti-
inflammatory function and can influence the phenotype
of macrophage [17]. It has been reported that SGLT2
inhibition attenuates inflammation, including levels of
CRP, IL-6, and TNF-a, and the progression of diabetic
nephropathy [29-31]. A recent study suggested that
empagliflozin attenuates Nlrp3 inflammasome activa-
tion in the kidney and liver of male C57BL/6 mice fed
high-fat-high-sugar diet [32]. In this study, dapagliflozin
treatment improved the survival rate and left ventricular
function, as well as decreased the level of serum c¢Tnl
and myocardial inflammation in VMC. We observed
reduced expression of iNOS (one marker of M1), as well
as elevated expression of CD206 (one marker of M2),
suggesting that dapaglifiozin may protect VMC by inhib-
iting macrophage polarizing to M1.

The transcription factor signal transducer and acti-
vator of transcription 3 is an important mediator of the
inflammatory process, known as a transcription activa-
tor of IL-6. Diana Lindner et al. found that the cardiac
function in STAT3-KO mice was significantly decreased
in contrast to the infected WT mice, revealing a protec-
tive function of STAT3 expressed in cardiomyocytes after
CVB3-induced myocarditis. Besides, in other cardiac
damages such as myocardial infarction or doxorubicin-
induced cardiomyopathy, STAT3 in cardiomyocytes pre-
vents uncontrolled fibrosis and clinical progression to
DCM. Therefore, STAT3 seems to be a crucial factor for
the resolution of viral myocarditis. We found that dapagli-
flozin treatment increased anti-inflammatory macrophage
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polarization and reduced cardiac injury following VMC
via activating Stat3 signal pathway. However, this finding
still requires further exploration due to the incompletely
validated correlation between dapagliflozin and M1/M2
phenotypes seen in the current study.

Nevertheless, we still could not exclude the func-
tion of other type cells which may be involved in the
viral myocarditis. RT-PCR confirmed that SGLT2 and
SGLT1 are not expressed in RAW?264.7 and the hearts
of the Balb/c mice (data not shown), which means the
anti-inflammatory, anti-fibrosis effects are likely SGLT2-
independent. And this dose of dapaglifiozin has been
shown that blood glucose levels would not be different
from those in the control group, thus enabling us to assess
direct drug effects independently from blood glucose con-
trol. Although some experts tried to link the favorable
effects on clinical outcomes solely to the diuretic effects
of the drugs, others expressed doubts and suggested that
other mechanisms may exist.

In summary, we showed for the first time that dapa-
gliflozin can alleviate CVB3-induced myocardial inflam-
mation, and this therapeutic effect was depended on the
activation of stat3 signal pathway. Therefore, our find-
ings suggest a therapeutic potential of dapagliflozin in
the treatment of viral myocarditis.

CONCLUSION

In the mouse model of CVB3-induced viral myocar-
ditis, dapagliflozin inhibits the production and release of
inflammatory cytokines IL-1p, IL-6, and TNF-a, inhibit-
ing macrophage polarization toward M1-type, reducing
inflammatory infiltration, and significantly improving the
survival rate of mice, these effects were depended on the
activation of Stat3 signal pathway.

AUTHOR CONTRIBUTIONS

All authors contributed to the study conception and design.
Material preparation, data collection, and analysis were performed
by Runfa Zhou, Xiaoning Song, and Joanne Tran. The first draft
of the manuscript was written by Pengcheng Yan and all authors
commented on previous versions of the manuscript. All authors read
and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science Foun-
dation of China (No.81770382); Natural Science Foundation of

Shandong Province (No. ZR2020MHO031); Shandong Provincial
Key R&D Program (NO. 2018GSF118109); Shandong Province
Medicine and Health Science Technology Development Project
(NO. 2018WS272); Shandong Province Postdoctoral Innovation
Fund (NO. 201903087); Jinan Clinical Medicine Science and Tech-
nology Innovation Plan (NO. 201907033).

DECLARATIONS

Ethics Approval This study was performed in line with
the principles of the Declaration of Helsinki. Approval
was granted by the Ethics Committee of Shandong Pro-
vincial hospital (Date2020/SDU.SPHEARC-A099).

Competing Interests The authors declare no competing
interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Fung, G., H. Luo, Y. Qiu, D. Yang, and B. McManus. 2016. Myo-
carditis. Circulation Research 118 (3): 496-514.

2. Kindermann, I., C. Barth, F. Mahfoud, C. Ukena, M. Lenski, A.
Yilmaz, K. Klingel, R. Kandolf, U. Sechtem, L.T. Cooper, et al.
2012. Update on myocarditis. Journal of the American College of
Cardiology 59 (9): 779-792.

3. Corsten, M.F., B. Schroen, and S. Heymans. 2012. Inflammation
in viral myocarditis: Friend or foe? Trends in molecular medicine
18 (7): 426-437.

4. Mantovani, A., A. Sica, S. Sozzani, P. Allavena, A. Vecchi, and
M. Locati. 2004. The chemokine system in diverse forms of mac-
rophage activation and polarization. Trends in Immunology 25
(12): 677-686.

5. Gordon, S., and F.O. Martinez. 2010. Alternative activation
of macrophages: Mechanism and functions. Immunity 32 (5):
593-604.

6. Li, K., W. Xu, Q. Guo, Z. Jiang, P. Wang, Y. Yue, and S. Xiong.
2009. Differential macrophage polarization in male and female
BALB/c mice infected with coxsackievirus B3 defines susceptibil-
ity to viral myocarditis. Circulation Research 105 (4): 353-364.

7. Zhang, Y., S. Cai, X. Ding, C. Lu, R. Wu, H. Wu, Y. Shang, and
M. Pang. 2021. microRNA-30a-5p silencing polarizes macrophages
towards M2 2 phenotype to alleviate cardiac injury following viral



2090

10.

11.

12.

15.

17.

19.

20.

myocarditis by 3 targeting SOCS1. American Journal of Physiology-
Heart and Circulatory Physiology 320 (4): H1348-H1360.

Wang, C., C. Dong, and S. Xiong. 2017. IL-33 enhances mac-
rophage M2 polarization and protects mice from CVB3-induced
viral myocarditis. Journal of Molecular and Cellular Cardiology
103: 22-30.

Zannad, F., J.P. Ferreira, S.J. Pocock, S.D. Anker, J. Butler, G.
Filippatos, M. Brueckmann, A.P. Ofstad, E. Pfarr, W. Jamal,
et al. 2020. SGLT?2 inhibitors in patients with heart failure with
reduced ejection fraction: A meta-analysis of the EMPEROR-
Reduced and DAPA-HF trials. The Lancet 396 (10254):
819-829.

Verma, S., C.D. Mazer, D. Fitchett, S.E. Inzucchi, E. Pfarr, J.T.
George, and B. Zinman. 2018. Empagliflozin reduces cardio-
vascular events, mortality and renal events in participants with
type 2 diabetes after coronary artery bypass graft surgery: Sub-
analysis of the EMPA-REG OUTCOME(R) randomised trial.
Diabetologia 61 (8): 1712-1723.

McMurray, J.J.V., D.L. DeMets, S.E. Inzucchi, L. Kgber, M.N.
Kosiborod, A.M. Langkilde, F.A. Martinez, O. Bengtsson, P.
Ponikowski, M.S. Sabatine, et al. 2019. A trial to evaluate the
effect of the sodium—glucose co-transporter 2 inhibitor dapagli-
flozin on morbidity and mortality in patients with heart failure
and reduced left ventricular ejection fraction (DAPA-HF). Euro-
pean Journal of Heart Failure 21 (5): 665-675.

Uthman, L., M. Kuschma, G. Romer, M. Boomsma, J. Kessler,
J. Hermanides, M.W. Hollmann, B. Preckel, C.J. Zuurbier, and
N.C. Weber. 2020. Novel Anti-inflammatory effects of canagli-
flozin involving hexokinase II in lipopolysaccharide-stimulated
human coronary artery endothelial cells. Cardiovascular Drugs
and Therapy.

ElMahdy, M.K., M.G. Helal, and T.M. Ebrahim. 2020. Potential
anti-inflammatory effect of dapagliflozin in HCHF diet- induced
fatty liver degeneration through inhibition of TNF-alpha, IL-
1beta, and IL-18 in rat liver. International Immunopharmacol-
ogy 86: 106730.

Li, C.,J. Zhang, M. Xue, X. Li, F. Han, X. Liu, L. Xu, Y. Lu, Y.
Cheng, T. Li, et al. 2019. SGLT?2 inhibition with empagliflozin
attenuates myocardial oxidative stress and fibrosis in diabetic
mice heart. Cardiovascular Diabetology 18 (1): 15.

Tang, L., Y. Wu, M. Tian, C.D. Sjostrom, U. Johansson, X.R.
Peng, D.M. Smith, and Y. Huang. 2017. Dapagliflozin slows the
progression of the renal and liver fibrosis associated with type
2 diabetes. American journal of physiology Endocrinology and
metabolism 313 (5): E5S63-E576.

Yagihashi, S., N. Terami, D. Ogawa, H. Tachibana, T. Hatanaka,
J. Wada, A. Nakatsuka, J. Eguchi, C.S. Horiguchi, N. Nishii, et al.
2014. Long-term treatment with the sodium glucose cotransporter
2 inhibitor, dapagliflozin, ameliorates glucose homeostasis and
diabetic nephropathy in db/db mice. PLoS ONE 9 (6).

Leng, W., X. Ouyang, X. Lei, M. Wu, L. Chen, Q. Wu, W. Deng,
and Z. Liang. 2016. The SGLT-2 inhibitor dapagliflozin has a
therapeutic effect on atherosclerosis in diabetic ApoE(-/-) mice.
Mediators of Inflammation 2016: 6305735.

Kurdi, M., C. Zgheib, and G.W. Booz. 2018. Recent develop-
ments on the crosstalk between STAT3 and inflammation in
heart function and disease. Frontiers in Immunology 9: 3029.
Ma, Y., A.J. Mouton, and M.L. Lindsey. 2018. Cardiac macrophage
biology in the steady-state heart, the aging heart, and following
myocardial infarction. Translational Research 191: 15-28.

Lee, T.M., N.C. Chang, and S.Z. Lin. 2017. Dapagliflozin, a selec-
tive SGLT?2 inhibitor, attenuated cardiac fibrosis by regulating the

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Yan, Song, Tran, Zhou, Cao, Zhao, and Yuan

macrophage polarization via STAT3 signaling in infarcted rat
hearts. Free Radical Biology & Medicine 104: 298-310.
Lindner, D., M. Hilbrandt, K. Marggraf, P.M. Becher, D. Hilfiker-
Kleiner, K. Klingel, M. Pauschinger, H.P. Schultheiss, C. Tschope,
and D. Westermann. 2012. Protective function of STAT3 in CVB3-
induced myocarditis. Cardiology Research and Practice 2012:
437623.

National Research Council (US) Committee for the Update of
the Guide for the Care and Use of Laboratory Animals. Guide
for the Care and Use of Laboratory Animals. 8th ed. Washington
(DC): National Academies Press (US); 2011.

Henke, A., S. Huber, A. Stelzner, and J.L.. Whitton. 1995. The role
of CD8+ T lymphocytes in coxsackievirus B3-induced myocardi-
tis. Journal of virology 69 (11): 6720-6728.

Livak, K.J., and T.D. Schmittgen. 2001. Analysis of relative gene
expression data using real-time quantitative PCR and the 2(-Delta
Delta C(T)) method. Methods 25 (4): 402-408.

Caforio A.L., S. Pankuweit, E. Arbustini, C. Basso, J. Gimeno-
Blanes, S.B. Felix, M. Fu, T. Helio, S. Heymans, R. Jahns, et al.
2013. Current state of knowledge on aetiology, diagnosis, man-
agement, and therapy of myocarditis: a position statement of the
European Society of Cardiology Working Group on Myocar-
dial and Pericardial Diseases. European Heart Journal 34 (33):
2636-2648.

Esfandiarei, M., and B.M. McManus. 2008. Molecular biology and
pathogenesis of viral myocarditis. Annual Review of Pathology:
Mechanisms of Disease 3: 127-155.

Li, L., L. Li, L. Xiao, and J. Shangguan. 2018. Progranulin amelio-
rates coxsackievirus-B3-induced viral myocarditis by downregu-
lating Th1 and Th17 cells. Experimental Cell Research 367 (2):
241-250.

Gao, S.,J. Zhou, N. Liu, L. Wang, Q. Gao, Y. Wu, Q. Zhao, P. Liu,
S. Wang, Y. Liu, et al. 2015. Curcumin induces M2 macrophage
polarization by secretion IL-4 and/or IL-13. Journal of Molecular
and Cellular Cardiology 85: 131-139.

Tahara, A., E. Kurosaki, M. Yokono, D. Yamajuku, R. Kihara,
Y. Hayashizaki, T. Takasu, M. Imamura, Q. Li, H. Tomiyama,
et al. 2013. Effects of SGLT?2 selective inhibitor ipragliflozin on
hyperglycemia, hyperlipidemia, hepatic steatosis, oxidative stress,
inflammation, and obesity in type 2 diabetic mice. European Jour-
nal of Pharmacology 715 (1-3): 246-255.

Tahara, A., E. Kurosaki, M. Yokono, D. Yamajuku, R. Kihara,
Y. Hayashizaki, T. Takasu, M. Imamura, Q. Li, H. Tomiyama,
et al. 2014. Effects of sodium-glucose cotransporter 2 selective
inhibitor ipragliflozin on hyperglycaemia, oxidative stress, inflam-
mation and liver injury in streptozotocin-induced type 1 diabetic
rats. Journal of Pharmacy and Pharmacology 66 (7): 975-987.
De Nicola, L., F.B. Gabbai, M.E. Liberti, A. Sagliocca, G. Conte,
and R. Minutolo. 2014. Sodium/Glucose cotransporter 2 inhibitors
and prevention of diabetic nephropathy: Targeting the renal tubule
in diabetes. American Journal of Kidney Diseases 64 (1): 16-24.
Benetti, E., R. Mastrocola, G. Vitarelli, J.C. Cutrin, D. Nigro, F.
Chiazza, E. Mayoux, M. Collino, and R. Fantozzi. 2016. Empa-
gliflozin protects against diet-induced NLRP-3 inflammasome
activation and lipid accumulation. Journal of Pharmacology and
Experimental Therapeutics 359 (1): 45-53.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.



	Dapagliflozin Alleviates Coxsackievirus B3-induced Acute Viral Myocarditis by Regulating the Macrophage Polarization Through Stat3-related Pathways
	Abstract—— 
	INTRODUCTION
	METHODS
	Animals and Virus
	Experiment (In vivo)
	Cell Culture and Treatment Protocol
	Mouse Cardiac Echocardiography
	Serological Index Measurement
	Histopathological Analysis
	Immunofluorescence
	Quantitative Real-Time PCR
	Western Blot Analysis
	Statistical Analysis

	RESULTS
	Dapagliflozin Reduced Mortality and Alleviated the Cardiac Lesion of Mice with Viral myocarditis
	Dapagliflozin Decreased the Percentage of M1 and Increased the Percentage of M2 in Myocardium at Day 8 After CVB3 Infection
	Dapagliflozin Alleviates Myocarditis Through Activating Stat3 Signal Pathway

	DISCUSSION
	CONCLUSION
	References


