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ABSTRACT
Aims/Introduction: Diabetic hearts are more vulnerable to ischemia-reperfusion injury
(I/RI). The activation of nucleotide-binding oligomerization domain-like receptor protein 3
(NLRP3) inflammasome can mediate the inflammatory process, and hence might con-
tribute to myocardial I/RI. Activation of autophagy can eliminate excess reactive oxygen
species and alleviate myocardial I/RI in diabetes. The present study aimed to investigate
whether the activation of autophagy can alleviate diabetic myocardial I/RI through inhibi-
tion of NLRP3 inflammasome activation.
Materials and Methods: A dose of 65 mg/kg streptozotocin was given by tail vein
injection to establish a type 1 diabetes model in the rats. The left anterior descending
coronary artery was ligated for 30 min followed by reperfusion for 2 h to establish a
myocardial I/RI model. H9C2 cardiomyocytes were exposed to high glucose (33 mmol/L)
and subjected to hypoxia–reoxygenation (6 h hypoxia followed by 4 h reoxygenation).
Results: The diabetic rats showed significant inhibition of cardiac autophagy (decreased
LC3-II/I and increased p62) that was concomitant with increased activation of NLRP3
inflammasome (increased NLRP3, apoptosis-related spots protein cleaved caspase-1,
interleukin-18, interleukin-1b) and more severe myocardial I/RI (elevated creatine kinase
myocardial band, lactate dehydrogenase and larger infarct size). However, administration
of rapamycin, an inhibitor of the autophagy, to activate autophagy resulted in the inhibi-
tion of NLRP3 inflammasome, and finally alleviated myocardial I/RI. In vitro, high glucose
inhibited autophagy, while activating NLRP3 inflammasome in H9C2 cardiomyocytes and
aggravating hypoxia–reoxygenation injury, but rapamycin reversed these adverse effects of
high glucose.
Conclusion: Activation of autophagy can suppress the formation of NLRP3 inflamma-
some, which in turn attenuates myocardial ischemia-reperfusion injury in diabetic rats.
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INTRODUCTION
Reperfusion of the ischemic myocardium is the best way to
save the heart, as ischemic heart disease, which raises morbidity
and mortality, is the most serious diabetic complication1. How-
ever, additional injury has been made by reperfusion itself as
ischemic-reperfusion injury (I/RI)2. Diabetes can aggravate
myocardial I/RI. There are persistent inflammatory responses in
a diabetic heart. Inflammation plays an important role in the
development of diabetic cardiomyopathy3. Previous studies have
found that oxidative stress and inflammatory factors in the dia-
betic myocardium are significantly increased, and myocardial
injury is aggravated, while treatment with anti-oxidant N-
acetylcysteine can reduce the expression of inflammatory factors
and reduce myocardial injury4. These results suggest that the
inflammation in diabetic myocardium might be a mechanism
attributable to the aggravation of myocardial IRI.
Recent studies have found a form of cell death associated

with the release of a large number of inflammatory factors,
namely pyroptosis, which is characterized by apoptosis and
necrosis, and is widely involved in various diseases, such as
infectious diseases, diabetes and cardiovascular diseases5,6. It is
mainly regulated by nucleotide-binding oligomerization
domain-like receptor protein 3 (NLRP3) inflammasome. When
cells are exposed to dangerous signals (such as hypoxia or
oxidative stress), NCL proteins (nucleotide-binding oligomeriza-
tion domain-like receptor proteins, NLRs, such as NLRP1,
NLRP3, IPAF and AIM-2) and the associated apoptosis-related
spots protein (ASC) and caspase-1 constitute a protein complex
(i.e., inflammasome)4,7. Activated NLRP3 activates caspase-1 by
cleaving procaspase-1 into two fragments, p20 and p10. Acti-
vated caspase-1 recruits interleukin (IL)-1b and IL-18 precur-
sors, and promotes their maturation and secretion, which in
turn activates inflammatory factors that cause cell lysis and
chemotaxis of more inflammatory factors8. The NLRP3 inflam-
masome can be activated by Nigerian toxins, urate crystalliza-
tion, amyloid-beta fibrils, and extracellular adenosine
triphosphate, K+efflux, lysosomal destabilization, mitochondrial
deoxyribonucleic acid and reactive oxygen species (ROS)9,10.
NLRP3 inflammasome plays an important role in many cardio-
vascular diseases, neurodegenerative diseases and tumorigenesis,
including family periodic autoinflammatory response, type II
diabetes, Alzheimer’s disease, joint inflammation and
atherosclerosis. Recent studies have found that NLRP3 inflam-
masome activation is involved in diabetic myocardial I/RI4.
However, the mechanism initiating or governing the activation
of NLRP3 inflammasome in the diabetic myocardium and ,in
particular, in the context of diabetic I/RI, is unclear.
Autophagy is a self-protection mechanism of eukaryotes

under normal conditions11. It can remove damaged organelles,
misfolded proteins, stress products and so on to achieve cell
renewal and energy regeneration, and maintain intracellular
homeostasis. Autophagy dysfunction will cause various diseases,
such as tumors, neurodegenerative diseases, diabetes, heart dis-
ease, inflammation, aging and metabolic syndrome12. Previous

studies have shown that autophagy plays a dural role in
myocardial I/RI. Activation of autophagy during ischemia can
attenuate myocardial I/RI13,14, whereas, autophagy overactiva-
tion during reperfusion can aggravate I/RI15,16. Autophagy can
directly remove inflammasomes. In addition, autophagy can
also reduce inflammation by eliminating inflammatory stimuli,
such as ROS, mitochondrial deoxyribonucleic acid or damaged
organelles, to maintain homeostasis17,18. Previous observations
found that autophagic activity can attenuate cerebral and
intestinal I/RI by eliminating mitochondrial deoxyribonucleic
acid and mitochondrial ROS, and inhibiting the activation of
NLRP3 inflammasome19,20.
Yet, the possible regulatory relationship between autophagy

and NLRP3 inflammasome during diabetic myocardial I/RI is
still unknown. The present study aimed to investigate whether
the activation of autophagy can alleviate diabetic myocardial I/
RI through inhibition of NLRP3 inflammasome activation.

METHODS
Establish diabetes mode
Male Sprague–Dawley rats (250 g, aged 6–8 weeks) were used
for diabetes induction, as described previously21. Briefly, a dose
of 65 mg/kg streptozotocin was given by tail vein injection to
establish a type 1 diabetes model in the rats. All rats were
housed in the Laboratory Animal Units of University of Hong
Kong receiving standard care, and the protocols committed
were approved by the Committee on the Use of Live Animals
in Teaching and Research, the University of Hong Kong.

In vivo coronary ligation model and infarct size determination
After 8 weeks of diabetic induction, the rats were anesthetized.
The chest was opened to expose the heart, then the left anterior
descending branch was ligated to make it ischemic for 30 min,
and reperfusion for 2 h22. In the sham operated group, the
coronary artery was threaded without ligation. Myocardial
infarct size was expressed as a percentage of the area at risk.
The area at risk was calculated by injecting 5% Evans blue into
the right jugular vein to show the non-ischemic area, followed
by excessive pentobarbital injection to euthanize the rat at the
end of the experiment. The hearts of the rats were quickly taken
out and cut into five pieces with a cross-section of 1 mm. Sliced
samples were incubated in 1% tetrazolium/formazan test at
25°C for 20 min and fixed by 10% formalin overnight.

In vitro models of cardiac H9C2 cells hypoxia–reoxygenation
and treatment
The rat cardiac H9C2 cell line was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Then,
10% fetal bovine serum (Gibco, Grand Island, NY, USA), Dul-
becco’s modified Eagle’s medium (DMEM; Thermo Fisher Sci-
entific, Waltham, MA, USA) and 1% penicillin/streptomycin
(100 U/mL, Thermo Fisher Scientific) were used during the
culture of H9C2. In short, the H9C2 cells were incubated in
glucose and serum-free DMEM medium with 95% N2 and 5%
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CO2 to mimic ischemia for 6 h4,22. Then the cells were incu-
bated in complete DMEM medium (DMEM + fetal bovine
serum + penicillin/streptomycin) with 5% CO2 , 21% O2 and
74% N2 for 4 h.

Analysis of lactate dehydrogenase leakage and cell viability
We used lactate dehydrogenase (LDH) to evaluate cell damage.
According to the manufacturer’s manual, the commercial Lac-
tate Dehydrogenase Kit (Roche, Mannheim, Germany) was
used to measure the lactate dehydrogenase in the media. The
cell viability of the H9C2 cells was detected by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay22.
In brief, differently treated H9C2 cells were seeded into 96-well
plates and incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide solution (1 mg/mL; Sigma-
Aldrich, St. Louis, MO, USA) at 37°C for 4 h. We added
dimethyl sulfoxide (100 mL/well) to resolve the formazan crys-
tal. The absorbance was measured at 570 nm by Epoch micro-
plate spectrophotometer (BioTek, Winooski, VT, USA).

Western blotting
H9c2 cardiomyocytes were lysed with lysis buffer supple-
mented with Protease Inhibitor Cocktail and Phosphatase
Inhibitor Cocktail, and the total cell lysate was collected. The
protein concentration of the cell lysate was determined by
Bradford assay. The extracted protein samples were separated
by 8–12.5% 12 alkyl sulphate polyacrylamide gel electrophore-
sis, and transferred to polyvinylidene difluoride membrane,
and detected with appropriate antibodies. Primary antibodies
against b-actin antibody (1:1,000), total LC3 (1:1,000), p62
(1:1,000), NLRP3 (1:1,000) and horseradish peroxidase-conju-
gated anti-rabbit or anti-mouse secondary antibodies (1:3,000)
were purchased from Cell Signaling Technology. IL-1, IL-18
and ASC (1:1,000) were purchased from Abcam (Cambridge,
MA, USA), and caspase-1p20 antibody (1:1,000) was pur-
chased from Santa Cruz (Santa Cruz, CA, USA). Blotted
polyvinylidene difluoride membranes were incubated by Clar-
ity ECL Western Blotting Detection Reagent (Bio-Rad, Her-
cules, CA, USA) and exposed to X-ray film (Carestream,
Rochester, NY, USA). ImageJ (National Institutes of Health,
Bethesda, MA, USA) was used to analyze the optical densities
of the immunoreactive bands. b-Actin expression was used as
the loading control.

Terminal deoxynucleotidyl transferase dUTP nick end labeling
assay
H9C2 cells were seeded at a density of 2 9 105 cells/mL in
eight-chamber slides (Thermo Fisher Scientific). After treat-
ment, we used terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining to detect the cellular apoptosis
using an In-Situ Cell Death Detection Kit (Roche). With each
sample, five images were taken with an Olympus BX41 fluores-
cence microscope (Olympus, Tokyo, Japan) followed by count-
ing and calculating the TUNEL-positive cell percentage.

Statistical analysis
All data are expressed as the mean – standard error of the
mean. Comparison between groups was carried out by one-way
ANOVA or two-way ANOVA followed by Bonferroni’s test, wher-
ever appropriate, using the GraphPad Prism 7.0 software (San
Diego, CA, USA). P-values <0.05 were considered statistically
significant differences.

RESULTS
Attenuated cardiac autophagy and activated NLRP3
inflammasome in type 1 diabetic myocardium
As shown in Table 1, 8 weeks after streptozotocin injection, the
diabetic rats had notable diabetic symptoms, such as hyper-
glycemia and weight loss. The bodyweights of the diabetic rats
were decreased, but their plasma glucose levels were signifi-
cantly increased compared with that of non-diabetic rats
(Table 1).
Subsequently, we found significantly greater infarct size,

higher creatine kinase myocardial band (CK-MB) and LDH
release after myocardial ischemia-reperfusion in 8-week-old dia-
betic rats, compared with non-diabetic rats (Figure 1a–c). Inter-
estingly, autophagy-related protein LC3-II/I is decreased and
p62 is increased in the myocardium of diabetic rats, indicating
significantly inhibited autophagy (Figure 1d–f). With the
increase of NLRP3 inflammasome constituent proteins, such as
NLRP3, ASC and caspase-1 p20, the release of IL-1b and IL-18
were also increased in the myocardium (Figure 1g–l), suggest-
ing that autophagy inhibition and NLRP3 inflammasome acti-
vation might be involved in the pathology of the increased
susceptibility of diabetic heart to I/RI.

Activation of cardiac autophagy attenuates myocardial I/RI
injury in diabetes through inhibition of NLRP3 inflammasome
To investigate the causal link between cardiac autophagy and
NLRP3 inflammasome and their contribution to I/RI in dia-
betes, the control and diabetic rats were given rapamycin (au-
tophagy activator, 1 mg/kg, i.p. daily for up to 3 days) before
being subjected to I/RI.
In both control and diabetic rats, the expression pattern of

LC3-II/I and p62 were increased in the I/RI groups, com-
pared with the sham groups. However, the increase of p62

Table 1 | General characteristics after streptozotocin injection at
termination of study

Parameters Ctrl DM

Bodyweight (g) 389.0 – 29.0 196.5 – 41.7*
Water intake (mL/kg/day) 136.5 – 5.1 781.6 – 18.3*
Food consumption (g/kg/day) 86.2 – 4.3 193.5 – 12.8*
Glucose (mmol/L) 5.1 – 1.7 29.6 – 3.4*

General characteristics after streptozotocin injection at termination of
study. n = 12/group. *P < 0.05 versus non-diabetic rats (Ctrl). DM,
diabetic rats.

1128 J Diabetes Investig Vol. 11 No. 5 September 2020 ª 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

O R I G I N A L A R T I C L E

Zhang et al. http://wileyonlinelibrary.com/journal/jdi



80

(a)

(d)

(g)

(j) (k) (l)

(h) (i)

(e) (f)

(b) (c)

60

40

In
fa

rc
t S

iz
e 

(%
 o

f A
A

R)

20

0

Ctrl

LC3 I

LC3 II

p62

β-actiin

β-actiin

DM

&

Sham
Sham

I/R
I

I/R
I

Ctrl DM

*

0

2

4

6

N
LR

P3
/β

-a
ct

in
(/

C
tr

l S
ha

m
)

A
SC

/β
-a

ct
in

(/
C

tr
l S

ha
m

)

p6
2/

β-
ac

tin
(/

C
tr

l S
ha

m
)

C
as

pa
se

-1
 P

20
/β

-a
ct

in
(/

C
tr

l S
ha

m
)

IL
-1

8/
β-

ac
tin

(/
C

tr
l S

ha
m

)

IL
-1

8/
β-

ac
tin

(/
C

tr
l S

ha
m

)

*

#

Sham
Sham

I/R
I

I/R
I

Ctrl

NLRP3

ASC

caspase-1 p20

IL-1β

IL-18

DM

Sham
ShamI/R

I I/R
I

Ctrl

0 0

0

1

2

3

0

1

2

4

3

5

10

15

20

0.0

1.0

2.0

0.5

1.5

1

2

3

4

5

DM

Ctrl

0.0

0.5LC
3 

II/
I (

/C
tr

l s
ha

m
)

1.0

1.5

2.0

2.5

* *

*

* *
*

*

*

**

*
*

*

*

# &

# &
# &

#

#
#

DM Ctrl DM

Sham
ShamI/R

I I/R
I

Ctrl DM

Sham
ShamI/R

I I/R
I

Ctrl DM

Sham
ShamI/R

I I/R
I

Ctrl DM

Sham
ShamI/R

I I/R
I

Sham
ShamI/R

I I/R
I

Ctrl

0.0 0

500

1,000

1,500

2,000

LD
H

 a
ct

iv
ity

 (/
C

tr
l S

ha
m

)

C
K-

M
B(

µl
/L

)

0.5

1.0

1.5

2.0

2.5

DM

Sham
ShamI/R

I I/R
I

Ctrl DM

Sham
ShamI/R

I I/R
I

Sham
ShamI/R

I I/R
I

Ctrl DM

Sham
Sham

I/R
I I/R

I

Figure 1 | The (a) myocardial infarct size, (b) lactate dehydrogenase (LDH) and (c) creatine kinase myocardial band (CK-MB) release in diabetic rats
(DM) after ischemia-reperfusion injury (I/RI) were significantly higher than those in non-diabetic rats (Ctrl). Compared with the non-diabetic group,
the diabetic group had significant inhibition of autophagy, shown as (d,e) decreased LC3-II/I and (d,f) increased p62, and activation of NLRP3
inflammasome, (g) shown as increased nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3), (h) apoptosis-related spots
protein (ASC), (i) caspase-1 p20, (k) interleukin (IL)-1b and (l) IL-18, in the myocardium. Also, the diabetic group had more severe myocardial I/RI
(elevated creatine kinase myocardial band, LDH and larger infarct size). Data are shown as the mean – standard error of the mean. *P < 0.05
versus Ctrl sham; #P < 0.05 versus DM sham I/RI; and &P < 0.05 versus Ctrl I/RI; n = 6/group.
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Figure 2 | Administration of rapamycin (Rapa) activated autophagy, inhibited domain-like receptor protein 3 (NLRP3) inflammasome and finally
alleviated myocardial after ischemia-reperfusion injury (I/RI). (a,g) Western blot was used to analyze the expression of (b) LC3-II/, (c) p62, (d) NLRP3,
(e) apoptosis-related spots protein (ASC), (f) caspase-1 p20, (h) interleukin (IL)-1b and (i) IL-18. (j) Representative images of myocardial infarct size
determined by tetrazolium/formazan test and Evans blue staining; post-ischemic infarct size expressed as the percentage of infarct size (IS) to the
area at risk (AAR). (k) Serum lactate dehydrogenase (LDH) level. (l) Serum creatine kinase myocardial band (CK-MB) level. Data are shown as the
mean – standard error of the mean. *P < 0.05 versus control (Ctrl) sham; #P < 0.05 versus Ctrl sham I/R); @P < 0.05 versus diabetes (DM) sham;
$P < 0.05 versus Ctrl I/RI + Rapa; &P < 0.05 versus DM I/RI; n = 6/group.
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induced by ischemia and reperfusion in diabetic rats was not
significant, suggesting that ischemia-reperfusion can activate
autophagy, but diabetes can inhibit this effect. (Figure 2a–c).
As anticipated, treatment with rapamycin significantly
enhanced the protein presence of LC3-II/I and decreased p62,
suggesting that rapamycin was effective in activation of car-
diac autophagy (Figure 2a–c). Furthermore, treatment with
rapamycin reduced the activation of NLRP3 inflammasome
(NlRP3, ASC and caspase-1 p20, as well as increased release
of IL-1b and IL-18) in the I/RI groups in both control and
diabetic rats, suggesting that activated autophagy mediated the
inhibition of NLRP3 inflammasome. (Figure 2d–i). In addi-
tion, treatment with rapamycin also attenuated myocardial I/
RI injury, as evidenced by the reduced infarct size, CK-MB
and LDH level when compared with the control group (Fig-
ure 2j,k,l). Given the importance of NLRP3 inflammasome in
the I/RI injury in diabetes, these observations suggested that
activation of cardiac autophagy might attenuate myocardial I/
RI injury in diabetes through inhibition of NLRP3 inflamma-
some.

Activation of autophagy can inhibit the activation of NLRP3
inflammasome in high glucose-treated H9C2 cells
To investigate the effect of high glucose on autophagy and
NLRP3 inflammasome in cardiomyocytes, different concentra-
tions of high glucose were used to culture rat cardiomyocyte-
derived cell line H9C2 cells, and then the alterations of
autophagy and NLRP3 inflammasome at different time points
were determined. We have found that 33 mmol/L high glucose
treatment for 24 h significantly inhibited autophagy (reduced
LC3-II/I, increased p62; Figure 3b,c) and also activated NLRP3
inflammasome (increased the expression of NLRP3, caspase-1
p20, ASC, IL-1b and IL-18; Figure 3d–h).
To clarify whether activation of autophagy can inhibit high

glucose-induced activation of NLRP3 inflammasome at the
cellular level, the high glucose cultured H9C2 cardiomyocytes
were pretreated with autophagy activator, rapamycin, and
analyzed by western blotting with antibodies specific for
autophagy and NLRP3 inflammasome. As expected, adminis-
tration of rapamycin (from 10 nmol/L to 500 nmol/L)
reversed high glucose-induced inhibition of autophagy in
H9C2 cardiomyocytes (reduced LC3-II/I, increased p62; Fig-
ure 3b,c). Furthermore, rapamycin treatment decreased the
expression of NLRP3, ASC and caspase-1 p20, and also
inhibited the expression of IL-1b and IL-18; Figure 3d–h).
The inhibitory effect of rapamycin on NLRP3 inflammasome
was the most robust at the concentration of 50 nmol/L (Fig-
ure 3d–h). Therefore, in the following experiments we
selected 50 nmol/L rapamycin to treat cardiomyocytes. Taken
together, these results suggest that 24 h of incubation with
high glucose (33 nmol/L) can inhibit autophagy and activate
NLRP3 inflammasome in H9C2 cardiomyocytes, and that the
activation of autophagy could inhibit high glucose-induced
activation of NLRP3 inflammasome.

Activation of autophagy can attenuate hypoxia–reoxygenation
injury in H9C2 cells treated with high glucose by inhibiting
NLRP3 inflammasome
Studies have shown that NLRP3 inflammasome activation is
involved in myocardial I/RI, and that NLRP3 inflammasome
activation could aggravate the injury in diabetic myocardium23.
To clarify whether or not autophagy activation and
NLRP3 inflammasome inhibition could attenuate hypoxia–
reoxygenation (HR) injury in H9C2 cardiomyocytes treated
with high glucose, we cultured H9C2 cells with 33 mmol/L
high glucose for 24 h, followed by oxygen and glucose depriva-
tion for 6 h, and subsequent reoxygenation for 4 h.
In normal glucose (NG, 5.5 mmol/L) groups, HR upregu-

lated the expression of LC3-II/I and p62, and also increased
NLRP3, ASC, caspase-1 p20 IL-1b and IL8 (Figure 4a–h).
These showed that HR activated autophagy and NLRP3 inflam-
masome. Similarly, autophagy and NLRP3 inflammasome-
related proteins were increased in high glucose groups (HG)
after HR, except for p62 (slightly decreased; Figure 4a–h), sug-
gesting that high glucose-suppressed autophagy could be
restored by HR injury.
Furthermore, pre-administration of rapamycin, an autophagy

activator, significantly decreased NLRP3, ASC, caspase-1 p20,
IL-1 and IL-18 levels in both the NG + HR group and
HG + HR group (Figure 4a–h). These results suggested that
activation of autophagy can attenuate HR-induced NLRP3
inflammasome activation. In addition, we also evaluated HR
injury in H9C2 by detecting LDH, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide and TUNEL. We found that
HG did not affect cell viability at the basal level, but exacer-
bated HR injury. As shown in Figure 5, there were no signifi-
cant differences in LDH, cell viability and TUNEL results
between the HG group and the NG group. However, LDH and
TUNEL-positive cells in the NG group and the HG group
increased after HR, and cell viability decreased. Although there
was no significant change in LDH and cell viability between
NG + HR and HG + HR, there were more TUNEL-positive
cells in HG + HR than NG + HR. After administration of
rapamycin, LDH and TUNEL-positive cells in NG + HR and
HG + HR were decreased, cell viability increased, but the dif-
ference between the two groups disappeared. Rapamycin atten-
uates the HR injury in HG groups (by increasing cell viability,
reducing LDH release and reducing cell death). These results
show that autophagy activation can inhibit the activation of
NLRP3 inflammasome, and thus alleviating high glucose-aggra-
vated myocardial I/RI.

DISCUSSION
The present study showed that autophagy was significantly
inhibited in the myocardium of 8-week-old diabetic rats,
accompanied by NLRP3 inflammasome activation, including
increased expression of NLRP3, ASC and caspase-1 p20, and
increased release of inflammatory factors IL-1b and IL-18.
Myocardial I/RI was aggravated in diabetic rats (increased
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infarct size, increased release of LDH and CK-MB). Adminis-
tration of autophagy activator, rapamycin, could activate autop-
hagy, inhibit the activation of NLRP3 inflammasome and
finally reduce myocardial I/RI in diabetic rats. In vitro experi-
ments also showed that high glucose would inhibit autophagy,
activate NLRP3 inflammasome in H9C2 cardiomyocytes and
aggravate HR injury. Rapamycin could reverse this effect. These
results suggest that autophagy inhibition and NLRP3 inflamma-
some activation in diabetic myocardium might be responsible
for increased sensitivity to myocardial ischemia in diabetes.
Activation of autophagy and the subsequent inhibition of
NLRP3 inflammasome could be an option for the treatment of
diabetic myocardial I/RI.

Previous studies have confirmed the involvement of NLRP3
inflammasome activation in myocardial I/IR. For example,
selective inhibition of NLRP3 inflammasome can reduce
myocardial infarct size and maintain cardiac function in pigs24.
Inhibition of NLRP3 inflammasome early in reperfusion (1 h)
can alleviate myocardial ischemia-reperfusion-induced inflam-
mation and infarct size in mice25. Compared with the wild
type, NLRP3-deficient mice showed significant improvement in
cardiac function and reduced hypoxia injury during isolated
ischemia-reperfusion23. Interestingly, the present study found
that NLRP3 inflammasome was activated with increased release
of inflammatory factors IL-1b and IL-18 in the myocardium of
diabetic rats. Myocardial I/RI in diabetic rats was greatly
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Figure 3 | H9C2 cells cultured in high glucose for 24 h inhibited autophagy, as evidenced by (b) reduced LC3-II/I, (c) increased p62 and (d)
significantly enhanced nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome after hypoxia–reoxygenation, (e)
caspase-1 p20 and (f) apoptosis-related spots protein (ASC), and (g,h) increased the expression of inflammatory factors interleukin (IL)-1b and IL-18.
Rapamycin (Rapa) can activate autophagy and inhibit the further activation of NLRP3 inflammasome induced by hypoxia–reoxygenation. Data are
shown as the mean – standard error of the mean. *P < 0.05 versus normal glucose (NG, 5.5 mmol/L); #P < 0.05 versus high glucose (HG,
33 mmol/L); &P < 0.05 versus HG + 50 nmol/L Rapa; n = 5/group.
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aggravated. In vitro experiments also showed that high glucose
could activate NLRP3 inflammasome in H9C2 cardiomyocytes,
meanwhile aggravating HR injury. These results suggested that
NLRP3 inflammasome activation and the subsequent inflam-
matory response in diabetic myocardium might explain its
increased sensitivity to myocardial I/RI. Furthermore, multiple
lines of evidence support NLRP3 inflammasome activation to
increase sensitivity to myocardial I/RI in diabetes, as shows by
the findings that: (i) NLRP3 gene silencing therapy can reduce
inflammation and pyroptosis, and improve cardiac function in
diabetic myocardium26; and (ii) it has been reported that
administration of anti-oxidant NAC can reduce ROS produc-
tion, inhibit NLRP3-induced pyroptosis and finally alleviate
myocardial I/RI in diabetes4. Consequently, these studies

suggest that inhibition of NLRP3 inflammasome might be one
option for the treatment of diabetic myocardial I/RI.
It should be noted that NLRP3 inflammasomes are mainly

activated by ROS and K+ efflux10,27. However, autophagy can
help eliminate damaged organelles, misfolded proteins, stress
products, such as ROS, and so on. Autophagy itself, under nor-
mal circumstances, is a kind of protective mechanism for the
body17,28. In pathological conditions, such as diabetes, I/RI or
cardiac hypertrophy, autophagy is impaired (inhibited or exces-
sive autophagy)29,30. Studies have reported that cardiac autop-
hagy is inhibited in type 1 diabetes31. The present results
showed that autophagy was inhibited in 8-week-old diabetic
rats, which agreed with the former study. However, other stud-
ies reported that different types of diabetes would have different
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Figure 4 | Activated autophagy can attenuate high glucose and aggravate hypoxia–reoxygenation (HR) injury in H9C2 cardiomyocytes by
inhibiting nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome. (a) Western blot was used to analyze the
expression of (b) LC3-II/I, (c) p62, (d) NLRP3, (e) ASC, (f) caspase-1 p20, (g) interleukin (IL)-1b and (h) IL-18. Data are shown as the mean – standard
error of the mean. *P < 0.05 versus normal glucose (NG, 5.5 mmol/L); &P < 0.05 versus high glucose (HG, 33 mmol/L); #P < 0.05 versus NG + HR;
@P < 0.05 versus HG + HR, P < 0.05; n = 5/group.
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impairment of autophagy. Autophagy is inhibited in type 2 dia-
betes mellitus, whereas it is activated in type 1 diabetes melli-
tus32. The reasons for these inconsistencies are as follows: (i)
different methods of autophagy detection lead to different inter-
pretations of the results33; and (ii) the impairment of autophagy
varies at different stages of diabetes. In the preliminary experi-
ment, we also found that autophagy was inhibited with 24 h
high glucose treatment, but overactivated if treated with high
glucose for 72 h. This might be the reason why autophagy has
different roles in diabetes. Of course, further research is still
required on how autophagy changes in the pathological course
of diabetic cardiomyopathy. Apart from that, autophagy also
plays different roles in I/RI. It has been reported that autophagy
activation during ischemia could reduce the injury, and that
inhibition of excessive autophagy during reperfusion would also
be protective for the myocardium34,35. In the present study,
autophagy was activated primarily before ischemia.
In vitro activation of autophagy can eliminate ROS produced

by oxidative stress and inhibit NLRP3 inflammasome activa-
tion36,37. It has been reported that PINK1-Parkin-mediated
mitochondrial autophagy played a protective role in CI-AKI by
reducing NLRP3 inflammasome activation38. Autophagy, by
inhibiting NLRP3 inflammasome activation, could alleviate
intestinal I/RI and the inflammatory response20. The present
study showed that autophagy in the myocardium of 8-week-old
diabetic rats was significantly inhibited, accompanied by activa-
tion of NLRP3 inflammasome. The administration of autop-
hagy activator, rapamycin, could inhibit such effect and help
increase the tolerance to myocardial ischemia. Similar results
were also obtained in in vitro experiments. These results sug-
gest that the activation of autophagy could attenuate diabetic
myocardial I/RI by inhibiting the activation of NLRP3 inflam-
masome. To the best of our knowledge, the present study is
the first to report that re-activation of autophagy can present
the activation of NLRP3 inflammasome in the diabetic myocar-
dium and subsequently attenuate myocardial I/RI in diabetes.
In conclusion, the present study showed that autophagy was

inhibited in the myocardium of 8-week-old diabetic rats, with
activated NLRP3 inflammasome and aggravated myocardial I/
RI. Activation of autophagy can reduce the activation of
NLRP3 inflammasome and therefore increase the tolerance to
myocardial ischemia in diabetes. Autophagy activation and the
following NLRP3 inflammasome inhibition might be a potential
therapeutic strategy for the protection of diabetic myocardium.
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