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A B S T R A C T

Nucleotide-binding oligomerization domain-Like Receptor with a Pyrin domain 3 (NLRP3) inflammasome was
emerged as a marker of metabolic dysregulation. We revealed that age-related Sirtuin-1 (SIRT1) modulates
cardiac metabolism that medicated inflammatory response during ischemia and reperfusion (I/R) stress. We
hypothesize that SIRT1 attenuates NLRP3 inflammasome-dependent inflammation and pyroptosis during myo-
cardial I/R through metabolic modulation. C57BL/6J wild type (WT) mice, inducible cardiomyocyte specific
SIRT1 knockout (icSIRT1 KO) and inducible cardiomyocyte specific PDH E1α knockout (icPDH E1α KO) mice
were subjected to ligation and release of left anterior descending coronary artery for in vivo regional I/R models.
The echocardiography measurement demonstrated that SIRT1 agonist SRT1720 (30 μg/g) improved cardiac
systolic function during 45 min of ischemia and 6 h of reperfusion in C57BL/6J WT mice. The biochemical
analysis showed that I/R triggered activation of cardiac pyruvate dehydrogenase (PDH), while SIRT1 agonist
SRT1720 inhibited I/R-induced PDH activity and reduced production of reactive oxygen species (ROS) during
myocardial I/R. Moreover, SRT1720 regulates PDH-related glucose oxidative metabolism to reduce NLRP3 in-
flammasome activation and pyroptosis in an Akt signaling dependent manner during I/R. Furthermore, an
impaired Akt signaling was observed in icSIRT1 KO versus SIRT1fox/flox mice under I/R stress. Intriguingly, we
observed lower levels of ROS generation, decreased NLRP3 levels and less pyroptosis occurred in the icPDH E1α
KO versus PDH E1αflox/flox hearts during I/R. Taken together, the results indicate that SIRT1 agonism can inhibit
activation of NLRP3 inflammasome via Akt-dependent metabolic regulation during ischemic insults by I/R.

1. Introduction

Acute myocardial infarction (AMI) remains the leading cause of
morbidity and mortality worldwide [1], despite the treatments of
considerable improvements, such as primary percutaneous coronary
interventions that provide early and successful myocardial reperfusion
[2,3]. However, the process of rapid restoration of blood flow to
myocardium (reperfusion) can lead to paradoxical cardiomyocyte dys-
function and worsen tissue damage known as “ischemia/reperfusion (I/
R) injury” [3–10]. The exact mechanisms of I/R injury are not fully
known [11]. Sterile inflammation is considered to be one of paramount
importance for I/R injury development [12,13].

Emerging evidence indicates the role of inflammasome as one of the
key regulators of this inflammation-mediated I/R injury [14]. The in-
flammasome is a multiprotein complex that embodies caspase-1,
apoptosis-associated speck-like protein (ASC), and nucleotide-binding
oligomerization domain-like receptor with a pyrin domain (NLRP) [15].
Assembly of an inflammasome triggers proteolytic cleavage of dormant
procaspase-1 into active caspase-1, which converts the cytokine pre-
cursors pro-interleukin-1β (IL-1β) and pro-interleukin-18 (IL-18) into
mature and biologically active IL-1β and IL-18, respectively [16,17].
Mature IL-1β is a potent proinflammatory mediator in many immune
reactions, including the recruitment of innate immune cells to the site
of infection and modulation of adaptive immune cells, whereas mature
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IL-18 is important for the production of interferon-γ and potentiation of
cytolytic activity of natural killer cells and T cells [18]. Active caspase-1
also induces a proinflammatory form of cell death, known as pyroptosis
[19]. Among the inflammasomes, NLRP3 inflammasome is the most
studied inflammasome and been known as a decisive component of the
innate immune response to ischemia, repair, and perpetuation of injury
[20–22].

NLRP3 inflammasome assembly is strictly regulated by the re-
quirement of coordinated priming and activation signals. These signals
are highly diverse, and despite almost 20 years of research, our un-
derstanding of the signaling pathways and the molecular mechanisms
controlling NLRP3 remains largely incomplete. Metabolic regulation of

NLRP3 and other inflammasome components have recently emerged as
an important mechanism [23]. The NLRP3 inflammasome has been
shown to sense metabolites such as palmitate [24], uric acid [25], and
cholesterol crystals [23], and is inhibited by ketone bodies [26] pro-
duced during metabolic flux. The NLRP3 inflammasome has also been
shown to be regulated by mitochondrial reactive oxygen species (ROS)
and components of glycolysis, such as Hexokinase [27,28].

Sirtuin-1 (SIRT1), a member of the NAD-dependent sirtuin family of
histone/protein deacetylases (HDAC), has emerged as a critical reg-
ulator during I/R in the heart, as well as in aged heart identified by our
previous work [29–33]. It plays an important role in inhibiting apop-
tosis, protecting mitochondrial function, resisting oxidative stress and

Fig. 1. Effects of SIRT1 agonist SRT1720 on cardiac function of C57BL/6J under sham operations and ischemia and reperfusion stress conditions. Echocardiography
measurements to determine the effects of SRT1720 treatments on contractile functions of mouse hearts under physiological and pathological conditions. N = 3–6,
data are mean ± standard error, *p < 0.05 vs. Sham with vehicle; †p < 0.05 vs. I/R with vehicle.
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alleviating inflammatory reaction, including the inhibition of the
NLRP3 inflammsome. SIRT1 was reported to exhibit a role in NLRP3
inflammasome modulation and SIRT1 KO mice have increased levels of
active IL-1β in the lungs in a model of sepsis [34]. In endothelial cells
SIRT1 knockdown enhanced NLRP3 inflammasome activation and
SIRT1 stimulation inhibited NLRP3 inflammasome activation [35].
Resveratrol also can alleviate cerebral ischemia/reperfusion injury in
rats by inhibiting NLRP3 inflammasome activation through SIRT1-de-
pendent autophagy induction [36]. However, the molecular mechan-
isms remain elusive. Here we revealed a critical role of SIRT1's meta-
bolic regulation in NLRP3 inflammasome-dependent inflammation and
pyroptosis in response to I/R stress.

2. Materials and methods

2.1. Experimental animals

C57BL/6 J wild type mice (4–6months), SIRT1flox/flox mice (stock
number 008041), and CreERT2 (stock number 005657) mice were from
Jackson Laboratory. Cardiomyocyte specific deletion of the SIRT1 gene
mouse was generated by breeding SIRT1flox/flox mice with transgenic
mice that carried an autosomally integrated Cre gene driven by the
cardiac-specific alpha-myosin heavy chain promoter (αMHC)
(CreERT2). The inducible cardiac-specific SIRT1 knockout (icSIRT1 KO)
mice were generated by Tamoxifen injection (0.04 mg/g, i.p. 5 days) of
CreERT2-SIRT1flox/flox (12 weeks old) mice, and SIRT1flox/flox mice (12
weeks old) with Tamoxifen injection were used for control groups.
Cardiac-specific deletion of the PDHa1 gene was also generated by
breeding PDH E1αflox/flox mice [37] with transgenic mice that carried
an autosomally integrated Cre gene driven by the cardiac-specific
aMHC (CreERT2). The inducible cardiac-specific PDH E1α knockout
(icPDH E1α KO) mice were generated by Tamoxifen injection
(0.04 mg/g, ip 5 days), and PDH E1αflox/flox (12 weeks old) mice with
Tamoxifen injection were used for control groups. The genotying details
were described in the Supplementary material online. All animal ex-
periments were performed in compliance with NIH guidelines. And All
animal protocols in this study were approved by the University of South
Florida Institutional Animal Care and Use Committee.

2.2. In vivo regional I/R model

Mice were anesthetized with isoflurane (2%) via inhalation and kept
ventilated (Harvard Rodent Ventilator; Harvard Apparatus, Holliston,
MA) during surgeries. The body temperature was maintained at 37 °C
with a heating pad. After left lateral thoracotomy, the left anterior
descending coronary artery (LAD) was occluded 45 min for ischemia
with an 8-0 nylon suture and polyethylene tubing to prevent arterial
injury. An ECG and blanching of the left ventricle confirmed ischemic

repolarization changes (ST-segment elevation) during coronary occlu-
sion. Meanwhile, mice were injected with SIRT1 agonist SRT1720
(30 μg/g, i.p.) or vehicle (DMSO) before surgery. Hemodynamic para-
meters were detected at 6 h at the end of reperfusion. At the endpoints
of experiments, mice were anesthetized with isoflurane (2%) and ven-
tilated while the hearts were excised, and the ischemic region of the left
ventricle was separated before freeze clamping in liquid nitrogen.
Freeze clamped heart tissues were stored at -80 °C until further im-
munoblotting analysis.

2.3. Echocardiography

Transthoracic echocardiography was performed on mice at rest,
following anesthesia with 1.5%–2.0% isoflurane, using a high-resolu-
tion imaging system for small animals (a Vevo 3100 imaging system,
Visual Sonics). All hair was removed from the chest with a chemical
hair remover. Parasternal long-axis and short-axis views were acquired.
The left ventricular (LV) dimensions and wall thicknesses were de-
termined from parasternal short axis M-mode images.

2.4. Histopathological analysis

To assess the morphological changes, the LV tissues were fixed
immediately in 10% neutral buffered formalin and embedded in par-
affin after anesthesia. Then the sections (5 μm) cut from the paraffin
blocks were stained with haematoxylin-eosin for histopathological ex-
amination.

2.5. TUNEL fluorescent assay and mitochondrial reactive oxygen species
(ROS) measurement

TUNEL fluorescent assay was conducted with an in-situ Cell Death
Detection Kit (Roche Inc., Indianapolis, IN, United States) following the
protocols using freshly frozen sections of LV. Sections were counter-
stained by DAPI (1:1000) for 5 min. The sections were then washed
with PBS three times and covered by microscopic glass with Antifade
Mounting Medium (Beyotime Institute of Biotechnology, Shanghai,
China) for further study. The numbers of TUNEL-positive cells in the
hippocampal CA1 region were counted and analyzed (at × 200 and
×400 magnification) by an investigator blinded to the treatment con-
ditions.

Mitochondrial ROS production was evaluated by MitoSOX Red
(Invitrogen). Freshly frozen sections of LV were washed by PBS and
then incubated with in PBS containing 1 μM MitoSOX™ Red mi-
tochondrial superoxide indicator (Invitrogen) for 10 min at 37 °C,
protected from light. Images were detected by fluorescence microscopes
(excitation at 510, emission at 580 nm).

Table 1
Other echocardiographic assessment of cardiac functions.

Parameter (unit) Sham I/R

Vehicle SRT1720 Vehicle SRT1720

IVSd (mm) 0.90 ± 0.23 0.99 ± 0.14 0.64 ± 0.06* 0.82 ± 0.27†
IVSs (mm) 1.26 ± 0.44 1.24 ± 0.18 0.70 ± 0.19* 0.98 ± 0.35
LVIDd (mm) 3.28 ± 0.23 3.30 ± 0.24 3.68 ± 0.14* 3.16 ± 0.37
LVIDs (mm) 1.94 ± 0.47 2.26 ± 0.23 2.99 ± 0.22* 2.09 ± 0.35†
LVPWd (mm) 0.86 ± 0.24 0.93 ± 0.23 0.71 ± 0.19 0.95 ± 0.49
LVPWs (mm) 1.42 ± 0.34 1.29 ± 0.30 0.90 ± 0.21 1.34 ± 0.34
LV Vol; d (mm) 43.69 ± 7.62 44.53 ± 7.75 57.36 ± 5.14* 40.53 ± 11.05†
LV Vol; s (mm) 12.63 ± 6.97 17.50 ± 4.48 34.91 ± 6.40* 14.80 ± 6.12†
LV mass (mm) 98.64 ± 31.65 111.71 ± 6.31 82.54 ± 20.03 95.98 ± 39.78

Abbreviations: IVSd: interventricular septal end diastole, IVSs: interventricular septal end sistole, LVIDd: left ventricular internal diameter end diastole, LVIDs: left
ventricular internal diameter end sistole, LVPWd: left ventricular posterior wall end diastole, LVPWs: left ventricular posterior wall end sisstole. Values are
means ± standard error. *p < 0.05 vs. Sham with Vehicle; †p < 0.05 vs. I/R with Vehicle.

Y. Han, et al. Redox Biology 34 (2020) 101538

3



Fig. 2. Effects of SRT1720 treatments on histopathological damage and pyroptosis caused by 45 min of ischemia and 6 h of reperfusion (I/R). (A) Representative
images of haematoxylin and eosin staining for sham operations and I/R with or without SRT1720 treatments. (B) Upper: representative TUNEL staining for myo-
cardial tissue from sham operations and I/R with or without SRT1720 treatments; Lower: bar graph of quantitative analysis for TUNEL positive cells from sham
operations and I/R with or without SRT1720 treatments, n = 3–5 independent experiments, data are mean ± standard error, *p < 0.05 vs. Sham with vehicle,
respectively; †p < 0.05 vs. I/R with vehicle.
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2.6. Immunoblotting

Protein samples were prepared from hearts using lysis buffer
(20 mM Tris-HCl [pH 7.5], 137 mM NaCl, 0.5% NP-40, 0.5 mM 1,4-
Dithiothreitol (DTT), Complete Protease Inhibitor Cocktail [Roche,
Mannheim, Germany], and Phosphatase Inhibitor Cocktail [Sigma]).
Immunoblots and immunoprecipitations were performed as previously
described [38,39]. Protein concentrations were measured using a
Bradford assay kit (Bio-Rad, Hercules, CA). The proteins were separated
by 7–15% SDS-PAGE and then transferred to nitrocellulose membranes
(Bio-Rad). The membranes were incubated with primary antibodies
against NLRP3, AMP-activated protein kinase (AMPK), phosphor-AMPK
(Thr172), pyruvate dehydrogenase (PDH), phosphor-PDH (Ser293),
Acetyl CoA Carboxylase (ACC), phosphor-ACC (Ser79), Phosphatidyli-
nositol-4,5- bisphosphate 3-kinase (PI3K), phosphor-PI3K p85 (Tyr458)/
p55 (Tyr199), protein kinase B (Akt), phosphor-Akt (Ser473), phospha-
tase and tensin homologue deleted on chromosome ten (PTEN) phos-
phor-PTEN (Ser380) and Carnitine palmitoyltransferase-1 (CPT1) (ob-
tained from Cell Signaling, Danvers, MA). Mice SIRT1 antibody was
obtained from Abcam (MitoSciences-Abcam, Eugene, OR). Horseradish
peroxidase-conjugated secondary antibodies were obtained from Cell
Signaling.

2.7. Real-time qPCR analysis

Total RNA from LV myocardial tissues was extracted using Trizol
(Invitrogen, USA) and then synthesized into cDNA by using an Applied
Biosystems™ TaqMan™ High-Capacity RNA-to-cDNA Kit (Applied
Biosystems, USA, #4387406). qPCR was performed using iTaq
Universal SYBR Green Supermix (Bio-Rad, #1725124). Primer se-
quences were listed in the supplementary materials.

2.8. Enzyme-linked immunosorbent assay

Blood samples (0.2 ml) were extracted at the endpoints of experi-
ments and injected into EDTA anticoagulant tubes and maintained at
4 °C for 30 min, followed by centrifugation at 3000×g for 10 min at
4 °C to collect supernatant. The quantifications of IL-1β (cat. no.
ab197742) and IL-18 (cat. no. ab216165; both Abcam, Cambridge, UK)
in serum of different groups were performed using an enzyme-linked
immunosorbent assay (ELISA) kit following the manufacturer's proto-
cols.

2.9. Statistical analysis

Data were collected from experimental animals (n = 3–7 per group)
and presented as means ± SEM, as indicated, using Image GraphPad
Prism 8.0 software (GraphPad Software, La Jolla, CA) for analysis.
Comparisons were performed using either a two-tailed, unpaired
Student's t-test or ANOVA using Tukey's posttest. A value of p < 0.05
was considered statistically significant.

3. Results

3.1. SIRT1 agonist improves cardiac systolic function under I/R

Echocardiographic measurements of ejection fraction (EF), frac-
tional shortening (FS), the ratio of peak velocity blood flow from left
ventricular relaxation in early diastole (the E wave) to peak velocity
flow in late diastole caused by atrial contraction (the A wave) (E/A
ratio) were shown in Fig. 1. Other Parameters including inter-
ventricular septal (IVS) dimensions, LV internal dimensions (LVID), LV
posterior wall thickness (LVPW) and LV mass in C57BL/6J mice were
shown in Table 1. The results demonstrated that the systolic functions
were significantly impaired during 45 min of ischemia and 6 h of re-
perfusion (I/R) as shown by reduced EF and FS (Fig. 1). SIRT1 agonist
SRT1720 treatments significantly improved cardiac systolic function
during 45 min of ischemia and 6 h of reperfusion as compared to the I/
R group (Fig. 1). However, the cardiac diastolic functions were not
affected by 45 min of ischemia and 6 h of reperfusion or SRT1 agonist
treatment (Fig. 1).

3.2. SRT1720 attenuates histopathological damage and cardiac pyroptosis
caused by ischemia and reperfusion

The HE immunohistochemistry results showed that the pathological
features of myocardial destruction became apparent during 6 h of re-
perfusion after 45 min of ischemia in heart tissue with deformation of
myocardial fibers, swelling and rupture of myocardial cells, obvious
infiltration of inflammatory cells (Fig. 2A). However, SIRT1 agonist
SRT1720 treatment ameliorated the histological features that became
typical of normal cardiac structure or mild architectural damage,
characterized by interstitial edema and localized necrotic areas
(Fig. 2A).

The TUNEL fluorescent assay showed that ischemia (45 min) and
reperfusion (6 h) caused the higher percentage of dead cardiomyocytes
than that in the control groups (Fig. 2B). Interestingly, SRT1720
treatment reduced the pyroptotic cell death induced by I/R injury
(Fig. 2B). These results suggest that SIRT1 activation by SRT1720 can
ameliorates cardiac pyroptosis caused by ischemia and reperfusion in-
jury.

3.3. SIRT1 activation inhibits ROS-associated NLRP3 inflammasome
activation

Since ROS accumulation is a well-established mechanism of NLRP3
inflammasome activation and mitochondrial ROS is the main source of
ROS during myocardial ischemia and reperfusion injury, we determined
the ROS levels in the heart during sham operations or 45 min of
ischemia and 6 h of reperfusion with an approach of a fluorescent probe
(MitoSOX Red). The results demonstrated that the ROS levels were
dramatically increased during myocardial I/R versus sham operation
groups (Fig. 3A–B). SIRT1 agonist SRT1720 significantly reduced ROS
production caused by I/R (Fig. 3A–B). Intriguingly, I/R can trigger both
mRNA and protein expression of the NLRP3 inflammasome while

Fig. 3. Association of reactive oxygen species (ROS) with NLRP3 inflammasome activation during ischemia and reperfusion (I/R) stress. (A) Representative images of
mitochondrial superoxide production (MitoSOX, red fluorescence). (B) Quantitative analysis of MitoSOX production. n = 5, *p < 0.05 vs. Sham, respectively;
†p < 0.05 vs. I/R alone. (C) Real-time RT-PCR to measure NLRP3 mRNA expression levels. n = 5, *p < 0.05 vs. Sham with vehicle, respectively; †p < 0.05 vs. I/R
with vehicle. (D) Upper: the immunoblotting to show the protein levels of cardiac NLRP3 under sham operations and I/R with or without SRT1720 treatments;
Lower: quantitative analysis of NLRP3 and SIRT1 protein levels under sham and I/R with or without SRT1720 treatments. n = 5–6/group, *p < 0.05 vs. Sham with
vehicle, respectively; †p < 0.05 vs. I/R with vehicle. (E) The serum IL-1β levels with ELISA Kit determination for Sham and I/R with or without SRT1720 treatments.
n = 4–5/group, *p < 0.05 vs. Sham with vehicle, respectively; †p < 0.05 vs. I/R with vehicle. (F) The serum IL-18 levels with ELISA Kit determination for Sham
and I/R with or without SRT1720 treatment. n = 4–5/group, *p < 0.05 vs. Sham with vehicle, respectively; †p < 0.05 vs. I/R with vehicle. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Effects of SIRT1 agonist SRT1720 on Akt signaling mediated pyruvate dehydrogenase (PDH) activation. (A) Left: the immunoblotting to show PI3K, Akt, PDH,
AMPK and ACC signaling response in the heart under sham and I/R with or without SRT1720 treatments. Right: quantitative analysis of Akt, PDH, AMPK signaling
pathways in the heart under sham and I/R with or without SRT1720 treatments. n = 4–6 mice/each group, *p < 0.05 vs. Sham with vehicle or I/R with vehicle,
respectively. (B) The immunoblotting for NLRP3, SIRT1, PDK1, PTEN and Akt signaling response in icSIRT1 KO and SIRT1flox/flox hearts under sham or I/R con-
ditions. (C) The immunoblotting for PDH, AMPK, and CPT-1 signaling response in icSIRT1 KO and SIRT1flox/flox hearts under sham or I/R conditions.

Y. Han, et al. Redox Biology 34 (2020) 101538

7



(caption on next page)

Y. Han, et al. Redox Biology 34 (2020) 101538

8



SRT1720 treatment significantly reduced NLRP3 inflammasome at both
mRNA and protein levels although the SIRT1 protein levels did not
change under these conditions (Fig. 3C–D). The downstream effectors
of NLRP3 inflammasome serum IL-1β and IL-18 levels were sig-
nificantly increased in response to I/R stress and the administration of
SRT1720 reduced both serum IL-1β and IL-18 levels caused by I/R
stress (Fig. 3E–F).

3.4. SIRT1 agonist modulates cardiac Akt-PDH signaling cascade

The production of ROS is associated with aerobic respiration.
Decarboxylation of acetyl-CoA in mitochondria by PDH links glycolysis
to the Krebs cycle and controls the rate of aerobic respiration.
Therefore, we determined whether SIRT1 agonist SRT1720 treatment
can attenuate myocardial abnormality via modulating PDH activity
through metabolic reprogramming. The immunoblotting results de-
monstrated that SRT1720 treatment significantly enhanced phosphor-
ylation of PDH that reflects a reduced PDH activity (Fig. 4A). Intrigu-
ingly, SRT1720 treatment triggered phosphorylation of Akt that has
been implicated in modulating cardiac metabolism (Fig. 4A). But the
phosphorylation of PI3K did not affected by SRT1720 treatment
(Fig. 4A). The SIRT1 agonist SRT1720 did not trigger energy sensor
AMPK signaling pathway, as shown by the immunoblotting with
phosphorylation of AMPK and downstream ACC (Fig. 4A). To further
determine the role of SIRT1 in the Akt-PDH signaling pathway, icSIRT1
KO versus SIRT1flox/flox mice were subjected to 45 min of ischemia and
6 h of reperfusion or sham operations. The immunoblotting data
showed that icSIRT1 KO versus SIRT1flox/flox hearts had higher NLRP3
levels and phosphorylation of PTEN in response to I/R stress (Fig. 4B).
icSIRT1 KO blunted phosphorylation of PDH and AMPK signaling
pathway as shown by phosphorylation of AMPK and downstream ACC
versus SIRT1flox/flox mouse hearts (Fig. 4C).

3.5. Cardiomyocyte specific PDH E1α deficiency blunts the effect of SIRT1
agonist on cardiac pyroptosis during I/R injury

We generated icPDH E1α KO mice with PDH E1αflox/flox mice to
determine the role of activation of PDH in the effect of SIRT1 agonism
on pyroptosis induced by I/R. The TUNEL staining results demonstrated
that 45 min of ischemia and 6 h of reperfusion caused pyroptosis in the
heart (Fig. 5A–B) and PDH E1α deletion in cardiomyocytes (icPDH E1α
KO) had more pyroptosis occurred in the heart than that in PDH
E1αflox/flox heart (Fig. 5A–B). Interestingly, SIRT1 agonist SRT1720
treatment significantly reduced the pyroptosis induced by I/R in PDH
E1αflox/flox hearts (Fig. 5A) but not in icPDH E1α KO hearts (Fig. 5B).
These results indicated that PDH plays a critical role in mediating the
beneficial effect of SRT1720 on cardiac pyroptosis induced by ischemia
and reperfusion injury.

3.6. Pyruvate dehydrogenase plays a role in I/R-triggered ROS and
activation of NLRP3 inflammasome in the heart

The MitoSOX staining results showed that I/R dramatically trig-
gered ROS generations in the hearts and the ROS levels in PDH E1αflox/
flox hearts caused by I/R were significantly higher than that in icPDH
E1α KO hearts (Fig. 6A–B). SIRT1 agonist SRT1720 can significantly
reduce I/R-induced ROS in PDH E1αflox/flox hearts but not in icPDH E1α
KO hearts (Fig. 6A–B). Moreover, administration of SRT1720 sig-
nificantly deceased the protein levels of cardiac NLRP3 and

downstream serum IL-1β and IL-18 concentrations in PDH E1αflox/flox

mice (Fig. 6C–E). Interestingly, icPDH E1α KO versus PDH E1αflox/flox

demonstrated lower ROS levels and lower levels of NLRP3 under both
sham operations and I/R conditions (Fig. 6A–E). However, SRT1720
significantly reduced ROS production and NLRP3 levels caused by I/R
in PDH E1αflox/flox hearts but not in icPDH E1α KO hearts (Fig. 6A–E).
The NLRP3 downstream effectors serum IL-1β and IL-18 were sig-
nificantly up-regulated by I/R in PDH E1αflox/flox but not in icPDH E1α
KO mice (Fig. 6C–D). SIRT1 agonist SRT1720 treatments reduced both
serum IL-1β and IL-18 levels in PDH E1αflox/flox mice (Fig. 6C–D). In-
terestingly, icPDH E1αKO versus PDH E1αflox/flox hearts showed trend
of lower AMPK activation and higher levels of CPT-1 (Fig. 6E).

4. Discussion

The present study verified the molecular mechanism of SIRT1 on
NLRP3 inflammasome activation in response to myocardial I/R stress.
SIRT1 activation inhibited ROS-associated NLRP3 inflammasome acti-
vation and ameliorates cardiac pyroptosis during myocardial I/R injury
through Akt- PDH signaling pathway. To the best of our knowledge, it
for the first time identified the critical mechanism of SIRT1 regulating
NLRP3 inflammasome dependent inflammation and pyroptosis against
myocardial I/R injury through metabolic reprogramming.

AMI represents a prototypical example of sterile injury, in which the
NLRP3 inflammasome coordinates an inflammatory response in the
absence of pathogens [40]. Although the inflammatory response is
needed to coordinate the clearance of cellular debris, it leads to con-
tinual loss of functional cardiomyocytes, deleterious structural ab-
normalities and aneurysm formation, further exacerbating the con-
sequences injury even after reperfusion [41–43]. NLRP3 is mainly
expressed in fibroblast and endothelial cells, but also in cardiomyocytes
[20,44,45]. We found that NLRP3 expression levels significantly in-
creased at 6 h of reperfusion after ischemia, that was consistent with the
previous study [14]. The NLRP3 inflammasome is a critical component
of inflammasomes that regulates the cleavage of caspase-1, which
controls the processing and secretion of the pro-inflammatory cytokines
IL-1β and IL-18. These cytokines are crucial in initiating or amplifying
the innate immune response, resulting in a novel inflammatory form of
programmed cell death deemed pyroptosis [46–48]. This study pro-
vided evidence that the elevated serum IL-1β and IL-18 levels and
cardiomyocyte pyroptosis occurred in parallel with the impaired car-
diac systolic function during I/R injury.

Recent evidence supports a role for metabolic reprogramming in
NLRP3 activation and dysregulation. The discovery of an altered me-
tabolism in activated macrophages and associated metabolic compo-
nents which can drive inflammation hold much promise in unraveling a
bioenergetics-independent role of metabolism in host survival [49]. It is
well known that cardiac fatty acid and glucose metabolism, specifically
fatty acid β-oxidation and glucose oxidation, are highly regulated
processes that meet most myocardial energetic requirements. Cardiac
ischemia and reperfusion are characterized by complex alterations in
fatty acid and glucose oxidation that ultimately have a negative impact
on cardiac efficiency and function. Such alterations in energy substrate
metabolism can limit the deficits in cardiac efficiency and function that
occur during cardiac ischemia and reperfusion [50]. As an important
cardiac energy metabolism regulator, it leads to the hypothesis that
SIRT1 can regulate NLRP3 inflammation activation through metabolic
reprogramming. Since the control of PDH activity is an essential part of
the overall control of glucose metabolism, we found significantly

Fig. 5. Effects of SIRT1 agonist SRT1720 on cardiomyocytes pyroptosis in PDH E1αflox/flox and icPDH E1α KO mice under sham operations and I/R with or without
SRT1720 treatments. (A) The representative TUNEL staining of myocardial tissue from PDH E1αflox/flox and icPDH E1α KO mice under sham operations and I/R with
or without SRT1720 treatments. (B) bar graph of quantitative analysis for TUNEL positive cells from sham operations and I/R with or without SRT1720 treatments in
PDH E1αflox/flox and icPDH E1α KO mice, n = 3–5 independent experiments, data are mean ± standard error, *p < 0.05 vs. Sham, respectively; †p < 0.05 vs. I/R
with vehicle in PDH E1αflox/flox; #p < 0.05 vs. I/R with vehicle in PDH E1αflox/flox.
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decreased phosphorylation of PDH (inactive form of PDH) during I/R,
representing that I/R triggered activation of PDH and glucose oxidative
metabolism, while SIRT1 activation by SRT1720 administration sig-
nificantly inhibited PDH activity, resulting in the inhibition of NLRP3

inflammasome activation.
ROS generation has been identified as an important mechanism by

which NLRP3 inflammasome is activated, and NLRP3 activation was
blocked by ROS scavengers [51]. In the present study, we found that the

Fig. 6. (continued)

Fig. 6. Effects of SRT1720 treatments on ROS and NLRP3 inflammasome activation in response to I/R stress in PDH E1αflox/flox and icPDH E1α KO hearts. (A) The
representative images of mitochondrial superoxide production (MitoSOX, red fluorescence) of PDH E1αflox/flox and icPDH E1α KO hearts under sham operations and
I/R with or without SRT1720 treatments. (B) Quantitative analysis of MitoSOX production. N = 3 mice/each group, *p < 0.05 vs. Sham with vehicle, respectively;
#p < 0.05 vs. I/R with vehicle in PDH E1αflox/flox; †p < 0.05 vs. I/R with vehicle in PDH E1αflox/flox; §p < 0.05 vs. I/R with SRT1720 in PDH E1αflox/flox. (C) The
serum IL-1β levels in PDH E1αflox/flox and icPDH E1α KO mice under sham and I/R with or without SRT1720 treatments. N = 3 mice/group, *p < 0.05 vs. Sham
with vehicle in PDH E1αflox/flox; †p < 0.05 vs. I/R with vehicle in PDH E1αflox/flox; #p < 0.05 vs. I/R with vehicle in PDH E1αflox/flox. (D) The serum IL-18 levels in
PDH E1αflox/flox and icPDH E1α KO mice under sham and I/R with or without SRT1720 treatments. n = 3/group, *p < 0.05 vs. Sham with vehicle in PDH E1αflox/
flox; †p < 0.05 vs. I/R with vehicle in PDH E1αflox/flox; #p < 0.05 vs. I/R with vehicle in PDH E1αflox/flox. (E) Upper left: the immunoblotting to show PDH, NLRP3,
PTEN, PI3K, Akt, AMPK, ACC and CPT-1 signaling response in PDH E1αflox/flox and icPDH E1α KO hearts under sham and I/R with or without SRT1720 treatments.
Right and lower: quantitative analysis of NLRP3, PTEN, Akt, AMPK, ACC and CPT1 levels in PDH E1αflox/flox and icPDH E1α KO hearts under sham and I/R with or
without SRT1720 treatments. N = 3 mice/each group, *p < 0.05 vs. Sham with vehicle in PDH E1αflox/flox; †p < 0.05 vs. I/R with vehicle in PDH E1αflox/flox;
#p < 0.05 vs. I/R with vehicle in PDH E1αflox/flox; §p < 0.05 vs. I/R + SRT1720 in PDH E1αflox/flox. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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activation of NLRP3 inflammasome significantly increased in a ROS-
dependent manner to induce pyroptotic cell death during myocardial I/
R injury. SIRT1 agonist SRT1720 suppressed the activation of the
NLRP3 inflammasome and reduced the secretion of IL-1β and IL-18,
along with a reduction in ROS generation. Like the glucose metabolism
of tumor cells, there is dynamic change in myocardial energy metabo-
lism during the ischemia-reperfusion period. It is well known that
metabolism shifts from aerobic oxidation to glycolysis under ischemia
stress. According to our results, glucose oxidation became active at 6 h
of reperfusion according to our results, providing ATP for cardiomyo-
cytes. However, excessive glucose oxidative metabolism was followed
by more ROS generation and reduced NAPDH, inducing oxidative da-
mage. Moreover, SIRT1 activation reversed the excessive glucose oxi-
dative metabolism, attenuated ROS generation and NLRP3 inflamma-
some-induced pyroptosis to protect the heart against I/R injury. Taken
together, we believe that SIRT1 can balance the metabolic change, shift
towards the normal myocardial energy metabolism to inhibit NLRP3
inflammasome against I/R injury.

5. Conclusion

This work defined a role of SIRT1 in NLRP3 inflammasome activa-
tion during myocardial ischemia and reperfusion. Pyruvate dehy-
drogenase mediates the activation of NLRP3 inflammasome in response
to ischemia and reperfusion stress. Facing the challenge of protection
for myocardial ischemic insults caused by ischemia and reperfusion
injury, SIRT1 signaling shows a therapeutic potential not only in
myocardial energy metabolism, but also in the inhibition of NLRP3
inflammasome.
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