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Sirtuin 3 deficiency exacerbates diabetic cardiomyopathy via
necroptosis enhancement and NLRP3 activation

Shu Song'?, Yue Ding"?, Guo-liang Dai®, Yue Zhang'?, Meng-ting Xu'?, Jie-ru Shen'?, Ting-ting Chen'?, Yun Chen'? and

Guo-liang Meng'?

Sirtuin 3 (SIRT3) is a potential therapeutic target for cardiovascular, metabolic, and other aging-related diseases. In this study, we
investigated the role of SIRT3 in diabetic cardiomyopathy (DCM). Mice were injected with streptozotocin (STZ, 60 mg/kg, ip) to
induce diabetes mellitus. Our proteomics analysis revealed that SIRT3 expression in the myocardium of diabetic mice was lower
than that of control mice, as subsequently confirmed by real-time PCR and Western blotting. To explore the role of SIRT3 in DCM,
SIRT3-knockout mice and 12951/SvimJ wild-type mice were injected with STZ. We found that diabetic mice with SIRT3 deficiency
exhibited aggravated cardiac dysfunction, increased lactate dehydrogenase (LDH) level in the serum, decreased adenosine
triphosphate (ATP) level in the myocardium, exacerbated myocardial injury, and promoted myocardial reactive oxygen species
(ROS) accumulation. Neonatal rat cardiomyocytes were transfected with SIRT3 siRNA, then exposed to high glucose (HG, 25.5 mM).
We found that downregulation of SIRT3 further increased LDH release, decreased ATP level, suppressed the mitochondrial
membrane potential, and elevated oxidative stress in HG-treated cardiomyocytes. SIRT3 deficiency further raised expression of
necroptosis-related proteins including receptor-interacting protein kinase 1 (RIPK1), RIPK3, and cleaved caspase 3, and upregulated
the expression of inflammation-related proteins including NLR family pyrin domain-containing protein 3 (NLRP3), caspase 1 p20,

and interleukin-13 both in vitro and in vivo. Collectively, SIRT3 deficiency aggravated hyperglycemia-induced mitochondrial
damage, increased ROS accumulation, promoted necroptosis, possibly activated the NLRP3 inflammasome, and ultimately
exacerbated DCM in the mice. These results suggest that SIRT3 can be a molecular intervention target for the prevention and

treatment of DCM.
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INTRODUCTION
Diabetic cardiomyopathy (DCM) is characterized by structural
abnormalities and cardiac dysfunction independent of coronary
artery disease, hypertension, or valvular heart disease [1, 2]. The
potential pathogenesis of DCM may be associated with
hyperglycemia, hyperinsulinemia, increases in circulating fatty
acids and triacylglycerols, endothelial dysfunction, microangio-
pathic disorder, autonomic neuropathy, and so on [3]. In
addition, evidence suggests that inflammation and reactive
oxygen species (ROS) overproduction, mitochondrial dysfunc-
tion, long-term autophagy activation, apoptosis, calcium dis-
orders, glycation, and fatty acid metabolism abnormalities may
play key roles in DCM [4-8]. Currently, it is believed that high-
glucose-induced metabolic imbalances, oxidative stress, and
cumulative inflammation are common characteristics of the
initial stage of DCM.

Sirtuin 3 (SIRT3) is a member of the class Ill histone deacetylases
dependent on nicotinamide adenine dinucleotide (NAD™), and
primarily resides in mitochondria [9-11]. Previous studies

confirmed that SIRT3 is involved in cell energy metabolism,
oxidative stress, the electron transport chain, the mitochondrial
membrane potential, and fatty acid oxidation [12, 13]. SIRT3
deletion is likely to induce cardiovascular diseases, liver diseases,
renal diseases, metabolic diseases, tumors, age-related hearing
loss, and neurological diseases [14-18]. These outcomes suggest
that SIRT3 is a potential therapeutic target for cardiovascular,
metabolic and other aging-related diseases. However, the detailed
mechanism of SIRT3 in DCM has not been fully clarified.
Necroptosis, as a programmed cell death pathway, is different
from classical necrosis and apoptosis. Necroptosis typically causes
cell membrane rupture, organelle swelling, and the subsequent
massive release of intracellular contents [19, 20]. Necroptosis is
mainly regulated by receptor-interacting protein kinase 1 (RIPK1)
and RIPK3 [21-23]. Mixed lineage kinase domain-like protein
(MLKL) has been identified as a key downstream enzyme of RIPK3
in the necroptosis pathway. Necroptosis has been reported to
participate in atherosclerosis, myocardial ischemia-reperfusion
injury, myocardial hypertrophy, myocardial infarction, and aortic
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aneurysms [24-26]. However, whether SIRT3 deficiency affects
necroptosis in DCM is unknown.

Necroptosis, considered a cell death mode associated with high
inflammation levels, may activate inflammasomes and promote
inflammatory cell recruitment [27, 28]. As an important compo-
nent of the immune response, NLR family pyrin domain-
containing protein 3 (NLRP3) is activated to recruit procaspase 1
and then promote procaspase 1 hydrolysis, resulting in the
dissociation of large and small active subunits (p20 and p10) and
the formation of a tetramer, namely, activated caspase 1. Active
caspase 1 induces the maturation and secretion of proinflamma-
tory cytokines, including pro-interleukin (IL)-1B and pro-IL-18 [29].
It is unclear whether SIRT3 deficiency affects the development of
DCM via the NLRP3 inflammasome.

Our study aimed to determine whether SIRT3 deficiency
exacerbates DCM to further clarify the pharmacological role and
possible mechanisms of SIRT3 in DCM and to provide a novel
target for the prevention and treatment of DCM.

MATERIALS AND METHODS

Animal treatment

Eight-week-old male C57BL/6 mice, wild-type (WT) 12951/SvimJ
mice, and SIRT3-knockout (KO) mice were randomly allocated into
a diabetes mellitus (DM) group and a control group. After fasting
for 12 h, fasting blood glucose (FBG) levels were measured. Then,
the mice in the DM group and control group were intraperitone-
ally injected with streptozotocin (STZ, Sigma-Aldrich, St. Louis, MO,
USA; 60 mg/kg) in freshly prepared sodium citrate buffer (0.1 mol/
L, pH 4.4) or the same amount of sodium citrate buffer once daily.
After 5 days of STZ administration, FBG was measured from the tail
vein using a One-Touch blood glucose meter (Ultra Vue, Johnson,
New Brunswick, NJ, USA). Mice with FBG levels higher than 16.7
mmol/L were considered diabetic and were chosen for further
experiments with FBG monitoring every 2 weeks [30, 31].

Animal experiments were performed in accordance with the
NIH guidelines for the Care and Use of Laboratory Animals. All
experimental procedures were approved by the Committee of
Nantong University (approval no. S-20180323-012).

Proteomics analysis

Twelve weeks after the STZ injection, relative quantification of the
proteins in the myocardium of the mice was measured using
tandem mass tag mass spectrometry, according to a previous
description [32]. A heat map analysis was used to verify the
differences in protein levels in the myocardium of the diabetic
mice and control mice.

Echocardiography assessment

Twelve weeks after the STZ injection, all the mice were
anesthetized with 1.5% isoflurane. The cardiac configuration was
observed by an ultrasonic diagnostic apparatus (Visual Sonic Vevo
2100, Toronto, ON, Canada) with a probe frequency of 30 MHz to
obtain the parasternal long-axis view. Cardiac images generated
with two-dimensional M-mode echocardiography were recorded.
Ejection fraction (EF) and fractional shortening (FS) were
calculated to evaluate systolic function. Diastolic function was
assessed by the ratio of early diastolic peak (E) to late diastolic
peak (A) of mitral valve blood flow as measured by pulse Doppler
ultrasound.

Hematoxylin—eosin staining

The left ventricles of the myocardia were collected and fixed in 4%
paraformaldehyde for 24h. Then, paraffin-embedded tissue
sections with a thickness of 5um were dewaxed by two
treatments of dimethyl benzene and then rehydrated by ethanol
in a gradient from high to low concentrations. After staining with
hematoxylin for 5min, the sections were immersed in 0.25%
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ammonia solution for 30s, gradient ethanol dehydration, eosin
staining for 1min, dimethyl benzene for 5min, and finally
successive periods of neutral gum sealing. The pathological
structures of the myocardium were observed under a microscope.

Transmission electron microscope (TEM) examination

Small pieces of myocardium, ~1 mm?®, were fixed overnight in
2.5% glutaraldehyde fixative solution at 4°C followed by 1%
osmium tetroxide treatment for 2h at 4°C. The samples were
dehydrated, infiltrated, embedded in Epon812, and cut into
ultrathin sections of 70 nm followed by staining with uranyl
acetate and lead citrate. The ultrastructures of the myocardium
were observed with a TEM (HT7700, HITACHI, Japan).

Dihydroethidium (DHE) staining

The left ventricular myocardium was embedded with optimal
cutting temperature compound (Sakura Finetek, Japan) and frozen
in a freezer at —80 °C. After the tissue was cut into 4 um sections,
the slices were incubated with DHE (2 uM, Beyotime, Shanghai,
China) for 30 min at 37°C and stained with DAPI (Beyotime,
Shanghai, China) for 5min. The superoxide anion production in
the myocardium was assessed by DHE fluorescence intensity with
a laser confocal microscope (Leica, Wetzlar, Germany).

Neonatal cardiomyocyte culture

Sprague-Dawley rats (1-3 days old) were soaked in iodophor and
disinfected with alcohol. After decapitation, the heart was quickly
excised and immediately washed in precooled phosphate-
buffered saline to remove the blood. Subsequently, the heart
tissues were minced into fragments and digested in 0.25% trypsin
(Beyotime, Shanghai, China) for 10-12 cycles at 37 °C until the
tissues were completely digested. All supernatants from the
digested tissues, except the first supernatant, were filtered
through a 200-mesh sieve and centrifuged at 1200 rpm for
5 min. The cells were resuspended in culture medium with 10%
fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA) and cultured in
an incubator with 5% CO, at 37°C for 4 h, and the supernatant
was carefully transferred to a new culture container to remove
cardiac fibroblasts and continued to be cultured in the incubator.

SIRT3 siRNA interference

After the cardiomyocytes reached 70%-80% confluency, the culture
medium was replaced by medium without FBS or antibiotics for
12 h. Specific double-stranded RNA oligonucleotides targeting SIRT3
(SIRT3 siRNA, sense, 5-CCAUCUUUGAACUAGGCUUTT-3/, and anti-
sense, 5-AAGCCUAGUUCAAAGAUGGTT-3’; Sangon Biotech, Shang-
hai, China) and nonspecific control RNA (NC siRNA, sense, 5-
UUCUCCGAACGUGUCACGUTT-3/, and antisense, 5-ACGUGACAC
GUUCGGAGAATT-3') were transfected into the cardiomyocytes with
Lipofectamine 3000 transfection reagent (Invitrogen, Carlsbad, CA,
USA). After 4 h, the culture medium was exchanged for medium
with a normal glucose level (5.5 mmol/L, NG) or high-glucose level
(25.5 mmol/L, HG) and 10% FBS.

Lactate dehydrogenase (LDH) and adenosine triphosphate (ATP)
measurements

LDH levels in the serum and cell culture medium and the ATP
levels in the myocardium and cardiomyocytes were determined
according to the instructions of the respective commercial kit
(Beyotime, Shanghai, China).

TdT-mediated dUTP nick end labeling (TUNEL) staining
The myocardium was fixed overnight with 4% paraformaldehyde,
embedded in paraffin, and then cut into sections with a thickness
of 5 um. After staining with TUNEL, the sections were observed
and photographed under an optical microscope.

After fixation with polyformaldehyde for 30 min, the cardio-
myocytes were stained with fluorescein-dUTP in the presence of
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terminal deoxynucleotidyl transferase (TdT) according to the
instructions of a One-Step TUNEL apoptosis assay kit (Beyotime,
Shanghai, China), and the apoptotic cardiomyocytes, which
fluoresced green, were observed with a laser confocal microscope.

Mitochondrial membrane potential (AYm) measurement in the
cardiomyocytes

The Apm of the cardiomyocytes was measured with a JC-1 kit
(Beyotime, Shanghai, China) according to the manufacturer’s
instructions. Briefly, the cardiomyocytes were stained for 20 min
with JC-1 working solution in the dark at 37 °C and then gently
washed with JC-1 staining buffer. Afterward, DAPI was added for
nuclear staining. Finally, the cells were observed and photo-
graphed by a laser confocal microscope.

Mitochondrial superoxide (MitoSOX) evaluation in the
cardiomyocytes

The level of superoxide in mitochondria was measured by a
MitoSOX probe that fluoresces red. Briefly, the primary cardio-
myocytes were incubated for 20 min with MitoSOX red (5 uM,
Yeasen, Shanghai, China) and MitoTracker green or red (100 nM,
Beyotime, Shanghai, China) at 37 °C without light. Then, DAPI was
added to stain the nuclei for 5 min. Finally, the cells were observed
and photographed by a laser confocal microscope.

Immunofluorescence staining

The cardiomyocytes were fixed for 20 min with immunofluores-
cent fixation solution and incubated for 60 min with blocking
solution containing 0.5% Triton X-100. Next, the cells were
incubated overnight with the desired primary anti-RIPK1, anti-
RIPK3 (1:100, Cell Signaling Technology, Danvers, MA, USA), anti-
NLRP3 (1:200, AdipoGen, San Diego, CA, USA), or anti-caspase 1
(1:200, Abcam, Cambridge, UK) antibody at 4°C, followed by
incubation for 2 h with IgG conjugated with Cy3 or Alexa Fluor 488
(1:500, Beyotime, Shanghai, China) at room temperature, and DAPI
was added to stain the nuclei. Finally, the fluorescence was
observed with a laser confocal microscope.

Quantitative real-time PCR

Total RNA of the myocardium and cardiomyocytes was extracted
with TRIzol. After reverse transcription, the cDNA was amplified by
SYBR Green gPCR mixture (Takara, Otsu, Shiga, Japan) and by real-
time PCR systems (ABI 7500, Carlsbad, CA, USA). The primers for
mouse SIRT3 mRNA (F, 5-GGATTCGGATGGCGCTTGA-3’ and R, 5
GCTTCCTCTAGTGACACTGTTAG-3') and rat SIRT3 mRNA (F, 5-
GAGGTTCTTGCTGCATGTGGTTG-3’ and R, 5'-AGTTTCCCGCTGCA
CAAGGTC-3') were provided by Sangon Biotech Co. Ltd.
(Shanghai, China) with 18S (F, 5-AGTCCCTGCCCTTTGTACACA-3’
and R, 5-CACCTGTAACACTCCCGGAC-3') used as a housekeeping
gene. Relative mRNA expression was calculated as the fold based
on the expression of the control.

Western blotting

Protein samples from the myocardium and cardiomyocytes were
extracted with lysis buffer containing 1% phenylmethylsulfonyl
fluoride. Next, the proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to a
polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). The
membranes were blocked with 5% skim milk for 2h at room
temperature and then incubated overnight with the relevant
primary antibody, namely, anti-RIPK1, anti-RIPK3, anti-caspase 3,
anti-cleaved caspase 3, anti-MLKL, anti-p-MLKL, and anti-SIRT3
(1:1000, Cell Signaling Technology, Danvers, MA, USA); anti-NLRP3
(1:1000, AdipoGen, San Diego, CA, USA); anti-caspase 1 (1:200) and
anti-IL-1p3 (1:1000) (Abcam, Cambridge, UK); or anti-B-tubulin (1:3000,
CMCTAG, Milwaukee, WI, USA) and anti-GAPDH (1:5000, Sigma-
Aldrich, St. Louis, MO, USA) on a shaker at 4 °C. Subsequently, the
membranes were incubated for 2 h with the appropriate horseradish
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peroxidase (HRP)-conjugated secondary antibody (1:5000, Zhong-
shan Jingiao, Beijing, China) at room temperature. Enhanced
chemiluminescence (Thermo Fisher Scientific Inc, Rockford, IL,
USA) was applied to the membrane to visualize the protein bands,
which were quantitatively analyzed using ImageJ software.

Statistical analysis

All the data are presented as the means + standard error of the
mean (SEM), based on statistical analysis by one-way ANOVA
followed by Bonferroni post hoc test. P values less than 0.05 were
considered significant.

RESULTS

SIRT3 expression is decreased in the myocardium of the STZ-
induced diabetic mice

Twelve weeks after STZ injection, several major differential proteins
were identified by comparative proteomic analysis of the myocar-
dium between diabetic mice and control mice. Through heat map
analysis, SIRT3 expression in the myocardium of diabetic mice was
lower than that of control mice (Fig. 1a). Further real-time PCR and
Western blotting measurements also confirmed less SIRT3 expres-
sion in the myocardium of diabetic mice (both P <0.01, Fig. 1b, c).
These data suggested that the SIRT3 pathway was impaired in the
myocardium with diabetes. Consequently, SIRT3-KO mice were used
to investigate the real role of SIRT3 in DCM.

SIRT3 deficiency aggravates cardiac dysfunction in the diabetic
mice

There was no difference in the FBG level of all mice before STZ
administration (P> 0.05). Three days after STZ injection, the FBG
levels in both WT mice and SIRT3-KO mice were more than
16.7 mmol/L, indicating that DM was successfully induced. All
diabetic mice remained hyperglycemic throughout the study
(Fig. 2a, b). It is worth noting that there was no difference in blood
glucose levels between WT mice and SIRT3-KO mice in the DM
group, suggesting that SIRT3 deficiency did not further alter FBG
in diabetic mice.

Twelve weeks after STZ administration, the EF, FS, and E/A ratio
of the mice in the DM group were lower than those in the control
group (P<0.05), indicating impaired diastolic and systolic func-
tions in diabetic mice. This result suggested that the mice after
STZ administration suffered from serious DCM in the present
study. Compared with the DM of WT mice, the EF, FS, and E/A ratio
in the DM of SIRT3-KO mice decreased (P < 0.01, Fig. 2c-e). This
result indicated that SIRT3 deficiency aggravated cardiac systolic
and diastolic dysfunction in diabetic mice.

SIRT3 deficiency exacerbates myocardium injury in the diabetic
mice

Compared with those in the control mice, the cardiomyocytes in
the diabetic mice exhibited disordered arrangement with a large
number of vacuoles and distortions, indicating that the myocardial
structures of the diabetic mice were destroyed. Compared with
the WT diabetic mice, the disorder of the myocardial structure in
the SIRT3-KO diabetic mice was more profound (Fig. 3a).

The ultrastructural examination revealed that the myocardial
mitochondria in the diabetic mice were obviously swollen and
arranged in a disorderly manner, and the cristae became
increasingly condensed, indicating that the myocardial mitochon-
dria were damaged. Compared with the mitochondria in the WT
diabetic mice, the ultrastructural disorder of myocardial mito-
chondria in SIRT3-KO diabetic mice was more serious (Fig. 3b).

We also found that the LDH level was increased in the serum,
while the ATP level decreased in the myocardium of the diabetic
mice (P < 0.01). Compared with the WT mice with DM, the LDH level
in the SIRT3-KO mice with DM was remarkably increased (P < 0.01,
Fig. 3¢), but ATP level was further suppressed (P < 0.05, Fig. 3d).
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SIRT3 expression is decreased in the myocardium of the STZ-induced diabetic mice. Eight-week-old male C57BL/6 mice were

injected intraperitoneally daily with STZ (60 mg/kg, DM group) or sodium citrate buffer (control group) for 5 days. a After 12 weeks,
quantification of the relative protein in the myocardium in the mice was measured using tandem mass tag (TMT) mass spectrometry, and a
heat map was generated. b SIRT3 mRNA expression in the myocardium was measured by real-time PCR. ¢ SIRT3 protein expression in the
myocardium was detected by western blotting. Significance was determined by one-way ANOVA. Data are presented as the means + SEM.

**P < 0.01 vs control, n=5.

SIRT3 deficiency promotes myocardial necroptosis in the diabetic
mice

ROS accumulation is a dominant factor that induces necroptosis,
which might attenuate cardiomyocyte survival and aggravate
myocardial injury [19, 33]. We found that the intensity of the DHE
staining of the myocardium was enhanced in the mice with DM,
which was further increased in the diabetic SIRT3-KO mice (Fig. 4a).

Next, apoptosis, a critical manifestation of necroptosis, was
determined after 12 weeks. There were more brownish yellow
nuclei in the TUNEL-stained myocardium of the DM mouse group
than in the control mouse group. Compared with the WT diabetic
mice, the number of positive cells in the SIRT3-KO diabetic mice
was further increased (Fig. 4b).

RIPK1 and RIPK3 play critical roles in the activation of
necroptosis. Caspase 3 activation is a typical characteristic of
necroptosis, and MLKL is a key downstream substrate of RIPK3
[33]. Therefore, these proteins are regarded as sensitive and robust
markers of necroptosis. Our present study revealed that the
expression levels of RIPK1, RIPK3, and cleaved caspase 3 increased
in the myocardium of both the WT and SIRT3-KO mice with DM
(P <0.01). Compared with the WT diabetic mice, the expression of
the above three proteins in the myocardium of the SIRT3-KO
diabetic mice was increased (P<0.01, Fig. 4c-e). However, no
significant difference in the levels of MLKL and phosphorylated
MLKL was found in the myocardium of mice in either group (P >
0.05, Fig. 4f). These data suggested that SIRT3 deficiency
promoted necroptosis in the myocardium of the diabetic mice.

SIRT3 silencing exacerbates cell injury and enhances oxidative
stress in the high-glucose-stimulated cardiomyocytes

To verify the role and mechanism of SIRT3 in diabetic myocardial
injury, primary cultured cardiomyocytes were studied in vitro.
After SIRT3 siRNA transfection, both SIRT3 mRNA and protein
expression levels were decreased (P < 0.01, Fig. 5a, b).
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Then, LDH release and ATP levels were detected to evaluate the
degree of cell injury in the high-glucose-stimulated cardiomyo-
cytes after SIRT3 silencing. Compared with the NG group, LDH
release was increased, while the ATP levels decreased in the HG
group, which was intensified after SIRT3 siRNA transfection (P <
0.01, Fig. 5¢, d), suggesting that SIRT3 silencing exacerbated cell
injury caused by high-glucose stimulation.

Energy metabolism abnormalities are likely to impair the
structure and function of mitochondria, as indicated by a decrease
in Aym [9, 10]. Our study found, the green fluorescence intensity
of the JC-1 monomer, indicating a decreased Apm, increased after
HG stimulation. The red fluorescence intensity of the JC-1
aggregates, indicating normal membrane potential, decreased.
Moreover, SIRT3 silencing further increases the green fluorescence
intensity but diminished the red fluorescence intensity (Fig. 5e).
These data demonstrated that SIRT3 silencing decreased Aym
after high-glucose stimulation.

Studies have shown that a decrease in Aym might lead to ROS
accumulation and cell damage [9, 10, 34]. There was stronger
fluorescence intensity in MitoSOX after high-glucose stimulation,
which was further enhanced after SIRT3 silencing (Fig. 5f).

Taken together, the data indicated that SIRT3 silencing
exacerbated cell injury and enhanced the oxidative stress in
high-glucose-stimulated cardiomyocytes.

SIRT3 silencing promotes necroptosis in the high-glucose-
stimulated cardiomyocytes

Apoptosis was also determined in cardiomyocytes after high-
glucose exposure. TUNEL staining showed that high-glucose levels
increased the number of positive cells after HG stimulation, which
were further increased in the high-glucose-stimulated cardiomyo-
cytes after SIRT3 siRNA transfection (Fig. 6a). This result suggested
that the downregulation of SIRT3 increased cardiomyocyte
apoptosis upon high-glucose stimulation.

SPRINGER NATURE

233



SIRT3 and diabetic cardiomyopathy
S Song et al.

234

a O WT+control
25

o+ WT+DM

20 ok
15

10

FBG (mmol/L)

[ WT+control
EZ3 SIRT3-KO+control

= WT+DM
Bl SIRT3-KO+DM

#i

Fraction (%)
B D (o]
o o o
1 1 J

N
<

b -®- SIRT3-KO+control -m~ SIRT3-KO+DM
25+
20_ *%
=
g 154
£
o 101
o
[T
5
C ] T T T T 1
0 2 4 6 8 10 12 Weeks
SIRT3-KO+DM
F e B

e
3 Control B8 DM
#H#
2.0 | |
k%
1.5 .
<
o 1.0
0.5+
0.0 T

WT SIRT3-KO

Fig. 2 SIRT3 deficiency aggravates cardiac dysfunction in the diabetic mice. Eight-week-old male wild-type (WT) 12951/SvimJ mice and
SIRT3-knockout (SIRT3-KO) mice were injected intraperitoneally daily with STZ (60 mg/kg, DM group) or sodium citrate buffer (control group)
for 5 days. a, b The level of fasting blood glucose (FBG) was detected at different time points. ¢ After 12 weeks, typical two-dimensional M-
mode echocardiography and pulse Doppler ultrasound measurements were recorded. d Ejection fraction (EF) and fractional shortening (FS)
were calculated. e The ratio of the early diastolic peak (E) to the late diastolic peak (A) of mitral valve blood flow was measured. Significance
was determined by one-way ANOVA. Data are presented as the means + SEM. P<0.05, P <0.01 vs the control group of the same genotype;

#P < 0.01 vs the DM group of WT mice, n=8.

Both immunofluorescence staining and Western blotting
showed that the expression levels of RIPK1, RIPK3, and cleaved
caspase 3 were increased after high-glucose stimulation and were
further enhanced after SIRT3 was silenced (P<0.05 or P<0.01,
Fig. 6b-f). There was no significant difference in the levels of MLKL
and phosphorylated MLKL in either group (P> 0.05, Fig. 6g). All
these data suggested that SIRT3 silencing promoted necroptosis
in the high-glucose-stimulated cardiomyocytes.

SIRT3 deficiency promotes NLRP3 activation in the myocardium of
the diabetic mice and high-glucose-stimulated cardiomyocytes

When cardiomyocytes undergo necroptosis, much of the cell
contents leaks out, and damage-associated molecular patterns
(DAMPs) are released, which directly induce the immune response
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and NLRP3 activation. The NLRP3 inflammasome is a key
participant in the pathological progression of several diseases
[35-37]. We found that the expression levels of NLRP3, caspase 1
p20, and IL-1B in the myocardium of the diabetic mice were
higher than those in the control group mice (P < 0.05 or P<0.01),
indicating that inflammasome activation was promoted in mice
with DCM. Compared with the WT diabetic mice, the levels of
these proteins in the myocardium of the SIRT3-KO diabetic mice
were further increased (P < 0.05, Fig. 7a—c).

Next, MitoTracker and NLRP3 staining was used to measure the
recruitment of NLRP3 to mitochondria in vitro. The results showed
that HG increased the NLRP3 levels in mitochondria, especially
after SIRT3 siRNA transfection (Fig. 7d). The expression of caspase
1 was also verified by immunofluorescence staining (Fig. 7e). The
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d Adenosine triphosphate (ATP) level in the myocardium was measured. Significance was determined by one-way ANOVA. Data are presented
as the means = SEM. “'P < 0.01 vs the control group of the same genotype; *P < 0.05, *P < 0.01 vs the DM group of WT mice, n = 8.

caspase 1 fluorescence intensity in the cardiomyocytes after HG
stimulation was 1.54 +0.35-fold that of the cardiomyocytes with
NG stimulation, and this increase was further exacerbated after
SIRT3 siRNA transfection (2.12 + 0.38-fold). These results suggested
that SIRT3 deficiency promoted NLRP3 activation in the myocar-
dium of the diabetic mice and high-glucose-stimulated
cardiomyocytes.

DISCUSSION

Long-term diabetes gradually destroys cardiac structures, reduces
cardiac function, and eventually leads to heart failure, which is one
of the major causes of mortality in diabetic patients [38]. STZ is a
highly selective islet B-cytotoxic agent that can disturb the
transport of glucose, affect the function of glucokinase, promote
DNA methylation and DNA strand breakage in islet cells, destroy
islet B cells, and lead to insufficient insulin secretion [39]. In our
present study, the dosage of STZ was sufficient to destroy most
islet B cells and enhance blood glucose to a large extent.
Therefore, no difference was found in the blood glucose levels of
the WT mice and SIRT3-KO mice in the DM group. STZ successfully
elevated blood glucose in the mice throughout the experiment. As
a mitochondrial deacetylase, SIRT3 is a critical regulator of
mitochondrial energy metabolism and has an important function
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in the heart, liver, and kidney [40, 41]. The KO of the SIRT3 gene
alone did not affect blood glucose, cardiac function, and LDH or
ATP levels without STZ injection. Similarly, the knockdown of
SIRT3 did not affect cell injury upon normal glucose induction.
SIRT3 deficiency significantly aggravated DCM after STZ injection
or high-glucose induction. These findings suggest that SIRT3 has a
powerful protective effect in the pathological but not in the
physiological state. Growing evidence suggests that SIRT3 protects
the heart from the cardiac hypertrophy and cardiac dysfunction
associated with heart failure and protects cardiomyocytes from
stress-induced cell death [16, 42]. SIRT3 deficiency aggravates cell
injury in myocardial ischemia and delays cardiac functional
recovery following myocardial ischemia, while SIRT3 overexpres-
sion protects cardiac function from myocardial ischemia-
reperfusion injury [43, 44]. These results may be related to
mitochondrial function, energy homeostasis and oxidative stress,
but the exact mechanism remains unclear. In our present study,
WT and SIRT3-KO diabetic mice were established by STZ
administration, and then, the levels of oxidative stress, necroptosis
and inflammation in the myocardium were measured to explore
the mechanisms by which DCM was exacerbated in the SIRT3-KO
mice.

Necroptosis has been implicated in the pathogenesis of nervous
system degeneration, tumors, immune system disorders, viral
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Fig. 5 SIRT3 silencing exacerbates cell injury and enhances oxidative stress in the high-glucose-stimulated cardiomyocytes SIRT3 siRNA
and nonspecific control (NC) siRNA were transfected into cardiomyocytes. a, b After 48 h, SIRT3 mRNA and protein expression levels were
measured by real-time PCR and Western blotting, respectively. "P<0.01 vs the NC group, n=6. ¢ After 4h, the cardiomyocytes were
stimulated with normal glucose (5.5 mmol/L, NG) or high glucose (25.5 mmol/L, HG) for 48 h. LDH level in the medium was measured. d ATP
levels in cardiomyocytes were measured. e The mitochondrial membrane potential (Aym) of the cardiomyocytes was measured with JC-1
staining. Bar = 50 pm. f Mitochondrial superoxide was detected with MitoSOX. Mitochondrial localization of the MitoSOX signal was confirmed
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infections, and cardio-cerebrovascular disease [19, 45, 46]. Necrop-
tosis inhibition can reduce arterial plaque formation, attenuate
ischemia-reperfusion injury, and improve ventricular remodeling
[47]. RIPK1 and RIPK3 are considered two important factors in
necroptosis. RIPK3 binds to RIPK1 through the RIPK-homotypic
interaction motif domain to form necrosomes, which promote
necroptosis [48-50]. Previous studies have confirmed that the
inhibition of RIPK1 activity can reduce the infarct area after
myocardial ischemia in mice [51]. In @ mouse model of cardiac
hypertrophy induced by abdominal aortic constriction, the
expression levels of RIPK1 and RIPK3 were increased. Down-
regulation of RIPK1 and RIPK3 significantly inhibited necroptosis
and alleviated cardiac hypertrophy [52]. MLKL is a key down-
stream enzyme of RIPK3. After RIPK1 binds with RIPK3 to form
necrosomes, the complex recruits MLKL and then promotes MLKL
phosphorylation to aggravate necroptosis [53]. Knocking out
MLKL in HT-29 cells significantly prevented necroptosis [54].
Although MLKL is regarded as a key downstream enzyme of RIPK3
in the pathway of necroptosis, the changes in MLKL were found to
dissimilar in different pathophysiological processes. For example,
MLKL is involved in cerebral ischemia-reperfusion injury [55] and
human ovarian cancer cell proliferation [56] but remains stable in
myocardial ischemia-reperfusion injury [33, 57]. In our present
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study, the expression of RIPK1, RIPK3, and cleaved caspase 3
proteins was increased, and necroptosis was exacerbated in the
myocardium of mice with DCM. More importantly, these disorders
were further exacerbated in the SIRT3-KO diabetic mice, indicating
that the deletion of SIRT3 aggravated necroptosis in the
myocardium. However, neither diabetes induction nor SIRT3 KO
had an effect on MLKL, suggesting that MLKL may not be involved
in the occurrence or progression of DCM. Some other
RIPK3 substrates, such as CaMKIl [57], may be involved in
necroptosis induced by DCM. This outcome may be attributable
to differences in the course of diabetes progression, animal
models and mouse strains. Similar results were also obtained by
the downregulation of SIRT3 expression with SIRT3 siRNA in high-
glucose-stimulated cardiomyocytes.

Necroptosis can lead to the cell rupture and extensive content
leakage, including DAMPs [27]. Many studies have reported that
RIPK3 was able to promote cytokine release and inflammasome
formation, thus activating procaspase 1 through RIPK3-dependent
pathways by caspase 8 or NLPR3 activation [58, 59]. After NLRP3
recognizes DAMPs, the pyridine domain in NLRP3 binds to the
apoptosis-associated speck-like proteins containing a caspase-
recruitment domain (CARD), which then binds to procaspase 1
through CARD-CARD interactions. Subsequently, procaspase 1 is
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Fig. 6 SIRT3 silencing promotes necroptosis in the high-glucose-stimulated cardiomyocytes. SIRT3 siRNA and nonspecific control (NC)
siRNA were transfected into cardiomyocytes. After 4 h, the cardiomyocytes were stimulated with normal glucose (5.5 mmol/L, NG) or high
glucose (25.5 mmol/L, HG) for 48 h. a The rate of apoptosis was assessed by TUNEL staining. Bar = 75 pm. b, ¢ RIPK1 and RIPK3 were stained
with immunofluorescent Alexa Fluor 488 (green)-conjugated IgG. The nuclei were stained using DAPI (blue). Bar =25 um. d-g The protein
expression levels of RIPK1, RIPK3, caspase 3, and MLKL in the cardiomyocytes were measured by Western blotting. Significance was
determined by one-way ANOVA. Data are presented as the means = SEM. P<0.05, P<0.01 vs NG-treated cardiomyocytes transfected with
the same siRNA; #P < 0.01 vs NC + HG-treated cardiomyocytes, n =6.
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immunofluorescent Alexa Fluor 488 (green)- and Cy3 (red)-conjugated IgG. The nuclei were stained using DAPI (blue). Bar = 25 pm.

converted into active caspase 1, and pro-IL-1f3 is cleaved by the
inflammasome to become mature IL-13, which leads to an
inflammatory response [60]. Previous studies found that SIRT3
regulates inflammation in several pathophysiological processes,
including diabetic wounds, mycobacterial infection, and acute
lung injury [61-63]. Consistent with these results, we confirmed
that SIRT3 KO can also increase the level of inflammation in the
mice with DCM. SIRT3 KO indeed increased the expression level of
these proteins in the myocardium of mice with DCM, and similar
results were found in the cell experiments.

ROS accumulation and oxidative stress are considered to be the
key factors in the occurrence and development of diabetic
complications and may also be the most prominent initiation
signals in the pathological cascade of the diabetic vascular system
[64]. There is evidence that ROS production during myocardial
hypoxia-reoxygenation injury leads to necroptosis. Furthermore,
necroptosis can also aggravate ROS production [65], suggesting
that necroptosis and ROS levels may mutually form a vicious cycle.
Our study found that SIRT3 KO significantly increased the levels of
ROS in the myocardium of the mice with DCM, and the
downregulation of SIRT3 increased the intracellular ROS of
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cardiomyocytes stimulated by high glucose. Intracellular ROS
could induce the opening of the mitochondrial permeability
transition pore, which results in decreased Aym, blocked electron
transport chain and further a burst of ROS production [66]. The
mitochondria of mice with DCM were profoundly swollen and
disordered in the SIRT3-KO mice, indicating that the mitochondria
were damaged, which is also the possible mechanism of excessive
ROS production. The AYm decreased under the stimulation of
high glucose, which was significantly aggravated after SIRT3 was
knocked down. These results suggested that SIRT3 deletion
aggravated myocardial mitochondrial damage and increased
oxidative stress, which may have promoted myocardial necrop-
tosis in the mice with DCM.

Several drugs or compounds, including resveratrol [67],
dihydromyricetin [68], and hydrogen sulfide [9], have the potential
to increase SIRT3 expression, which may serve as a new
therapeutic strategy to attenuate DCM in the future.

In summary, SIRT3 deficiency aggravated hyperglycemic
mitochondrial damage, increased ROS accumulation, promoted
necroptosis, possibly activated the NLRP3 inflammasome, and
finally exacerbated DCM in mice. These results suggest that SIRT3
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exacerbates diabetic cardiomyopathy. SIRT3 deficiency aggravated
hyperglycemia-induced mitochondrial damage, increased ROS
accumulation, promoted necroptosis and cell rupture, possibly
activated the NLRP3 inflammasome, and finally exacerbated diabetic
cardiomyopathy in the mice.

can be used as a molecular intervention target to provide new
insights for the prevention and treatment of DCM. An illustration
of the mechanism by which SIRT3 deficiency exacerbates DCM is
outlined in Fig. 8.
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