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Sirtuin 3 Alleviates Diabetic Cardiomyopathy
by Regulating TIGAR and Cardiomyocyte
Metabolism

, MD, PhD; Heng Zeng, MD; Xiaochen He, PhD; Jian-Xiong Chen

Lanfang Li , MD
BACKGROUND: Impairment of glycolytic metabolism is suggested to contribute to diabetic cardiomyopathy. In this study, we
explored the roles of SIRT3 (Sirtuin 3) on cardiomyocyte glucose metabolism and cardiac function.

METHODS AND RESULTS: Exposure of H9c2 cardiomyocyte cell lines to high glucose (HG) (30 mmol/L) resulted in a gradual
decrease in SIRT3 and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase isoform 3 (PFKFB3) expression together
with increases in p53 acetylation and TP53-induced glycolysis and apoptosis regulator (TIGAR) expression. Glycolysis
was significantly reduced in the cardiomyocyte exposed to HG. Transfection with adenovirus-SIRT3 significantly increased
PFKFB3 expression and reduced HG-induced p53 acetylation and TIGAR expression. Overexpression of SIRT3 rescued
impaired glycolysis and attenuated HG—-induced reactive oxygen species formation and apoptosis. Knockdown of TIGAR in
cardiomyocytes by using siRNA significantly increased PFKFB3 expression and glycolysis under hyperglycemic conditions.
This was accompanied by a significant suppression of HG—induced reactive oxygen species formation and apoptosis. In vivo,
overexpression of SIRT3 by an intravenous jugular vein injection of adenovirus-SIRTS resulted in a significant reduction of p53
acetylation and TIGAR expression together with upregulation of PFKFB3 expression in the heart of diabetic db/db mice at day
14. Overexpression of SIRT3 further reduced reactive oxygen species formation and blunted microvascular rarefaction in the
diabetic db/db mouse hearts. Overexpression of SIRT3 significantly blunted cardiac fibrosis and hypertrophy and improved
cardiac function at day 14.

CONCLUSIONS: Our study demonstrated that SIRT3 attenuated diabetic cardiomyopathy via regulating p53 acetylation and
TIGAR expression. Therefore, SIRT3 may be a novel target for abnormal energy metabolism in diabetes mellitus.
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failure, which contributes to higher morbidity and

mortality in patients with diabetes mellitus. The
prevalence of diabetic cardiomyopathy is increasing at
an alarming rate'=3; it is, therefore, urgent to identify
potential therapeutic targets. Although muiltiple factors
including oxidative stress, apoptosis, cardiac fibrosis,
impaired angiogenesis, and glycolytic metabolism are
considered to be the important pathophysiological fac-
tors, the underlying mechanisms of diabetic cardiomy-
opathy are still not fully understood.

D iabetic cardiomyopathy is the main cause of heart

SIRT3 (sirtuin 3) regulates cell metabolism through
the deacetylation of its substrates.*® Accumulative evi-
dence highlighted the regulatory role of SIRT3 in cardio-
vascular and metabolic diseases such as heart failure,
diabetes mellitus, and obesity. Activation of SIRT3
by resveratrol has been shown to improve cardiac
function and attenuate cardiac fibrosis.? A study also
showed that the expression and activity of SIRT3 were
reduced in the diabetic hearts.” In contrast, a reduc-
tion of SIRT3 levels is associated with obesity-induced
microvascular rarefaction and cardiac dysfunction.®
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CLINICAL PERSPECTIVE

What Is New?

e Hyperglycemia induced p53 acetylation and
an imbalanced TP53-induced glycolysis and
apoptosis regulator/6-phosphofructo-2-kinase/
fructose-2, 6-bisphosphatase isoform 3 in
favoring TP53-induced glycolysis and apoptosis
regulator, thus resulted in an impairment of
glycolytic metabolism, which may contribute to
diabetic cardiomyopathy.

e In vitro, overexpression of sirtuin 3 blunted
hyperglycemia-induced impairments of
glycolysis, oxidative stress, and apoptosis
by suppression of p53 acetylation and TP53-
induced glycolysis and apoptosis regulator
expression.

e In vivo, overexpression of sirtuin 3 blunted
p53-acetylation, microvascular rarefaction, and
cardiac dysfunction in db/db mice.

What Are the Clinical Implications?

e This is the first time it has been demonstrated
that sirtuin 3 modulates diabetic cardiomyopathy
by a mechanism involving inhibition of p53
acetylation and TP53-induced glycolysis
and apoptosis regulator—mediated glycolytic
metabolism.

e Sirtuin 3—-mediated metabolic reprogram may
be a novel target for diabetic cardiomyopathy.

Nonstandard Abbreviations and Abbreviations

Ad-SIRT3 Adenovirus SIRT3

EC endothelial cell

HG high glucose

NIH National Institutes of Health

PAEC pig artery endothelial cells

PFKFB3 6-phosphofructo-2-kinase/fructose-2,
6-bisphosphatase isoform 3

PFU plaque-forming units

ROS reactive oxygen species

SIRT3 sirtuin 3

TIGAR TP53-induced glycolysis and

apoptosis regulator

We have shown that overexpression of apelin with
adenovirus-apelin  administration increased myocar-
dial vascular density and attenuated ischemia-induced
cardiac dysfunction via the upregulation of SIRT3 in
diabetes mellitus.® Furthermore, specific knockout of
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SIRT3 in endothelial cells resulted in an increase in ox-
idative phosphorylation and a reduction of glycolysis
that was associated with impairment in angiogenesis
and diastolic dysfunction.’®!!

TP53-induced glycolysis and apoptosis regulator
(TIGAR) is a novel downstream target gene of tumor sup-
pressor p53. TIGAR was originally identified as a fruc-
tose 2, 6 bisphosphatase of the dual phosphofructose
kinase/fructose 2, 6 bisphosphatase (PFKFB) family and
regulates glycolysis and apoptosis. TIGAR is involved in
various biological processes, including glycolytic metab-
olism, apoptosis, cell cycle, and cell death.”> The p53
and its transcriptional target gene TIGAR are activated
in the cardiomyocyte under hypoxia.'®* The expression
of p53 is also elevated in the human failing heart.'®'® So
far, two roles of p53 accumulation in the failing heart
have been demonstrated: (1) induction of cell cycle arrest
that causes proliferative cells arrest in the G1 stage of
the cell cycle to induce senescence; and (2) suppression
of angiogenesis."”"'® Elevation of p53 reduced capillary
formation by inhibition of hypoxia-inducible factor-1a in
the hypertrophic hearts.'® Studies also show that global
knockout of p53 in mice attenuates doxorubicin-induced
cardiac dysfunction.?>?" Knockout of p53 in endothelial
cells (ECs) reduces EC apoptosis and increases capil-
lary density in the model of pressure overload—induced
heart failure.?? Knockout of TIGAR also has been shown
to attenuate ischemic heart failure.'®' These studies
provide a strong rationale for targeting p53 and TIGAR
to ameliorate the microvascular dysfunction and heart
failure. The p53 was deacetylated by histone deacetyl-
ases. Impairment of SIRT3 has been shown to promote
acute kidney injury through elevated acetylation of p53.23
So far, the direct link among SIRT3, p53 acetylation, and
TIGAR in diabetic cardiomyopathy has not been investi-
gated. In this study, we tested our hypothesis that SIRT3
regulates diabetic cardiomyopathy by a mechanism in-
volving removal of p53 acetylation and downregulation
of TIGAR, which modulates cardiomyocyte glycolytic
metabolism.

METHODS

The authors declare that all supporting data are
available within the article.

All protocols were approved by the Institutional
Animal Care and Use Committee of the University of
Mississippi Medical Center (Protocol ID: 2018C) and
were consistent with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals
(NIH Pub. No. 85-23, Revised 1996).

Experimental Mice
Male db+/~ mice and diabetic db/db mice were
purchased from the Jackson Laboratory (Bar Harbor,
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ME). The experimental mice at the age of 10to 12 months
were divided into the following: (1) db+/~ mice; (2) db/
db mice+adenovirus-B-gal; and (3) db/db+adenovirus-
SIRT3 mice. Experimental mice received an
intravenous jugular vein injection of adenovirus-3-gal or
adenovirus-SIRT3 (human adenovirus type 5 [dE1/E3],
cytomegalovirus promoter) (1x10° plague-forming units
[PFU]) (Vector Biolabs, Malvern, PA). After 14 days of
adenovirus-f3-gal or adenovirus-SIRT3 administration,
experimental mice were euthanized by cervical
dislocation under anesthesia with isoflurane.

Cell Culture

Rat cardiomyocytes HIC2 (ATCC CRL1446) cell lines
were grown in DMEM (Sigma-Aldrich, St. Louis, MO)
with the addition of 10% fetal bovine serum (Invitrogen,
Carlsbad, CA), 2 mmol/L glutamine, 10*xdiluted
10 000 U/mL penicillin and 10 mg/mL streptomycin
(Sigma-Aldrich).

Pig artery endothelial cells (PAECs) were obtained
from the main pulmonary artery of 6- to 7-month-old
pigs. PAECs were cultured in endothelial basal me-
dium (EBM-2, Clonetics, San Diego, CA) supple-
mented with EGM-2 Endothelial Growth Single Quot
Kit Supplement & Growth Factors (CC4176; Lonza,
Basel, Switzerland).

Western Blot Analysis

Cultured cells or left ventricular samples were
homogenizedwithanice-coldradioimmunoprecipitation
assay buffer. Protein concentration was measured
with the Bradford reagent (B6916; Sigma-Aldrich).
The polyvinylidene fluoride membranes were probed
with antibodies specific to SIRT3 (Cell Signaling
Technology, Beverly, MA) (1:2000), acetylated-
lysine (Cell Signaling Technology) (1:1000), p53 and
acetylated-p53 (K381) (Abcam, Cambridge, MA)
(1:1000), TIGAR (Santa Cruz Biotechnology, Dallas,
TX) (1:2000), cleaved Caspase-3 (Cell Signaling
Technology) (1:1000), vascular endothelial growth factor
(VEGF) (1:1000), 6-phosphofructo-2-kinase/fructose-2,
6-bisphosphatase isoform 3 (PFKFB3) (Abcam)
(1:2000), 3-actin (Cell Signaling Technology), or B-actin
(Cell Signaling Technology) (1:3000). The membranes
were then washed and incubated with an anti-rabbit
or anti-mouse secondary antibody conjugated with
horseradish peroxidase. Densitometries were analyzed
using TINA 2.0 image analysis software (DesignSoft,
Budapest, Hungary).

RNA Interference

HIC2 cells were transfected with 25 nmol/L TIGAR
SiRNA or p53 siRNA as well as control scramble siRNA
(TriFecTaDsiDNAduplex; Integrated DNA Technologies,
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Coralville, 1A) by using TransIT-X2 Dynamic Delivery
System (Integrated DNA Technologies) following the
manufacturer’s instruction. The transfection efficiency
was detected by western blotting.

Terminal Deoxynucleotidyl Transferase
dUTP Nick End Labeling Assay

In situ Dead End Colorimetric Apoptosis Detection
System (Promega, Madison, WI) was used to detect
apoptotic cells according to the manufacturer’s
instructions. For the apoptotic cell number, only
fields which terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) positive cells
were presented were counted. The number of
TUNEL positive cells was quantified by measuring
6 microscopic fields using image-analysis software
(Image J, NIH, Bethesda, MD).

Dihydroethidium Staining

Equal numbers of cells were plated in 8-well plates.
After treatment, cells were rinsed with PBS and
incubated with 0.5 mmol/L dihydroethidium in PBS
for 10 minutes at room temperature in the dark.
Similarly, left ventricular sections were prepared
using a cryostat on microscope slides. Slides were
rinsed with PBS and incubated with 0.5 mmol/L
dihydroethidium in PBS for 15 minutes at room
temperature in the dark. The relative density of
dihydroethidium (red) fluorescence was quantified by
measuring 6 random microscopic fields using image-
analysis software (Image J).

Metabolic Assays

Glycolysis was determined using the XFe24
Extracellular Flux Analyzer (Seahorse Bioscience,
North Billerica, MA) following the manufacturer’s
instruction. Briefly, cells were seeded in tissue
culture—treated 24-well plates (V7-PS) at a density
of 25 000 cells per well as determined by a pilot cell
density assay. The next day, the cells were incubated
in unbuffered assay medium supplemented with
various substrates as described below, at 37°C in
a non-CO, incubator for 1 hour before analysis.
The unbuffered assay medium was supplemented
with glutamine (2 mmol/L) only. The baseline of
extracellular acidification rate was measured,
followed by the sequential injection of the following
compounds with indicated final concentration:
glucose (10 mmol/L), oligomycin (1 pmol/L), and
2-deoxyglucose (100 mmol/L). The levels of basal
glycolysis, glycolytic reserve and glycolytic capacity
were calculated from the raw data using the
Seahorse report generator (Agilent Technologies,
Santa Clara, CA).
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Tube Formation Assay

PAECs (1x10* cells/well) were seeded into a 96-well
plate precoated with 40 pL reduced-growth factor ECM
gel (Life Technologies, New York, NY) and incubated
for 6 hours. A tubelike structure was captured with
an inverted phase-contrast microscope (AMG, Life
Technologies). The numbers of branching points and
segments were quantified by Image J software with
angiogenesis analyzer plug-in (developed by Gilles
Carpentier).

Wound Scratch Migration Assay

PAECs were seeded onto 24-well plates. At near
confluence, PAEC cultures were scratched with a
10-pL pipette tip. Images of the scraped area were
obtained for reference. Immediately following the
scraping, the wells were washed with PBS and then
incubated with medium overnight. After incubation for
16 hours, the cells migrating into the scraped area were
measured. Images of the scraped area were taken
and overlaid with the original reference image. The
average distance migrated by cells at increasing times
following scratching was calculated by comparison of
the denuded areas remaining relative to the zero-time
point per each cell well.

Analysis of Myocardial Capillary and
Arteriole Densities

Five-micrometer sections of left ventricle were cut and
incubated with fluorescein-labeled Isolectin B4 (1:200;
Molecular Probe, Invitrogen, Eugene, OR) and Cy3-
conjugated anti-a smooth muscle actin (1:100; Sigma-
Aldrich). The number of capillaries (isolectin B4—positive
EC) was counted and expressed as capillary density
per square millimeter. Myocardial arteriole (smooth
muscle actin—positive smooth muscle cells located in
vascular walls) density was measured using Image J
software.

Histology and Immunofluorescence
Analysis

Cells were fixed with 10% formalin for 15 minutes
at room temperature. After this, the cells were
permeabilized with 0.2% Triton X-100 in PBS for
10 minutes. Nonspecific binding was blocked
through the incubation with 10% FCS in PBS for
30 minutes at 37°C in a humidified chamber. Cells
were immunostained with SIRT3 primary antibodies
(1:200) followed by incubation with second antibodies
conjugated with fluorescein isothiocyanate or Cy3
(1:500). The area percentage of fluorescence intensity
was quantified at 6 random microscopic fields using
Image J software.
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The left ventricle was embedded in frozen optimal
cutting temperature compound (4583; Sakura Finetek,
Torrance, CA) and 10-um frozen sections prepared.
Sections were immunostained with troponin and
SIRT3 primary antibodies (1:200) followed by incuba-
tion with second antibodies conjugated with fluores-
cein isothiocyanate or Cy3 (1:500). Photomicrographs
were obtained with an Olympus BX51 microscope, a
Q-Color5 digital camera and a Q-Capture Suite ac-
quisition software (Olympus, Tokyo, Japan). For the
measurement of myocardial fibrosis, frozen sections
were stained with Masson’s trichrome staining (blue)
and hematoxylin and eosin (red). Fibrotic fraction was
calculated as the percentage of blue-stained area to
total myocardial area.

Echocardiography

Transthoracic echocardiograms were performed on
mice using a Vevo770 High-Resolution In Vivo Micro-
Imaging System equipped with an RMV 710B scan
head (Visual Sonics Inc., Toronto, ON, Canada).
Mice were anesthetized by inhalation of 1.5% to
2% isoflurane mixed with 100% medical oxygen in
an isolated chamber for induction. Anesthesia was
maintained with 1% to 1.5% isoflurane to control the
heart rate between 400 and 450 beats per minute.
M-mode cine loops were recorded and analyzed
by High-Frequency Ultrasound Imaging software
(Visual Sonics Inc.) to assess myocardial parameters
and cardiac functions of left ventricle, including left
ventricular (LV) end-systolic diameter, end-diastolic
diameter, LV end-systolic volume, end-diastolic
volume, stroke volume, and cardiac output as well as
ejection fraction and fractional shortening.

Fasting Glucose Levels

Blood glucose was measured at the end of the
experiments. Blood was obtained from experimental
mice by tail snip, and blood glucose levels were
measured using the One Touch SureStep meter.
Experimental mice were fasted overnight before
collecting blood. Glucose levels were expressed as
milligrams per deciliter.

Statistical Analysis

Data were presented as mean+SD. The assumption
of normality in both comparison groups was
determined by normality test. Statistical significance
was determined using 2-tailed independent Student
t test for comparisons between the 2 groups, 1-way
or 2-way ANOVA, followed by Tukey’s post hoc test
for multiple comparisons using Prism 8.1.1 software
(GraphPad Software, La Jolla, CA). P<0.05 was
considered statistically significant.
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RESULTS

HG Reduced SIRT3 Expression and
Upregulated p53 Acetylation and TIGAR
Expression

To explore the effects of HG on the SIRT3 expression
and p53 acetylation, the time-dependent response
was examined in cardiomyocyte H9C2 cell lines
under hyperglycemic conditions. Exposure of
cardiomyocyte cell lines to HG (30 mmol/L) for
various time up to 72 hours led to a gradual
downregulation of SIRT3 expression. This was
accompanied by increases in p53, p53 acetylation,
TIGAR, and caspase-3 expression. Exposure of
H9c2 to HG further led to reductions of PFKFB3
and VEGF expression (Figure 1A). To exclude the
possible role of HG-induced high osmolarity in the
culture medium, H9c2 was exposed to mannitol
(80 mmol/L) for 72 hours. Exposure of H9c2 cell lines
to mannitol (30 mmol/L) had no effects on the levels
of SIRT3, p53, p53 acetylation, PFKFB3, and TIGAR
expression (Figure S1).

SIRT3 Blunted HG-Induced p53
Acetylation and TIGAR Expression in
Cardiomyocytes

To test the potential role of SIRT3 in the HG-induced
p53 acetylation, the human SIRT3 adenoviral vectors
(adenovirus-SIRT3) were utilized to overexpress
SIRT3 in cardiomyocytes. H9c2 cells were infected
by adenovirus-SIRT3 at 0.5x10% PFU/mL (low dose) or
1x108 PFU/mL (high dose) for 48 hours. Adenovirus-
SIRT3 treatment led to a dose-dependent increase in
SIRT3 expression in H9c2 cells (Figure S2). Moreover,
adenovirus-SIRT3 treatment significantly reduced the
HG-induced p53 acetylation and lysine acetylation
as well as expression of TIGAR and caspase-3.
Adenovirus-SIRT3  treatment  also  significantly
upregulated PFKFB3 and VEGF expression under HG
conditions (Figure 1B). Transfection of H9c2 cells with
adenovirus—green fluorescent protein had little effects
as compared with control or HG exposure (Figure 1B).

SIRT3 Enhanced Cardiomyocyte
Glycolysis Under HG Conditions

Since TIGAR was downregulated while PFKFB3 was
upregulated after adenovirus--SIRT3 treatment, we
next examined whether SIRT3 regulated glycolysis
in H9c2 cells under HG conditions by using the
Seahorse analyzer. Exposure of H9c2 cells to HG led
to a significant reduction of glycolysis and glycolytic
capacity. Overexpression of SIRT3 significantly
improved HG-induced impairments of glycolysis and
glycolytic capacity in H9c2 cells (Figure 1C).
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SIRT3 Ameliorated the HG-Induced ROS
Formation and Apoptosis

Exposure of H9c2 cells to HG for 72 hours significantly
increased the intracellular formation of ROS and
apoptosis (Figure 2A and 2B). Overexpression of
SIRT3 significantly attenuated HG-induced ROS
formation and apoptosis in H9c2 cells (Figure 2A and
2B).

SIRT3 Promoted Angiogenesis in

ECs Cocultured With Cardiomyocyte
Conditioned Media

Using ECs cocultured with cardiomyocyte conditioned
media, we investigated the paracrine role of SIRT3
in H9c2 cells on EC angiogenesis. In the first set of
experiments, H9c2 cells were exposed to HG for
72 hours. We then removed the HG media and
replaced it with DMEM for 24 hours. The DMEM was
collected and cocultured with PAECs. As shown in
Figure 2C, cocultures of ECs with these media led to a
significant impairment of tube formation as evidenced
by the reduced branching length. In cocultures with
cardiomyocyte conditioned media, EC migration was
also significantly decreased (Figure 2D). In the SIRT3
overexpression experiments, H9C2 cells were treated
with adenovirus--SIRT3 in HG media for 48 hours,
then removed the adenovirus-SIRT3 and HG media
and replaced it with the DMEM for 24 hours. The
DMEM was collected and used to coculture PAECs.
Cocultured ECs with adenovirus-SIRT3 DMEM
significantly increased EC tube formation (Figure 2C).
Similarly, EC migration rate was significantly increased
in cocultures with adenovirus-SIRT3 cardiomyocyte
media (Figure 2D).

Knockdown of TIGAR Improved
Cardiomyocyte Glycolysis

H9c2 cells were transfected by using TransIT-X2
Dynamic Delivery System and 25 nmol/L siRNA was
used to knock down the p53 gene. Transfection with
p53 siRNA dramatically reduced p53 expression in
H9c2 cell lines, while control scramble siRNA had little
effect on p53 expression (Figure 3A). Knockdown of
p53 by siRNA-p53 significantly reduced HG-induced
TIGAR and caspase-3 expression. Furthermore,
siRNA-p53  treatment ameliorated HG-induced
downregulation of PFKFB3 expression (Figure 3B).

To investigate the HG-induced activation of TIGAR
and its downstream signal pathway, TIGAR was si-
lenced by siBRNA. Similarly, transfection with TIGAR
siRNA significantly reduced TIGAR expression in
H9c2 cell lines, while control scramble siRNA had little
effect on TIGAR expression (Figure 3C). Furthermore,
knockdown of TIGAR by TIGAR siBNA treatment
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significantly blunted HG-induced downregulation
of PFKFB3 and VEGF expression. Similarly, knock-
down of TIGAR significantly attenuated HG-induced
caspase-3 expression (Figure 3D). Measurement of
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glycolysis showed that knockdown of TIGAR resulted
in a significant improvement of glycolysis, glycolytic
capacity, and glycolytic reserve in H9c2 cells under
HG conditions (Figure 3E).
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Figure1. SIRT3overexpressioninhibited HG-induced activation of p53/TIGAR axis and modulate cardiomyocyte metabolism.
A, Western blot analysis demonstrating that exposure of H9c2 cells to HG (30 mmol/L) for 24, 48, and 72 hours resulted in a gradual
increase in expression of p53, Ac-p53, TIGAR, and caspase-3, but a significant reduction of SIRT3, PFKFB3, and VEGF expression. B,
Western blot analysis confirming that adenovirus-SIRT3 treatment significantly attenuated the HG-induced Ac-p53, lysine acetylation,
TIGAR, Caspase-3 expression, but upregulated SIRT3, PFKFB3, and VEGF expression in H9c2 cells under HG conditions. All data
represent mean+SD (n=3 per group, *P<0.05 and **P<0.01). C, Ad-SIRT3 enhanced glycolysis and glycolytic capacity compared with
HG treatment group. All data represent mean+SD (n=5, *P<0.05 and **P<0.01). Ac-p53 indicates acetyl-p53; Ad-SIRT3, adenovirus
SIRT3; caspase-3, cleaved caspase-3; HG, high glucose; p53, tumor suppressor p53; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,
6-bisphosphatase isoform 3; SIRT3, sirtuin 3; TIGAR, TP53-induced glycolysis and apoptosis regulator; and VEGF, vascular endothelial
growth factor.

Knockdown of TIGAR_ Attenuated HG'_ apoptosis. Knockdown of TIGAR significantly reduced
Induced ROS Formation and Apoptosis HG-induced ROS formation (Figure 4A). Knockdown of

Exposure of H9c2 cells to HG (30 mmol/L) for 72 hours  TIGAR also significantly suppressed HG-induced ap-
significantly increased the intracellular ROS levels and optosis in H9c2 cells (Figure 4B).
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Figure 2. SIRT3 ameliorated the HG-induced ROS formation and apoptosis, and promoted angiogenesis in EC cocultured
with cardiomyocyte conditioned media.

A, Quantitative analysis of ROS formation by dihydroethidium staining revealing that exposure of H9c2 cells HG (30 mmol/L) for
72 hours increased the intracellular ROS formation, whereas adenovirus-SIRT3 ameliorated the HG-induced ROS formation. All
data represent mean+SD (n=5 per group, **P<0.01). B, Representative images and quantification of TUNEL* cells in cultured H9c2
cells. Cell apoptosis was significantly increased in HG exposed group, but adenovirus-SIRT3 decreased the HG-induced TUNEL*
cells numbers in H9c2 cells (green, x20). All data represent mean+SD (n=5 per group, **P<0.01). C, Adenovirus-SIRT3 significantly
increased total branching length compared with HG media treatment. All data represent mean+SD (n=4 per group, **P<0.01). D,
Migration of PAECs was assessed using a scratch wound assay. Cocultured ECs with adenovirus-SIRT3 media significant increased
EC migration rate. All data represent mean+SD (n=5, **P<0.01). Ad-SIRT3 indicates adenovirus SIRT3; HG, high glucose; PAECs, pig
artery endothelial cells; ROS, reactive oxygen species; and TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Figure 3. Knockdown of TIGAR improved cardiomyocyte metabolism under HG conditions.

A, Western blot analysis demonstrating that transfection with p53 siRNA resulted in a knockdown of p53 expression in H9c2 cell lines.
B, Western blot analysis demonstrating that siRNA-p53 significantly reduced the HG-induced expression of TIGAR and Caspase-3, but
increased the expression of PFKFB3 compared with the control H9c2 cells. C, Western blot analysis demonstrating that transfection
with TIGAR siRNA led to a knockdown of TIGAR expression in H9c2 cell lines. D, Western blot analysis demonstrating that knockdown of
TIGAR ameliorated the HG-induced caspase-3 expression, but increased PFKFB3 and VEGF expression compared with the control H9c2
cells. All data represent mean+SD (n=3 per group, *P<0.05 and **P<0.01). E, Knockdown of TIGAR rescued HG-induced impairments
of glycolysis, glycolytic capacity, and glycolytic reserve in H9¢c2 cell lines. All data represent mean+SD (n=4, *P<0.05 and **P<0.01).
Caspase-3 indicates cleaved caspase-3; HG, high glucose; p53, tumor suppressor p53; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,
6-bisphosphatase isoform 3; TIGAR, TP53-induced glycolysis and apoptosis regulator; and VEGF, vascular endothelial growth factor.

Knockdown of TIGAR Increased
Angiogenesis in ECs Cocultured With
Cardiomyocyte Conditioned Media

To test whether knockdown of TIGAR in
cardiomyocytes improved angiogenesis in ECs,
H9c2 cells were exposed to HG for 72 hours and
transfected with siRNA-TIGAR for 48 hours; then
we removed the medium and replaced it with the
DMEM for 24 hours. The DMEM was collected and
cocultured with PAECs. In ECs cocultured with
cardiomyocyte conditioned media, knockdown of
TIGAR in cardiomyocytes resulted in a significant
increase in tube formation in ECs (Figure 4C). Also,

J Am Heart Assoc. 2021;10:e018913. DOI: 10.1161/JAHA.120.018913

PAEC migration rate was significantly increased
in cocultures with siRNA-TIGAR cardiomyocyte
conditioned media (Figure 4D).

Overexpression of SIRT3 Suppressed p53
Acetylation in Diabetic db/db Mice

Systemic delivery of adenovirus-SIRT3 (1x10° PFU)
led to a significant increase in SIRT3 expression
in the hearts of db/db mice compared with db/
db mice receiving adenovirus-B-gal (1x10° PFU) at
day 14 (Figure 5A). Immunohistochemical analysis
revealed that SIRT3 was colocalized with troponin
on cardiomyocytes and isolectin B4 on ECs in the
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Figure 4. Knockdown of TIGAR ameliorated the HG-induced ROS formation and apoptosis, promoted angiogenesis in ECs
cocultured with cardiomyocyte conditioned media.

A, Dihydroethidium staining revealing that knockdown of TIGAR ameliorated the HG-induced ROS formation. All data represent
mean+SD (n=3 per group, **P<0.01). B, Representative images and quantification of TUNEL* cells. Knockdown of TIGAR decreased
the HG-induced TUNEL* cells numbers (green, x20). All data represent mean+SD (n=5 per group, **P<0.01). C, Knockdown of TIGAR
significantly increased total branching length compared with HG media treatment. All data represent mean+SD (n=3 per group,
**P<0.01). D, Migration of PAECs was assessed using a scratch wound assay. Migration in distance was significantly decreased in
the HG media treatment group, while knockdown of TIGAR significantly increased PAEC migration rate compared with HG media
treatment. All data represent mean+SD (n=>5 per group; **P<0.01). HG indicates high glucose; PAEC, pig artery endothelial cells; ROS,
reactive oxygen species; TIGAR, TP53-induced glycolysis and apoptosis regulator; and TUNEL, terminal deoxynucleotidyl transferase
dUTP nick end labeling.

adenovirus-SIRT3—-treated db/db  mouse hearts
(Figure S3). Systemic administration of adenovirus-
SIRT3 had little effects on body weight and glucose
levels in diabetic db/db mice, but significantly reduced
heart weight (0.172+0.001 g versus 0.148+0.017 g;
P<0.05; Table 1).

Western blot analysis showed that overexpression
of SIRT3 significantly reduced total lysine acetyl-
ation and pb53 acetylation levels, and attenuated
TIGAR and caspase-3 expression in the hearts of
db/db mice at day 14. Overexpression of SIRT3 sig-
nificantly increased the expression of PFKFB3 and
VEGF as compared with db/db mice+adenovirus-3-
gal (Figure 5A).

Overexpression of SIRT3 Blunted
Microvascular Rarefaction in the Hearts of
Diabetic db/db Mice

The db/db mice had a significant increase in ROS
levels in the hearts as compared with that of db+/—
mice. Overexpression of SIRT3 in db/db mice led to
a significant reduction of ROS formation in the heart
(Figure 5B).

Microvascular rarefaction was determined by mea-
suring capillary (isolectin B4) and arteriole (smooth
muscle actin) densities. There was a significant de-
crease in capillary density in the hearts of db/db
mice. Immunostaining study showed that capillary

J Am Heart Assoc. 2021;10:e018913. DOI: 10.1161/JAHA.120.018913 9
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density was significantly increased in adenovirus- was reversed by treating with adenovirus-SIRT3
SIRT3-treated db/db mice compared with db/db (Figure 5D). Treatment with adenovirus-SIRT3 fur-
mice+adenovirus-B3-gal (Figure 5C). Similarly, arteriole  ther significantly reduced myocardial fibrosis in db/db
density was decreased in db/db mice, this reduction mice (Figure 5E).
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Figure 5. SIRT3 gene therapy reduced protein acetylation, suppressed TIGAR expression, and reduced microvascular
rarefaction in diabetic db/db mice.

A, Western blot analysis demonstrating that systemic administration of adenovirus-SIRT3 (1x10° PFU) resulted in overexpression
of SIRT3 in the db/db mouse hearts compared with db/db mice receiving adenovirus-B-gal (1x10° PFU). Overexpression of SIRT3
significantly increased the expression of PFKFB3 and VEGF, but reduced the expression of Ac-lysine, Ac-p53, TIGAR, caspase-3
compared with db/db mice+Ad-[3-gal. B, Representative images of dihydroethidium staining demonstrating that Overexpression of
SIRT3 in db/db mice exhibited a significant reduced ROS levels in the hearts. C, Representative images and quantitative analysis
showing that treatment with adenovirus-SIRT3 significantly increased capillary density in db/db mice by isolectin B4 staining (green,
x10). D, Representative images and quantitative analysis showing that treatment with Ad-SIRT3 significantly increased myocardial
arteriole density in db/db mice by SMA staining (red, x10). All data represent mean+SD (n=4 per group, *P<0.05 and **P<0.01). E,
Representative images and quantitative analysis showing that treatment with Ad-SIRT3 significantly reduced myocardial fibrosis
in db/db mice by Masson’s trichrome staining (blue, x10). All data represent mean+SD (n=4 per group, *P<0.05 and **P<0.01). Ad-
SIRT3 indicates adenovirus SIRT3; Caspase-3, cleaved caspase-3; p53, tumor suppressor p53; PFKFB3, 6-phosphofructo-2-kinase/
fructose-2, 6-bisphosphatase isoform 3; ROS, reactive oxygen species; SIRT3, sirtuin 3; SMA, smooth muscle actin; TIGAR, TP53-

induced glycolysis and apoptosis regulator; and VEGF, vascular endothelial growth factor.

Echocardiographic analysis showed that diabetic
db/db mice had an impaired cardiac function as
evidenced by an increased LV end-systolic diame-
ter (LVSD)/LV end-diastolic diameter (LVDD) and LV
end-systolic volume (LVSV)/-LV end-diastolic vol-
ume (LVDV), and a reduced ejection fraction (EF%)
and ejection shortening (FS%) as compared with
db+/- mice. Overexpression of SIRT3 led to a sig-
nificant improvement of ejection fraction and frac-
tional shortening with a reduction of LV end-systolic
diameter (2.88+0.02 mm versus 2.58+0.037 mm,
P<0.05) and LV end-systolic volume (31.85+0.531
versus 27.57+1.11, P<0.05) in db/db mice (Figure 6A,
Table 2). Overexpression of SIRT3 also signifi-
cantly suppressed cardiac hypertrophy in db/db
mice (98+3 mg/cm versus 84+10 mg/cm; P<0.05;
Figure 6B).

DISCUSSION

In this study, we demonstrated that overexpression
of SIRT3 alleviated diabetic cardiomyopathy by a
mechanism involving inhibition of p53 acetylation
and TIGAR expression. In vitro, overexpression
of SIRT3 in cardiomyocytes blunted the HG-
induced impairment of glycolysis and increases
in oxidative stress and apoptosis by targeting p53
acetylation-mediated TIGAR expression. In vivo,
overexpression of SIRT3 resulted in suppression
of p53 acetylation and improvements of capillary
density and cardiac function in db/db mice. Our data
for the first time demonstrated that SIRT3 modulates

diabetic cardiomyopathy by a mechanism involving
inhibition of p53 acetylation and TIGAR-mediated
cardiomyocyte glycolytic metabolism.

Emerging evidence suggests that SIRT3 may have
a protective role against diabetic cardiomyopathy.?42°
However, the underlying mechanisms of SIRT3 in dia-
betic cardiomyopathy remain unclear. SIRT3 is a pro-
tein deacetylase through the deacetylation of a variety
of transcriptional factors. One of the targets of SIRT3 is
transcriptional factor p53.26 SIRT3 has been shown to
deacetylate and promote p53 degradation in PTEN-
defective non—-small cell lung cancer.?” Our previous
study revealed that deficiency of SIRT3 increased p53
acetylation in the mouse hearts.?® Under normal condi-
tions, levels of p53 protein were maintained low because
of its short half-life through the ubiquitin-proteasome
degradation pathway. In the absence of SIRT3, p53
may be acetylated and accumulated, which caused
its activation and stabilization. In the present study, we
found that SIRT3 expression was reduced, while p53
acetylation was increased in the hearts of do/db mice.
Hyperglycemia is considered as one of the major factors
contributing to diabetic cardiomyopathy.?® To test the
direct link between SIRT3 and p53 acetylation, cardio-
myocyte cell line H9c2 cells were exposed to HG condi-
tions. Under HG conditions, SIRT3 levels were reduced,
which led to p53 acetylation. Overexpression of SIRT3
significantly attenuated the HG-induced p53 acetylation,
further suggesting a regulatory role of SIRT3 on p53
acetylation under hyperglycemia.

Hyperglycemia-induced ROS and apoptosis in
cardiomyocytes have been contributed to diabetic

Table 1. Measurement of Body Weight, Glucose Levels and Heart Weight
Db+/- Mice (n=6) Db/db+Adenovirus-$-gal (n=7) Db/db+Adenovirus-SIRT3 (n=5) P Value
Body weight, g 35.8+2.4 69.7+5.9* 65.9+3.7*
Heart weight, g 0.154+0.011 0.172+0.001* 0.148+0.017F <0.05
Glucose levels, mg/dL 89+18 243+142* 268+157*

All data represent mean+SD. One-way ANOVA, followed by Tukey’s post hoc test.
*P<0.05 vs db+/-.
P<0.05 vs Db/db+Ad-B-gal.
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Figure 6. SIRT3 gene therapy attenuated cardiac hypertrophy and improved cardiac function in

db/db mice.

A and B, Overexpression of SIRT3 led to a significant improvement of EF% and FS% with reduction of
heart weight (HW/tibia length ratio) in db/db mice. All data represent mean+SD (n=5-8 mice, *P<0.05,
**P<0.01, and ***P<0.001). Ad-SIRT3 indicates adenovirus SIRT3; EF%, ejection fraction; and FS%,

fractional shortening.

cardiomyopathy.®° In the present study, we demon-
strated the involvement of SIRT3 in mediating
hyperglycemia-induced ROS and apoptosis in car-
diomyocytes. Overexpression of SIRT3 ameliorated
the HG-induced ROS formation and apoptosis. Our
data also indicate that the p53/TIGAR axis appeared
to be a direct downstream signal pathway of SIRT3
since overexpression of SIRT3 resulted in reductions
of p53 acetylation and TIGAR expression. Moreover,

J Am Heart Assoc. 2021;10:e018913. DOI: 10.1161/JAHA.120.018913

knockdown of p53 significantly inhibited HG-induced
TIGAR expression. Furthermore, specific knockdown
of TIGAR reduced HG-induced ROS levels, apoptosis,
and promoted EC angiogenesis. These data suggest
that SIRT3 may alleviate HG-induced cardiomyopathy
by a mechanism involving inhibition of p53/TIGAR sig-
naling pathway.

We have shown that knockout of SIRT3 disrupts glu-
cose transport from endothelial cells to cardiomyocytes,
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Table 2. Measurement of Heart Rate and Cardiac Function by Echocardiography

Db+/- Mice (n=5) Db/db+Adenovirus-3-gal (n=8) Db/db+Adenovirus-SIRT3 (n=5) P Value
Heart rate, bpm 485+30 425+60 435+50
LVSD, mm 2.37+0.033 2.88+0.02" 2.58+0.037" <0.05
LVDD, mm 3.86+0.026 4.36+0.032* 4.19+0.32*
LVSV, pL 19.89+0.685 31.85+0.531* 27.57+1.111 <0.05
LVDV, uL 64.73+1.06 86.26+1.47* 84.9+1.803*
Stroke volume, pl 44.84+0.61 54.41+1,233* 57.33+0.888"*
Cardiac output, mL/min 19.76+0.165 23.59+0.5639* 25.21+0.356*

All data represent mean+SD. One-way ANOVA, followed by Tukey’s post-hoc test. LVDD indicates left ventricular end-diastolic diameter; LVDV, left ventricular
end-diastolic volume; LVSD, left ventricular end-systolic diameter; and LVSV, left ventricular end-systolic volume.

*P<0.05 vs db+/-.
P<0.05 vs Db/db+Ad-B-gal.

reduces cardiomyocyte glucose utilization and glycol-
ysis, and sensitizes pressure overload-induced heart
failure.®" SIRT3 may regulate cardiomyocyte glucose
availability and glycolysis, which governs the function of
the heart.®" PFKFB3 and TIGAR are the key regulators
for phosphofructokinase and glycolysis. Accumulating
evidence reveals that balanced PFKFB3/TIGAR is crit-
ical for glycolysis and cell survival. A study showed an
upregulation of TIGAR levels in response to PFKFB3
knockdown in Hela cells.*> Furthermore, TIGAR was
overexpressed in multiple human leukemia cell lines and
knockdown of TIGAR activated glycolysis via the upreg-
ulation of PFKFB3 in human leukemia cells.3® Glycolysis
is essential to cardiac metabolism and impaired gly-
colysis has contributed to diabetic cardiomyopathy.3
Metformin, which abrogated the downregulation of
hexokinase and phosphofructokinase in the hearts of
streptozotocin-induced diabetic mice, exhibited pro-
tection to diabetic hearts.® In the present study, expo-
sure of cardiomyocytes to HG caused an imbalanced
PFKFB3/TIGAR in favoring TIGAR. This was accompa-
nied by significant reductions of glycolysis, glycolysis
capacity, and glycolytic reserve. In contrast, knockdown
of TIGAR upregulated PFKFB3 expression and im-
proved glycolysis in H9c2 cells. These results indicated
that hyperglycemia may disrupt glycolysis by activation
of p53, which leads to an imbalanced TIGAR/PFKFB3
in favoring TIGAR. This notion was further validated by
that the overexpression of SIRT3 rebalanced PFKFB3/
TIGAR and enhanced glycolysis under hyperglycemic
conditions.

In vivo, we demonstrated that SIRT3 expression
was significantly reduced in the hearts of db/db mice.
Overexpression of SIRT3 inhibited p53 acetylation and
rebalanced PFKFB3/TIGAR expression in the hearts
of db/db mice. SIRT3 overexpression also reduced
myocardial ROS formation. SIRT3 overexpression
further blunted myocardial fibrosis and myocardial
microvascular rarefaction in diabetes mellitus. Most
importantly, overexpression of SIRT3 ameliorated car-
diac hypertrophy and diabetic cardiac dysfunction with

J Am Heart Assoc. 2021;10:e018913. DOI: 10.1161/JAHA.120.018913

a significant improvement of fractional shortening and
gjection fraction in db/db mice. These in vivo results
further confirmed the protective role of SIRT3 in dia-
betic cardiomyopathy.

Our data suggest a novel role of SIRT3 in diabetes
mellitus—mediated metabolism reprogramming and car-
diac remodeling; however, this study had some limita-
tions. First, we did not examine how SIRT3 affects p53
acetylation. Although our data showed an imbalanced of
TIGAR/PFKFB3 in the hearts of diabetic db/db mice, we
did not actually measure the levels of glycolytic enzyme
activity and glycolysis. Further studies are warranted to
further explore the potential role of an imbalanced of
TIGAR/PFKFB3 on cardiac insulin resistance in the dia-
betic cardiomyopathy. In addition, our study in vivo only
focused on SIRT3 overexpression on diabetic cardio-
myopathy, whereas the physiologic role of adenovirus-
SIRT3 on nondiabetic db+/— mice is lack. Further studies
are warranted to address these questions.

In conclusion, our present study suggested that
overexpression of SIRT3 alleviated diabetic cardio-
myopathy by a mechanism involving inhibition of the
p53/TIGAR and in favor of the PFKFB3 signaling
pathway, which may improve glycolysis under hy-
perglycemia. Results from the present studies pro-
vided the foundation for exploitation of the regulation
of the SIRT3 and p53/TIGAR axis, especially a tar-
geted reduction in TIGAR and the glycolytic metab-
olism pathway, to ameliorate or reverse the diabetic
cardiomyopathy.
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Figure S1. Results from Western blot analysis demonstrating that exposure of H9¢c2 cells to

Mannitol for 72 hours had no effects on the expression of SIRT3, p53-acetylation, p53,
PFKFB3 and TIGAR. (n = 4 cell lines).
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Figure S2. A and B. Results from Immunofluorescence and Western blot analysis
demonstrating that exposure to Ad-SIRT3 for 48 hours led to a significant increase in

SIRT3 expression.
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Figure S3. A and B. Fluorescent immunohistochemical analysis confirmed the SIRT3 in the
Ad-SIRT?3 treated db/db mice hearts were co-localized with Troponin on cardiomyocytes
and Isolectin B4 (IB4) on ECs.
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