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Abstract

Background Diabetes mellitus (DM) patients surviving myocardial infarction (Ml) have substantially higher mortality due to
the more frequent development of subsequent pathological myocardial remodelling and concomitant functional deteriora-
tion. This study investigates the molecular pathways underlying accelerated cardiac remodelling in a well-established mouse
model of diabetes exposed to M.

Methods and results Myocardial infarction in DM mice was established by ligating the left anterior descending coronary
artery. Cardiac function was assessed by echocardiography. Myocardial hypertrophy and cardiac fibrosis were determined
histologically 6 weeks post-MI or sham operation. Autophagy, the NLRP3 inflammasome, and caspase-1 were evaluated
by western blotting or immunofluorescence. Echocardiographic imaging revealed significantly increased left ventricular
dilation in parallel with increased mortality after Ml in DM mice (53.33%) compared with control mice (26.67%,
P < 0.05). Immunoblotting, electron microscopy, and immunofluorescence staining for LC3 and p62 indicated impaired au-
tophagy in DM + MI mice compared with control mice (P < 0.05). Furthermore, defective autophagy was associated with
increased NLRP3 inflammasome and caspase-1 hyperactivation in DM + MI mouse cardiomyocytes (P < 0.05). Consistent
with NLRP3 inflammasome and caspase-I hyperactivation, cardiomyocyte death and IL-1B and IL-18 secretion were increased
in DM + MI mice (P < 0.05). Importantly, the autophagy inducer and the NLRP3 inhibitor attenuated the cardiac remodelling
of DM mice after MI.

Conclusion In summary, our results indicate that DM aggravates cardiac remodelling after M| through defective autophagy
and associated exaggerated NLRP3 inflammasome activation, proinflammatory cytokine secretion, suggesting that restoring
autophagy and inhibiting NLRP3 inflammasome activation may serve as novel targets for the prevention and treatment of
post-infarct remodelling in DM.
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Introduction dial infarction (Ml), including the development of heart

failure and even cardiogenic death, than patients without
Despite recent progress in coronary intervention strategies, DM worldwide.! In particular, recurrent Ml rates are 1.7 to
patients with diabetes mellitus (DM) continue to experience 4 times higher after MI in diabetic patients than in
a higher risk of adverse cardiovascular events after myocar- non-diabetic subjects, with a 12 month mortality rate in this

© 2021 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0003-3599-0553
mailto:minzhouzhang@gzucm.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/

304

S. Mao et al.

population as high as 50%.%> The poor prognosis of diabetic
patients after Ml has been explained by underlying left
ventricle (LV) remodelling.* MI leads to exaggerated
cardiomyocyte death and initiates inflammatory responses,
contributing to heart failure.> At the organ level, the LV
undergoes a complex remodelling procedure to compensate
for the reduced cardiac function after MI. Failure to compen-
sate will eventually lead to infarct expansion, global ventric-
ular dilation, myocardial hypertrophy, cardiac fibrosis, and
finally, heart failure.® The cellular and molecular pathways
contributing to maladaptive ventricle remodelling and heart
failure after Ml in diabetic patients are poorly understood,
and uncovering the underlying pathophysiological mecha-
nisms may lead to targeted therapies for diabetic patients
with MI.

One of the most recently identified proinflammatory
signalling pathways in post-infarct adverse remodelling is
the NOD-like receptor pyrin domain-containing-3 (NLRP3) in-
flammasome. It has been demonstrated that activated
NLRP3 inflammasomes promote the maturation and secre-
tion of proinflammatory cytokines, especially the interleukin
(IL)-1 family and IL-18, which are considered potent inducers
contributing to myocardial remodelling.” Moreover, these
cytokines of the IL-1 family modulate the insulin-producing
pancreatic ?-cell function and act as inflammatory mediators
in pathological remodelling.? Distinct from pyroptosis,
apoptosis, and necrosis, autophagy protects against the
development of cardiac hypertrophy and failure.® Loss of
cardiac Atg5-dependent autophagy impairs cardiac contrac-
tile capacity in mice and humans by diminishing mitochon-
drial abundance and disrupting Ca®* cycling.?® This is in
line with animal models of type 2 diabetes mellitus
(T2DM), inhibition of mTOR either by AAV-mediated overex-
pression of PRAS40, or rapamycin increased autophagy,
which correlated with reduced hypertrophy and improved
cardiac function.**? In contrast, inhibition of autophagy
with  3-methyladenine  (3MA) exacerbated pressure
overload-induced cardiac hypertrophy and dysfunction.®
However, whether autophagy is cardioprotective or deleteri-
ous in post-MI pathological remodelling in the context of
DM remains to be elucidated.

Herein, we have addressed the molecular pathways
underlying left ventricular pathological remodelling after Ml
in a well-established mouse model of DM.* These mice
demonstrate typical features of human DM, including
hyperglycaemia and mild hyperinsulinemia. In addition, these
diabetic mice show exacerbated post-infarct pathological
myocardial remodelling. With the use of molecular character-
ization, we found a damaged autophagy and NLRP3
inflammasome overactivation in cardiomyocytes from the
peri-infarct zone of the LV in diabetic mice. Moreover, deteri-
orated autophagy and aggravated NLRP3 inflammasome acti-
vation were associated with increased cardiomyocyte death
and proinflammatory cytokine secretion (IL-1p and IL-18),

which contributed to maladaptive LV remodelling after MI.
Modulation of autophagy together with inhibition of inflam-
masome activation may offer a novel therapeutic approach
for the prevention of post-infarct pathological remodelling
in DM.

Methods
Experimental design

The experimental procedures were approved by the
Institutional Animal Care and Use Committee of Guangdong
Province Hospital of Chinese Medicine at Guangzhou
University of Chinese Medicine and performed in accordance
with Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (publication No.
85-23, revised 1996).

Male C57BL/6J mice, aged 5—6 weeks, used in this study
were purchased from Experimental Animal Center of Guang-
dong Province (Guangzhou, China). Mice model of T2DM
were induced by once daily Streptozotocin (STZ) 50 mg/kg
by intraperitoneal injection (three continuous days).'® To in-
duce insulin resistance, DM mice were fed with a high-fat diet
(D12492, Research Diets, New Brunswick, NJ, USA) during the
study.'® After 3 days of STZ administration, Ml was induced
surgically by chronic ligation of the left anterior descending
coronary artery, as described previously.® Mice in control
group underwent sham-operated surgery, but the left ante-
rior descending coronary artery was not ligated.

According to the indicated administration and surgery,
mice were allocated to one of six groups (Supporting
Information, Table S1): mice received sham operation (con-
trol, n = 15), mice received MI operation (MI, n = 15), DM
mice received sham operation (DM, n = 15), DM mice re-
ceived MI operation (DM + MI, n = 15), DM + MI mice given
rapamycin (autophagy inducer, n = 15), DM + MI mice given
3MA (mTOR/autophagy inhibitor, n = 15), and DM + MI mice
given MCC950 (NLRP3 inflammasome inhibitor, n = 15). Rap-
amycin was intraperitoneally injected at the dose of 5 mg/kg
twice per week for 6 weeks. The 3MA was administered by
intraperitoneal injection (15 mg/kg, twice per week) for
6 weeks. MCC950 was intraperitoneally injected at the dose
of 5 mg/kg twice per week for 6 weeks. These doses of
3MA, rapamycin, and MCC950 were previously reported not
to cause apparent adverse effects in the rodent heart.?”*®
All reagents were obtained from Sigma-Aldrich Chemicals
(St. Louis, MO, United States) unless otherwise specified.
Body weight, food and water consumption, fasting glucose,
and glycated haemoglobin were assessed. Survival rate was
assessed until 6 weeks after surgery. On Day 45 after surgery,
mice were euthanized with pentobarbital for subsequent
echocardiographic and LV histologic analyses.
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Transthoracic echocardiography

Left ventricle function and structure of mice were examined
with echocardiography under 1% isoflurane anaesthesia via
the Vevo 770 high-resolution imaging system (Visual Sonics,
Toronto, Canada) in a blinded fashion by the same technician
before and 3 days and 6 weeks after coronary ligation as
described previously.’ The two-dimensional imaging
(Teichholz method) targeted echocardiographic recordings
were acquired at the level of the papillary muscles. LV
end-diastolic dimension and LV end-systolic dimension were
averaged from more than five cardiac cycles.

Pathological examination

After perfusion with phosphate-buffered saline, hearts were
embedded in paraffin and cut as 5-um-thick section. Infarct
scar circumference and myocardial fibrosis were studied via
Masson’s trichrome stains. Cardiomyocyte cross-sectional
area was quantitatively determined on haematoxylin and
eosin stained slides with computer-assisted methods
described previously.”

Immunofluorescence microscopy

To observe autophagic activity in the cardiomyocytes,
sections immunostained with primary antibodies at 10 pg/
mL were anti-LC3 (MBL International, Woburn, MA, US),
anti-NLRP3 (Thermo Fisher Scientific, Pleasanton, CA, US),
anti-Caspase-1 (Thermo Fisher Scientific, Pleasanton, CA,
US), and followed by Alexa 568 (red, Molecular Probes, Sun-
nyvale, CA, US). Nuclei were stained with 4'-6-diamidino-2-
phenylindole. All immunostained sections were assessed un-
der a Nikon Eclipse E1000 microscope and Nikon Digital Sight
Camera (Nikon Instruments, Tokyo, Japan).

Terminal deoxynucleotidyl transferase dUTP nick
end labelling assay

The DNA fragmentations from nuclei of cardiomyocytes in LV
tissue sections were determined using a Fluorescein-FragEL
kit (Oncogene Research Products, Boston, MA, United
States). TUNEL-positive cells were counted and analysed in
more than 10 high power fields using NIS-Element imaging
software (Nikon Instruments, Tokyo, Japan).

Electron microscopy

Left ventricle tissue sections were quickly cut into 1 mm? and
fixed with glutaraldehyde in sodium cacodylate buffer over-
night at 4°C. Ultrathin sections of approximately 70 nm were

double stained with lead citrate and uranyl acetate and
imaged with transmission electron microscopy (Olympus Soft
Imaging Solutions GmbH, Minster, Germany). Autophago-
somes or autolysosomes were identified by the characteristic
structure of a double or multilamellar smooth membrane
completely surrounding compressed mitochondria or
membrane-bound electron-dense material. For quantifica-
tion, 15 random regions for each sample were considered.

Enzyme-linked immunosorbent assay

Levels of inflammatory cytokines including tumour necrosis
factor (TNF)-a, IL-1B, IL-6, IL-18, and high mobility group
box 1 (HMGB-1) in the LV tissue were measured using com-
mercially available ELISA kits (BioTech, MN, United States).
All spectrophotometric readings were obtained with a micro-
plate reader according to the manufacturer’s instructions
(Multiskan MK3, Thermo Scientific, United States).

Quantitative real-time RT-PCR analysis

Total RNA from LV tissue was prepared using the RNAspin
Mini Kit (GE Healthcare, Marlborough, MA, USA). Reverse
transcription of RNA was performed using SuperScriptT™M I
Reverse Transcriptase with random primers (Invitrogen,
USA) following the manufacturer’s protocol. PCR reaction
was carried out in a total reaction volume of 15 pL, including:
7.5 uL of SYBR® Green PCR master mix (Applied Biosystems,
CA), 5 ng of cDNA template, and 0.2 uM of gene-specific
primers. Real-time PCR was carried out using an ABI Prism
7900HT (Applied Biosystems, Foster City, CA). Changes in
MRNA expression in NLRP3, Caspase-1, LC3a, and P62 was
normalized to 18 s mRNA levels and compared statically (*2Ct
method) using the ABI Prism SDS 2.1 software.

Western blot analysis

Left ventricle samples were solubilized using ice-cold
Nonidet P-40 lysis buffer. The prepared samples were
analysed using western blotting as previously described.?®
Briefly, after boiled in sample buffer for 5 min, 30 pg of the
protein extract was separated with 8-15% sodium dodecyl
sulfate-polyacrylamide gel, and then transferred onto a
polyvinylidene difluoride membrane. The membrane was
probed first with primary antibodies (anti-GAPDH, anti-
NLPR3, anti-cleaved caspasel, anti-p62, and anti-LC3) over-
night at 4°C and subsequently incubated with a horseradish
peroxidase-conjugated secondary antibody for 2 h at room
temperature following by incubation with enhanced
chemiluminescent substrate (Amersham Life Sciences Inc.,
Marlborough, MA, US). Protein expression or phosphoryla-
tion of immunodetected signalling molecules was quantified
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by densitometry (Chemidoc, Biorad, US). All experiments
were separately repeated at least three times.

Statistical analysis

Data are presented as means + SE. Statistical significance was
evaluated with one-way analysis of variance or by Student’s
t-test using SPSS software Version 13.0 (SPSS, Inc., Armonk,
NY, US). The cumulative survival rate of the mice after Ml
was analysed by the Kaplan—Meier method with a log-rank
test. Values of P < 0.05 were considered statistically
significant.

Results

Diabetes mellitus accelerates mortality and
deteriorates left ventricular dilation and
dysfunction after myocardial infarction

During the first 3 days after coronary ligation, mice with or
without DM had similar mortality rates (6.67%, P > 0.05).
However, 53.33% of DM + MI mice died during the 42 days
after coronary ligation, whereas only 26.67% of mice with-
out DM died during the same period. The overall survival
rates of the DM + MI group were considerably lower than
those of the MI group (46.67% vs. 73.33%, P < 0.05). No
mice with or without DM died after the sham operation
(Figure 1A).

Echocardiographic assessment was performed to evaluate
the cardiac function of mice at baseline and 6 weeks after
coronary ligation. At baseline, mice showed non-significant
differences in left ventricular structure and function in all
groups. Representative M-mode images and quantitative
analysis of cardiac parameters at 6 weeks after M| are shown
in Figure 1B and Table S2. In response to MI, a marked
increase in left ventricular chamber dilation and systolic
dysfunction was observed in both the DM + M| and MI groups
compared with their respective sham controls. Moreover,
compared with the MI group, the DM + MI group demon-
strated a significant increase in LV end-diastolic dimension
and LV end-systolic dimension at 6 weeks after coronary liga-
tion (Figure 1B & Table S2). Additionally, significant systolic
dysfunction was exacerbated, as assessed by left ventricular
ejection fraction (LVEF) and left ventricular fractional shorten-
ing, in DM + MI mice compared with the Ml group (P < 0.05).
Along with left ventricular dilation, haemodynamic analysis
suggested a lower stroke volume in the DM + MI group than
in the Ml group (Figure 1B & Table S2). Collectively, these data
indicated that DM adversely influenced cardiac dilation and
function and increased the mortality rate in response to MI.

Diabetes mellitus aggravates ventricular
remodelling and fibrosis after myocardial
infarction

Diabetes mellitus mice displayed an increased body weight
and blood glucose levels at baseline. However, the heart
weight to body weight ratio was comparable between the
groups at baseline. After MI, the heart undergoes structural
remodelling, resulting in a more spherical shape. Isolated
hearts from the DM + MI group demonstrated an increase
in heart weight/body weight compared with those from the
Ml group 6 weeks after M, indicating that DM exaggerated
global cardiac remodelling in mice with Ml (Figure 2A).

In DM + MI mice, the post-infarction scar comprised a
much larger percent circumference of LV than in the MI
group (23.4 + 4.31% vs. 42.2 + 6.42%, P < 0.05), indicating
that the infarct scar expansion was intensified by DM
(Figure 2B).

Interstitial fibrosis, a hallmark of cardiac remodelling, was
increased in the DM + MI heart compared with the Ml group
(19.23 + 4.10% vs. 45.66 + 7.62%, P < 0.05, Figure 2C).

Myocyte size was analysed in the border and the remote
zones (Figure 2D). Decreased myofilament density and in-
creased myocyte size were observed in the border zone of
the DM + Ml group compared with the Ml group. In contrast,
no significant difference in either myofilament density or
myocyte size was observed in the remote zone between the
two groups, suggesting that DM exacerbated myocyte hyper-
trophy and secondary cell loss in the border zone after M. In
concert, these results reveal that DM exaggerates ventricular
remodelling and fibrosis after MI.

Diabetes mellitus increased inflammatory
cytokine expression in mice subjected to
myocardial infarction

Myocardial ischaemia initiates an inflammatory response
characterized by an accumulation of leukocytes in the injured
myocardium, while cytokine expression further promotes
adverse LV remodelling.?! To elucidate the effect of DM on
post-infarct inflammation, the expression of TNF-a, IL-18,
IL-6, HMGB-1, and IL-18 in the myocardium was evaluated
using commercial ELISA kits. The results showed that the
expressions of these inflammatory factors in the DM + Ml
myocardium tissue dramatically increased compared with
that in the Ml group (Figure 3A).

In parallel, there was a remarkable increase in
immune-detectable antibodies against the inflammatory fac-
tors TNF-o, IL-1B, IL-6, HMGB-1, and IL-18 in the presence
of DM in the myocardium after Ml, which further supports
the ELISA results (Figure 3B). Of note, increased
inflammation as evidenced by increased IL-1fB, IL-18, and
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Figure 1 DM increased mortality and deteriorated cardiac dysfunction after MI. (A) Kaplan—Meier survival curves after Ml for control and DM mice
42 days after MI. (B) Representative M-mode images and quantitative analysis of cardiac parameters, including LVEDV, LVESV, LVEF, LVFS, and SV
at 42 days after MI. Data are expressed as means + SEM. #p < 0.05 DM + Ml vs. MI; ¥*P < 0.05 MI vs. controls. DM, diabetes mellitus; LVEDV, left

ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; LVFS, left ventricular fractional
shortening; MI, myocardial infarction; SV, systolic volume.
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Figure 2 DM exacerbated cardiac remodelling and myocardial injury after MlI. (A) Hearts from DM + MI mice appear more spherical than those from
Ml and DM mice (scale bar = 3 mm). (B, C) Paraffin-embedded sections of myocardium were stained with Masson’s trichrome showing the effects of
DM on scar circumference (scale bar =5 mm) and ventricular fibrosis (scale bar = 50 um). (D) Representative image of haematoxylin and eosin showing
cardiomyocyte size from mice (scale bar = 50 pm). #p < 0.05 DM + Ml vs. Ml; *P < 0.05 Ml vs. controls. BW, body weight; DM, diabetes mellitus; HW,

heart weight; MI, myocardial infarction.
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circulating immune cells was shown to be associated with re-
modelling and HF after Ml in patients.

Diabetes mellitus exaggerated NLRP3
inflammasome and caspase-1 activation in mice
after myocardial infarction

Cardiomyocyte pyroptosis and apoptosis contribute to
post-infarct cardiac remodelling and subsequent cardiac
dysfunction.?? Both the mRNA and protein levels of the NLRP3
inflammasome were significantly up-regulated in peri-infarct
regions of the LV in DM + M| mice compared with the Ml group
(Figure 4A, B). Furthermore, immunofluorescence staining for
NLRP3 showed increased activation from peri-infarct regions
of LV in DM + MI compared with the Ml group (Figure 4C).
NLRP3 inflammasome activation triggers in caspase-1-me-
diated classical pyroptosis and subsequent cytokine
processing into mature active forms (IL-1p and 1L-18).% To
understand the consequence of NLRP3 inflammasome activa-
tion, caspase-1 activity was examined by RT-PCR, immuno-
blotting and immunostaining of LV tissue after MI. Similar
to NLRP3, the results demonstrated increased activation of
caspase-1 in peri-infarct regions of the LV in both the

DM + Ml and MI groups (Figure 4A, B, and C). Furthermore,
caspase-1 showed increased activity in DM + MI mice com-
pared with MI mice (Figure 4A, B, and C).

Next, cell death was examined with the TUNEL assay, and a
dramatically increased number of TUNEL-positive cells were
observed on the border of the Ml hearts from DM + MI mice
compared with the MI mice (Figure 4D). Collectively, these re-
sults indicated that DM exaggerated activation of the NLRP3
inflammasome and a subsequent increase in caspase-1-medi-
ated cell death (pyroptosis) and inflammatory factor (IL-1B
and IL-18) maturation in peri-infarct regions of the LV.

Diabetes mellitus impaired autophagy in
cardiomyocytes of the peri-infarct region

Increasing evidence has shown that autophagy is involved in
the regulation of LV remodelling; therefore, we investigated
cardiomyocyte autophagy in the present study.?* The qRT-PCR
results showed that the level of LC3a was significantly down-
regulated, while the level of SQSTM1/p62 was up-regulated
in the peri-infarct regions of the LV from DM + MI mice com-
pared with MI mice (Figure 5A).
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Figure 3 DM increased the expression of inflammatory factors in the myocardium following MI. (A) The myocardial levels of inflammatory factors
were analysed by ELISA. (B) Representative immunohistochemical photographs and quantification assay of the myocardium from the M| and DM
groups (scale bar = 50 um). *p < 0.05 DM + Ml vs. MI; *P < 0.05 Ml vs. controls. DM, diabetes mellitus; MI, myocardial infarction.
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In parallel, immunoblotting analysis showed a decreased
LC3-I1/1 ratio and increased p62 levels in left ventricular ho-
mogenates from DM + MI mice compared with Ml mice, indi-
cating impaired autophagy (Figure 5B).

To unravel the cell specificity of differential gene
expression, we labelled cardiomyocytes from peri-infarct re-
gions using an anti-myoglobin antibody for immunofluores-
cence staining. Subsequently, the level of LC3 was
assessed using a specific LC3 antibody. The results showed de-
creased accumulation of LC3-positive autophagosomes
in peri-infarct regions of the LV in DM mice compared with
MI mice, further suggesting that DM causes damaged autoph-
agy in cardiomyocytes in response to Ml (Figure 5C).

Moreover, electron microscopic images showed an or-
dered array of myofibres arranged with mitochondria stacked
in between them in cardiomyocytes of control mice. Autoph-

agy was activated in the peri-infarct regions of the LV in both
the MI and DM + MI groups. Of interest, cardiomyocytes in
peri-infarct regions of LV in DM showed increased accumula-
tion of undergraded mitochondria in autophagosomes
(Figure 5D).

Induction of autophagy attenuated NLRP3
inflammasome and caspase-1 activation in
diabetes mellitus mice subjected to myocardial
infarction

Considering that accumulating evidence suggests autophagy
plays dual roles in cytoprotection and cell death, the
effects of autophagy on cardiac remodelling were deter-
mined in a DM mouse model of MI. As shown in Figure 6,
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Figure 4 DM activated the myocardial NLRP3 inflammasome and caspase-1 in mice after MI. (A & B) The mRNA and protein levels of NLRP3 and
cleaved caspase-1 were assessed by qPCR and western blotting analysis. Graph right shows densitometric quantification. (C) Representative image
of immunofluorescence assays of NLRP3 and cleaved caspase-1 in LV tissue sections from control and DM hearts after MI. DAPI nuclear staining in
blue (scale bar = 50 um). (D) Representative images of TUNEL-positive cells in the myocardium from DM and the control group. Original magnification
%400 (scale bar = 50 mm). #p < 0.05 DM + Ml vs. MI; ¥*P < 0.05 Ml vs. controls. DM, diabetes mellitus; MI, myocardial infarction.
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treatment of DM mice subjected to Ml with the autophagic left ventricle, and attenuated NLRP3 inflammasome and
inducer rapamycin resulted in a significantly increased caspase-1 activation. Subsequently, immunofluorescence
LC3-positive autophagosomes in peri-infarct regions of the assays demonstrated that the levels of IL-1f and IL-18 in
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Figure 5 DM impaired autophagy in the myocardium of post-infarct mice. (A) Expression levels of genes critical in autophagy in myocardial homog-
enates from peri-infarct regions of the left ventricle after MlI. (B) Western blot analysis of the autophagy proteins LC3 and p62 in myocardial homog-
enates from peri-infarct regions of the left ventricle after MI. (C) Representative image of immunofluorescence assays of LC3 dots in left ventricle
tissue sections of hearts from different groups; red, LC3; blue, DAPI-stained nuclei; green, myoglobin-positive cardiomyocytes (scale bar = 50 pum).
(D) Electron micrographs show more autophagic vacuole formation in cardiomyocytes of MI mice in the presence and absence of DM. Quantification
of autophagy by measuring the average number of autophagic vacuoles per 100 fields in electron microscope images (scale bars = 500 nm). *p < 0.05

DM + Ml vs. Ml; *P < 0.005 MI vs. controls. DM, diabetes mellitus; MI, myocardial infarction; TEM, transmission electron microscopy.
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peri-infarct regions of DM + MI mice treated with rapamycin
were significantly down-regulated. Furthermore, TUNEL stain-
ing also demonstrated that treatment with rapamycin de-
creased the apoptosis of cardiomyocytes from DM mice
subjected to MI.

In contrast, autophagy inhibitors played the opposite role.
Treatment of DM + MI mice with the autophagic inhibitor
3MA resulted in significantly increased activation of the
NLRP3 inflammasome and caspase-1, a number of TUNEL-
positive cells, and mature IL-1f and IL-18 in the peri-infarct
regions of the LV (Figure 6).

Induction of autophagy attenuated
post-infarct cardiac remodelling in diabetes
mellitus mice

Moreover, up-regulated autophagy also demonstrated
decreased dilatation of LV-internal dimension, LV function,
cardiomyocyte size, scar circumference, fibrotic area, the
ratio of heart weight to body weight, and increase of LVEF
or FS compared with DM mice after Ml (Figure 7).

In  contrast, autophagy inhibition exacerbated the
dilatation of the LV chamber dilation, scar expansion, cardiac
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Figure 6 Induction of autophagy deteriorates myocardial NLRP3 inflammasome activation in DM mice after MI. Representative pictures and quanti-
fication assay of double-immunofluorescence assays of LC3 (scale bar = 50 um), electron micrographs of autophagosomes (scale bar = 500 nm), im-
munofluorescence assays of NLRP3 and caspase-1 (scale bar = 50 um), TUNEL (scale bar = 50 pm), immunohistochemical photographs of IL-1p and
IL-18 (scale bar = 50 um) in peri-infarct regions of left ventricle sections are shown. DM, diabetes mellitus; MI, myocardial infarction.
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Figure 7 Autophagy inducers mitigated post-infarct cardiac remodelling in DM mice, while NLRP3 inflammasome inhibitors played the opposite role.
DM mice suffering from MI were treated with an autophagy inducer or inhibitor, or an NLRP3 inflammasome inhibitor. Representative pictures and
quantification assay of echocardiograph M-mode images, haematoxylin and eosin and Masson (scale bar = 50 um) in left ventricular tissue sections
are shown in the upper panels. Quantitative analysis of LVEDV, LVESV, LVEF, LVFS, SV, myocyte size, fibrotic area, and myocardial levels of BNP and
CcTNT in lower panels. BW, body weight; DM, diabetes mellitus; HW, heart weight; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular
ejection fraction; LVESV, left ventricular end-systolic volume; LVFS, left ventricular fractional shortening; MI, myocardial infarction; SV, systolic volume.
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fibrosis, and decreased systolic function compared with DM
mice after Ml (Figure 7).

Taken together, the results indicated that autophagy plays
an important protective role against NLRP3 inflammasome
activation and cardiac remodelling in DM mice subjected to
MI.

Inhibiting NLRP3 inflammasome ameliorated
post-infarct cardiac remodelling in diabetes
mellitus mice

It was previously reported that NLRP3 inflammasome activa-
tion played key role in cardiac remodelling after MI.2> Thus,
we next evaluated whether inhibition of NLRP3 inflamma-
some ameliorated post-infarct cardiac remodelling in DM
mice. As shown in Figure 7, treatment DM + MI mice with a

specific NLRP3 inflammasome inhibitor, MCC950, indeed
ameliorated LV dilation and improved LVEF and FS in
post-infarct hearts compared with DM + MI mice. Conse-
quently, the inhibition of NLRP3 inflammasome activity atten-
uated myocyte size, fibrotic area, the ratio of heart weight to
body weight, as well as the levels of myocardial injury bio-
markers, cardiac troponin t and B-type peptide (Figure 7).
Collectively, these results indicated that mitigated NLRP3
inflammasome activation ameliorated post-infarct cardiac
remodelling in DM mice.

Discussion

Although considerable improvements in therapies and
strategies are currently being made, the presence of DM still
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Figure 8 Schematic model depicting mechanisms. Exacerbated post-infarct pathological myocardial remodelling in diabetes is associated with im-

paired autophagy and aggravated NLRP3 inflammasome activation.

Diabetes Mellitus &
Myocardial Infarction

autophagy

—

Aggravated Pathological
Cardiac Remodelling

aggravates cardiac dysfunction and doubles the mortality
rate of patients with underlying MI. The more complex
pathophysiology and a worse prognosis strongly indicate a
particular need for a deeper understanding of the interaction
of MI in diabetes. Recent data have demonstrated that
several mechanisms promote metabolic consequences that
impact the dysregulation of microvascular perfusion and en-
ergy generation in the cardiomyocytes, subsequently leading
to post-infarct cardiac dysfunction in diabetes. One of the
important mechanisms deduced mainly from experimental
work is the myocardial energy gap between demand and
supply. On the one hand, increased oxygen demand in the di-
abetic myocardium is associated with increased ventricular
and vascular stiffness. On the other hand, it decreased the
energy supply from myocardial low-perfusion and endothelial
dysfunction, and reduced myocellular energy production.
This energy mismatch increased inflammasomes in
infarct-related segments and impaired autophagy in the re-
mote zones.

In the present study, we provide insights into pathways un-
derlying accelerated pathological myocardial remodelling af-
ter Ml in a mouse model of T2DM. Integrating molecular
characterization, we show an impaired autophagy associated
with decreased accumulation of autophagosomes in cardio-
myocytes from peri-infarct regions of the LV (Figure &).
Furthermore, the NLRP3 inflammasome and caspase-1 were
highly activated in cardiomyocytes in the peri-infarct and
infarct regions of the LV. This was associated with increased
cell pyroptosis and proinflammatory cytokine secretion,
thus linking defective autophagy to NLRP3 inflammasome
activation.?®%’

Autophagy involves the removal of damaged cytoplasmic
components and organelles to maintain cardiomyocyte
function during ischaemic stress.”® In addition, autophagy
prevents activation of pro-death pathways in favour of
adaptation to stress.>® In this paper, a reduced number of
autophagosomes but increased amounts of autolysosomes
in cardiomyocytes from peri-infarct regions of LV in DM were
observed (Figure 5). Furthermore, the results at both the
transcriptional and posttranscriptional levels demonstrated
a decreased LC3 and increased p62 accumulation, further
suggesting impaired autophagy. Our observations are in line
with a recent study that found cardiac dysfunction in
response to Ml as a result of inefficient autophagy in DM
mice.?%3!

Accumulating evidence indicates that the NLRP3 inflamma-
some is a central mediator in the inflammatory response to
cardiac ischaemic injury, especially in MI, and activation of
the NLRP3 inflammasome amplifies cardiac injury and
promotes heart failure.3?> The NLRP3 inflammasome activates
caspase-1, triggering inflammatory cell death called
pyroptosis by regulating the release of the proinflammatory
cytokines IL-1B and IL-18.3% In the present study, we demon-
strated exaggerated NLRP3 inflammasome and caspase-1 ac-
tivation in DM mice subjected to MI. Importantly, inhibition
of the NLRP3 inflammasome attenuated caspase-1 activity
and LV pathologic remodelling. These findings are also in line
with previous data showing that silencing NLRP3 expression
using small interfering RNA or genetic deletion of NLRP3
(knockout) reduced infarct size and limited cardiac dilatation
in an experimental Ml model in mice.3** Of interest,
NLRP3 inflammasome activation was also shown to play an
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important role in adverse cardiac remodelling in response to
MI under non-diabetic conditions.3® Thus, inflammasome-de-
pendent caspase-1 activation and subsequent release of IL-18
and IL-1B in cardiomyocytes seem to lead to cardiac
remodelling. Accordingly, inhibition of caspase-1 reduced
myocardial infarct size, improved cardiac function, and pre-
served ventricular remodelling.?” Furthermore, transgenic
mice with cardiomyocyte-specific overexpressing caspase-1
show an increased heart failure after MI.3®

Recent studies have found a mutual relationship be-
tween the induction of autophagy and activation of the
NLRP3 inflammasome.3® Autophagy regulates the NLRP3 in-
flammasome through various mechanisms, including direct
inhibition of NLRP3 inflammasome activation and excessive
inflammation, by removing sources of endogenous NLRP3
agonists, such as damaged cytoplasmic components and or-
ganelles. Earlier reports demonstrated that
Atgl6L1-deficient macrophages extensively improved IL-1B
and IL-18 secretion in the presence of lipopolysaccharide
in a Toll/IL-1 receptor domain-containing adaptor inducing
IFN-B-dependent manner.*® Several lines of evidence show
that autophagy is also required to control IL-1 secretion
by targeting pro-IL-1B for lysosomal degradation.** Inhibi-
tion of autophagy enhanced IL-1f secretion after stimula-
tion with specific Toll-like receptor ligands, and this effect
was demonstrated to depend on the IL-1R signalling
pathway.** However, further studies are needed to clarify
the exact mechanisms by which autophagy plays an essen-
tial role in regulating NLRP3 inflammasome activation in
DM and MI. This would provide a basis for manipulating
the autophagy and inflammasome signalling to control var-
ious inflammatory diseases.

Conclusions

Our results suggest that impaired autophagy and exagger-
ated NLRP3 inflammasome activation may contribute to
pathological LV remodelling after Ml in DM. Modulation
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