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Summary

Innate immune and inflammatory responses are involved in myocardial
ischaemia/reperfusion (I/R) injury. Interleukin (IL)-37 is a newly identified
member of the IL-1 family, and functions as a fundamental inhibitor of
innate immunity and inflammation. However, its role in myocardial I/R
injury remains unknown. I/R or sham operations were performed on male
C57BL/6J mice. I/R mice received an injection of recombinant human IL-37
or vehicle, immediately before reperfusion. Compared with vehicle treat-
ment, mice treated with IL-37 showed an obvious amelioration of the I/R
injury, as demonstrated by reduced infarct size, decreased cardiac troponin T
level and improved cardiac function. This protective effect was associated
with the ability of IL-37 to suppress production of proinflammatory
cytokines, chemokines and neutrophil infiltration, which together contrib-
uted to a decrease in cardiomyocyte apoptosis and reactive oxygen species
(ROS) generation. In addition, we found that IL-37 inhibited the
up-regulation of Toll-like receptor (TLR)-4 expression and nuclear factor
kappa B (NF-kB) activation after I/R, while increasing the anti-inflammatory
IL-10 level. Moreover, the administration of anti-IL-10R antibody abolished
the protective effects of IL-37 in I/R injury. In-vitro experiments further
demonstrated that IL-37 protected cardiomyocytes from apoptosis under I/R
condition, and suppressed the migration ability of neutrophils towards the
chemokine LIX. In conclusion, IL-37 plays a protective role against mouse
myocardial I/R injury, offering a promising therapeutic medium for myocar-
dial I/R injury.
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Introduction

Myocardial ischaemia/reperfusion (I/R) injury is regarded
as an inflammatory condition characterized by an innate
immune response, which is triggered by endogenous alarm
signals referred to as ‘danger-associated molecular patterns’
(DAMPs) [1–3]. These DAMPs are recognized mainly by
Toll-like receptors (TLRs) [4]. TLRs on leucocytes and
parenchymal cells have been showed to respond to such
signals and possess an essential role in sterile pathological
cardiovascular diseases [5,6]. DAMPs that bind to TLRs lead
to the activation of downstream signalling pathways,
including those of nuclear factor kappa B (NF-κB) and P38
mitogen-activated protein kinase [6], which induce the
expression of proinflammatory cytokines and adhesion

molecules [6,7]. The subsequent neutrophil activation and
leucocyte infiltration result in further cytokine secretion,
oxidative stress and protease release, which directly exacer-
bate myocardial and endothelial injury to form a positive
feedback loop and aggravate I/R injury [8,9].

Experimental studies targeting innate immunity have
reduced the infarct size and improved cardiac function after
I/R in mice [4]. The infarct size was reduced significantly in
TLR-4-deficient mice after I/R [3], and these mice exhibited
less inflammation than wild-type mice, which was consist-
ent with a report of treatment with eritoran that reducd
the binding of lipid A [a biologically active part of
lipopolysaccharide (LPS)] to TLR-4 [10]. Moreover, target-
ing downstream effectors of TLR such as myeloid differen-
tiation primary response gene 88 (MyD88) also significantly
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reduced infarct size and the expression of proinflammatory
cytokines [e.g. interleukin (IL)-1, IL-6, tumour necrosis
factor (TNF)-α] via NF-κB [11,12]. Furthermore, reactive
oxygen species (ROS), which further contributes to
cardiomyocyte and endotheliocyte dysfunction, increases
the production of proinflammatory cytokines and expres-
sion of adhesion molecules to exacerbate myocardial
damage and death [8]. This process has been shown to
depend upon TLR-4 and be associated with the release of
high-mobility group box 1 protein (HMGB1), a highly
proinflammatory conserved nuclear protein [13,14]. Thus,
targeting innate immunity shows promise as a therapy for
I/R injury.

IL-37 is a newly identified member of the IL-1 family,
known formerly as IL-1F7, IL-1H and IL-1H4. It exists in
several organs and tissues including the brain, kidney, heart,
bone marrow and testis in specific isoforms. IL-37 is also
expressed in peripheral blood mononuclear cells (PBMC),
monocytes, dendritic cells and epithelial cells and acts as a
natural suppressor of innate inflammatory and immune
responses [15,16]. Physiologically, IL-37 is expressed at low
level and can be up-regulated in an inducible manner
[16,17]. In vitro, TLR agonists and a variety of cytokines
such as IL-1β, IL-18, TNF-α, interferon (IFN)-γ and trans-
forming growth factor (TGF)-β can also significantly
up-regulate the expression of IL-37, which subsequently
suppresses the proinflammatory response [16]. IL-37 has
repressive effects on LPS-stimulated cells, such as
macrophages and endotheliocytes, which implies that it
may impact signalling intermediates that are specific to the
TLR-4 pathway [6,16]. Studies have also shown that IL-37
provided distinct anti-inflammatory effects in vivo in
models of septic shock, drug-induced colitis and hepatic I/R
[16,18,19]. Most importantly, our study revealed that circu-
lating levels of IL-37 was obviously elevated in patients with
acute myocardial infarction [20]; however, the roles of IL-37
in myocardial I/R have not been investigated.

In the current study, we hypothesized that IL-37 can
reduce the infarct size and improve cardiac function after
I/R in mice. We investigated the influence of IL-37 on the
innate immunity response of I/R mice by focusing mainly
on infiltrating neutrophils and the production of proin-
flammatory cytokines and chemokines. Furthermore, the
effect of I/R on cardiomyocyte apoptosis was also assessed
in vivo and in vitro. Finally, we also investigated the possible
mechanism by which IL-37 mitigated the I/R injury in vivo.

Materials and methods

Animals and experimental design male

Male C57BL/6 mice aged 8–10 weeks were purchased from
Beijing University (Beijing, China). The mice received a
standard diet and water ad libitum at the Tongji Medical
School Animal Care Facility according to institutional

guidelines. The mice underwent either sham or I/R surgery.
The treatment groups received 2 μg of recombinant human
IL-37 (Adipogen AG, Liestal, Switzerland) (dissolved in
200 μl normal saline) or 200 μl normal saline (vehicle),
which were administered via the tail vein before reperfusion
in I/R mice. The blocking group consisted of IL-37-treated
I/R mice that simultaneously received 200 μg of anti-IL-10R
monoclonal antibody (mAb) (R&D Systems, Minneapolis,
MN, USA) or 100 μg of anti-TGF-β (R&D Systems), or
isotype mAb intraperitoneally (i.p.) before reperfusion
[18,21]. The study included five experimental groups: sham
(sham), untreated I/R, I/R + vehicle, I/R + IL-37 and
I/R + IL-37 + anti-IL-10R/anti-TGF-β/isotype mAb (each
group contained six to eight mice). In addition to the above
treatment, the cytokine or antibody injection was repeated
every 24 h over a 72-h reperfusion period. The serum
troponin T levels were measured 24 h after reperfusion and
the infarct size and cardiac function were assessed 24
and 72 h after reperfusion. Apoptosis, ROS production,
chemokine expression and inflammation response were
analysed in the mice 4 and 24 h after reperfusion, while the
infiltration of inflammatory cells and neutrophils were
detected 4 h after reperfusion. All animal studies were
approved by the Animal Care and Utilization Committee of
the Huazhong University of Science and Technology.

Myocardial I/R injury in vivo and infarct
area assessment

The mice were anaesthetized by an intraperitoneal injection
of pentobarbital sodium (50 mg/kg), intubated orally, and
connected to a rodent ventilator. A left thoracotomy was
performed by a horizontal incision at the third intercostal
space. I/R was achieved by ligating the anterior descending
branch of the left coronary artery with an 8-0 silk suture,
and silicon tubing (PE-10) was placed on top of the left
anterior descending coronary artery, 2 mm below the
border between the left atrium and left ventricle (LV).
Ischaemia was confirmed by an electrocardiograph (ECG)
change (ST elevation). The sham-operated animals were
subjected to the same surgical procedures, except that the
suture was passed under the left anterior descending (LAD)
artery, but not tied. After 30 min of occlusion, the silicon
tubing was removed to achieve reperfusion, and the rib
space and overlying muscles were closed. Echocardiogra-
phic analyses were performed before euthanasia. Twenty-
four h after reperfusion the animals were reanaesthetized
and the heart was arrested at the diastolic phase by KCl
(20 mM) injection, the chest was opened and the ascending
aorta was cannulated and perfused with saline to wash out
the blood. The left anterior descending coronary artery was
occluded with the same suture, which had been left at the
site of the ligation. To demarcate the ischaemic area at risk
(AAR), Alcian blue dye (1%) was perfused into the aorta
and coronary arteries. The hearts were excised, and the LVs
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were sliced into 1-mm-thick cross-sections. The heart sec-
tions were then incubated with a 1% triphenyltetrazolium
chloride (TTC) solution at 37°C for 15 min. The infarct
area (pale), the AAR (not blue) and the total LV area from
both sides of each section were measured using Image Pro
Plus software (Media Cybernetics, Silver Spring, MD, USA),
and the obtained values were averaged. The percentages of
the area of infarction and AAR of each section were multi-
plied by the weight of the section and then totalled for all
sections.

Echocardiographic analysis of cardiac function

A GE Vivid 4 ultrasound machine equipped with an
18-MHz phase array linear transducer was used (GE
Medical Systems, Waukesha, WI, USA). The mice were
anaesthetized with pentobarbital sodium (50 mg/kg).
M-mode images were used to measure LV fractional short-
ening (FS) and LV ejection fraction (EF), which were
acquired by a technician who was blinded to the treatment
groups.

Serum troponin T

The blood concentrations of troponin T were measured as
an index of cardiac cellular damage using a quantitative
rapid assay kit (Roche Diagnostics GmbH, Mannheim,
Germany).

Evaluation of apoptosis in tissue sections
and cardiomyocytes

DNA fragmentation was detected in situ with the use of ter-
minal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL), as described previously [22]. The hearts were
fixed in 4% paraformaldehyde, embedded in paraffin, cut
into 6-μm-thick sections and treated as instructed in the In
Situ Cell Death Detection kit (Roche Diagnostics GmbH,
Mannheim, Germany). The nuclear density was determined
via manual counting of the 4′,6-diamidino-2-phenylindole
(DAPI)-stained nuclei in five fields for each animal with a
×40 objective, and the number of TUNEL-positive nuclei
was determined by examining the entire section with the
same power objective. The cardiac caspase-3 activity was
measured using a caspase colorimetric assay kit following
the manufacturer’s instructions (Chemicon, Temecula, CA,
USA). The absorbance of the pnitroaniline cleaved by
caspase was measured at 405 nm using a microplate reader
(ELx800; Bio-Tek Instruments, Winooski, VT, USA). Cul-
tured cardiomyocytes were exposed to I/R with or without
IL-37, and apoptosis was detected by TUNEL staining
according to the manufacturer’s directions. The nuclei were
identified by staining with DAPI. Five randomly chosen
fields from each dish were used to determine the percentage
of apoptotic nuclei.

Dihydroethidium (DHE) detection

DHE staining was performed as described previously [22].
After harvest, the heart tissues were embedded immediately
in an optimum cutting temperature (OCT) compound and
stored at −80°C. The unfixed frozen samples were cut into
6-μm-thick sections and placed on glass slides. DHE
(10 μmol/l) was applied to each tissue section and the sec-
tions were covered with a coverslip. The slides were incu-
bated in a light-protected humidified chamber at 37°C for
30 min. The ethidium fluorescence (excitation at 490 nm,
emission at 610 nm) was examined by fluorescence
microscopy.

Lipid peroxidation detection

The ischaemic zones were assessed for lipid peroxidation.
The left ventricular tissues from the sham-operated animals
at 4 h served as controls. The frozen tissues were homog-
enized in 250 μl of ice-cold 20 mM Tris-HCl (pH 7·4). After
centrifugation, 200 μl of supernatant were analysed for
lipid peroxidation products [malondialdehyde (MDA)/4-
hydroxyalkenals (4-HNE)] using a lipid peroxidation assay
kit (Calbiochem, Darmstadt, Germany).

Myeloperoxidase (MPO) detection

MPO activity was measured as an indicator of neutrophil
infiltration in the ischaemic myocardium using a
Myeloperoxidase Colorimetric Activity Assay Kit (Biovision,
Milpitas, CA, USA) according to the manufacturer’s
instructions. One unit of MPO is defined as the amount of
MPO that hydrolyzes the substrate and generates taurine
chloramine to consume 1 mmol trinitrobenzene (TNB) per
min at 25°C.

Immunohistochemistry analysis

The heart tissues were fixed with 4% formalin, embedded in
paraffin and sectioned into 6-mm-thick slices. To investi-
gate the inflammatory cell infiltration after I/R injury, the
sections were stained with haematoxylin and eosin to
further identify neutrophils with LY-6G (BD Biosciences,
San Jose, CA, USA) as per standard protocols.

Western blot analysis

The left ventricular samples were homogenized in whole
cell lysis buffer (Cell Signaling Technology, Danvers, MA,
USA) that contained additional phosphatase and protease
inhibitors. The left ventricular homogenates were then cen-
trifuged at 18 000 g for 30 min at 4°C. The protein concen-
tration was measured in the supernatants using the
Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA).

B. Wu et al.

440 © 2014 British Society for Immunology, Clinical and Experimental Immunology, 176: 438–451



The samples were subjected to sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). The
proteins were transferred onto polyvinylidene fluoride
microporous membranes (Bio-Rad) and probed with
primary antibodies. The antibodies used in this study
included anti-phosphorylated (phospho) p65 (Ser536)
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA CA),
anti-TLR-4 (Abcam, Cambridge, MA, USA) and anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). An
Invitrogen kit (Invitrogen, Carlsbad, CA, USA) was used to
visualize the protein bands. Densitometry was performed
using the Image Pro Plus software (Media Cybernetics,
Silver Spring, MD, USA). To standardize the densitometry
measurements between individual samples, the ratios of
phosphor-p65 or TLR-4 to GAPDH were calculated for sta-
tistical analyses.

Enzyme-linked immunosorbent assay (ELISA) for
chemokine and proinflammatory factors

The heart tissue was homogenized, centrifuged for 10 min
at 12 000 g and 4°C, and the supernatants were collected
and stored at −80°C. The levels of lipopolysaccharide-
induced CXC chemokine (LIX), cytokine-induced neutro-
phil chemoattractant (KC), macrophage inflammatory
protein-2 (MIP-2), IL-1β, TNF-α, IL-6, IL-10 and TGF-β in
heart tissue and serum were measured using special com-
mercial ELISA kits (R&D Systems). All tests on samples and
standards were performed in duplicate. The results are
reported as pg/mg protein or pg/ml.

Real-time polymerase chain reaction (PCR)

Total RNA was extracted from cultured cells or tissues using
Trizol (Invitrogen, Carlsbad, CA, USA) and reverse-
transcribed into cDNA using the PrimeScript RT reagent kit
(Takara Biotechnology, Dalian, China), according to the
manufacturer’s instructions. The mRNA levels of target
genes were quantified using SYBR Green Master Mix
(Takara Biotechnology) with the ABI PRISM 7900 Sequence
Detector system (Applied Biosystems, Foster City, CA,
USA). Each reaction was performed in duplicate, and
changes in relative gene expression normalized to GAPDH
levels were determined using the relative threshold cycle
method. The primer sequences are shown in the Supporting
information, Table S1.

Myocardial cell culture

Neonatal cardiomyocytes were isolated and cultured using
previously described methods [23]. Briefly, after cervical
dislocation, the hearts from 1-day-old C57BL/6 mice were
removed, cut into small chunks and washed with Hanks’
balanced salt solution (HBSS). The tissues were then incu-
bated in 4 ml trypsin/ethylenediamine tetraacetic acid

(EDTA) solution (gibco, Carlsbad, CA, USA) at 4°C for
30 min with rotation. The digestion was stopped by the
addition of 6 ml Dulbecco’s modified Eagle’s medium
(DMEM) containing 20% fetal calf serum (FCS; gibco).
After centrifugation at 1000 g for 5 min, the supernatant
was removed and the tissues were incubated in 4 ml
Liberase TH (0·1 U/ml in HBSS, Roche Diagnostics GmbH,
Mannheim, Germany) at 37°C for 15 min. The supernatant
containing the cells released to DMEM–20% FCS was
removed, and fresh Liberase TH was added to the undi-
gested tissues, which were then incubated for a further
15 min. This digestion procedure was repeated until most of
the cells had been released from the ventricular tissue and
the obtained cells were resuspended in DMEM. All collected
cells were filtered through a nylon cell strainer (70 μm size;
BD Falcon, Franklin Lakes, NJ, USA) and seeded into
fibronectin-coated 12-well tissue culture plates (Costar;
Corning, New York, NY, USA). After 1 h of incubation with
5% CO2 at 37°C, the attached fibroblasts were discarded and
the cardiomyocytes in the supernatant were enriched and
seeded into fibronectin-coated tissue culture plates after the
cell concentration was adjusted. The cardiomyocytes were
used in experiments when they had formed a confluent
monolayer and beat in synchrony after 72 h.

Exposure of cardiomyocytes to I/R

A hypoxia/reoxygenation injury was induced by placing the
cardiomyocytes in a hypoxia chamber filled with 5% CO2

and 95% N2 at 37°C in a glucose-free DMEM with or
without IL-37 treatment for 1 h, and the cells were then
reoxygenated with 5% CO2 and 95% air for 4 h in DMEM
containing 10% serum and 5 mM glucose. In addition, a
portion of the cardiomyocytes was cultivated continuously
with 5% CO2 and 95% air for 5 h in DMEM containing
10% serum and 5 mM glucose to serve as a control. At the
end of I/R stress, the cells were examined to measure
apoptosis by TUNEL labelling and reverse transcription
(RT)–PCR.

Isolation of neutrophils

Neutrophils were isolated from the marrow of femurs and
tibias of adult C57BL/6 mice, as described previously [24].
The mice were anaesthetized by an intraperitoneal injection
of pentobarbital sodium (50 mg/kg) before euthanasia by
cervical dislocation. The neutrophils in bone marrow were
negatively isolated using the Mouse Neutrophil Enrichment
Kit (StemCell Technologies, Vancouver, BC, Canada),
according to the manufacturer’s instructions. The purity of
neutrophils was evaluated using anti-CD11b, anti-Gr-1 and
anti-F4/80 antibodies (eBioscience, San Diego, CA, USA)
conjugated with peridinin chlorophyll (PerCP), phycoery-
thrin (PE) and allophycocyanin (APC), respectively.
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In-vitro migration assay

Cell migration was measured using Transwell inserts with
polycarbonate filters (5 μm pores for neutrophils)
preloaded in 24-well tissue culture plates (Millipore Co.,
Billerica, MA, USA). The cells were preincubated with IL-37
or vehicle for 1 h at 37°C. Subsequently, 1 × 106 cells were
placed into the upper chamber of the Transwell insert and
the lower compartment was loaded with medium contain-
ing LIX (10 ng/ml) [25] (R&D Systems). After 2 h, the
number of migrated cells was determined using a haemo-
cytometer. A chemotaxis index (CI: the number of cells
migrating towards chemokine containing media/number of
cells migrating towards control media) was calculated.

Statistics

The data are presented as the means ± standard error of the
mean (s.e.m.) unless indicated otherwise. The differences
were evaluated using unpaired Student’s t-tests between two

groups when the data were normally distributed and group
variances were equal. The Mann–Whitney rank sum test
was used when the data were not normally distributed or if
group variances were unequal. A one-way analysis of vari-
ance (anova) was used for multiple comparisons followed
by a post-hoc Tukey’s procedure for multiple range tests
when the data were normally distributed and the group
variances were equal. The Kruskal–Wallis test, followed by
Dunn’s test, was used when the group data were not nor-
mally distributed or if the group variances were unequal.
GraphPad Prism version 6·0 software was used for statistical
analyses, and the statistical significance was set at P < 0·05.

Results

IL-37 protects against myocardial I/R injury in mice

The AAR : LV ratio did not differ between untreated and
IL-37-treated groups (50·3 ± 1·9 versus 49·0 ± 2·7%;
P > 0·05; Fig. 1b), which indicated that ligature was
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Fig. 1. Interleukin (IL)-37 reduces myocardial

infarct size and improves left ventricular

function following ischaemia/reperfusion (I/R).

(a) Representative illustrations of infarct size

after 24 h as stained by Evans Blue and

triphenyltetrazolium chloride (TTC); the

non-ischaemic area is indicated in blue, the area

at risk (AAR) in red and the infarct area in

white. (b) Quantification of infarct area/area at

risk (I/AAR) and area at risk/left ventricular

area (AAR/LV) 24 h and 72 h after reperfusion

(n = 6). (c) Serum cardiac troponin T (cTnT)

was measured in different groups at 24 h after

I/R (n = 6–8). (d) Ejection fraction (%EF) and

fractional shortening (%FS) 24 h and 72 h after

reperfusion (n = 6). **P < 0·01 versus sham or

I/R. ***P < 0·001 versus sham. #P < 0·05 versus
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reproducibly achieved on the same level of LAD. Mice
treated with IL-37 showed a significantly reduced infarct
size within the AAR by 41·5% compared with the untreated
group (22·7 ± 3·3 versus 38·8 ± 5·2%; P < 0·01; Fig. 1a,b).
The cardiac troponin T (cTnT) level in the serum, a direct
index of myocyte damage, was also significantly lower in the
IL-37 treatment group (Fig. 1c).

As shown in Fig. 1d, EF and FS both decreased signifi-
cantly compared with the sham group 24 and 72 h after I/R.
However, IL-37 significantly attenuated the I/R-induced
cardiac dysfunction, as revealed by the higher EF and FS
24 and 72 h after reperfusion (Fig. 1d). These results
confirmed that IL-37 played a protective role in mouse
myocardial I/R injury.

IL-37 limits cardiomyocytes apoptosis and oxidative
stress after I/R

Apoptosis has been proposed to be an important mecha-
nism for myocardial I/R injury [26]. As shown in Fig. 2a,b,
the representative TUNEL-stained sections demonstrated
significantly fewer apoptotic cells in the IL-37-treated I/R
mice compared with the untreated I/R mice. Furthermore,
IL-37 treatment obviously inhibited the activation of
caspase-3, as determined by a caspase colorimetric assay of
the ischaemic myocardium of I/R mice (Fig. 2c). To analyse
the role of IL-37 in contributing to survival against I/R at
the cellular level, cultured neonatal mouse ventricular
myocytes were subjected to hypoxia and reoxygenation. As
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apoptosis in vitro (n = 6). (f) Reverse transcription–polymerase chain reaction (RT–PCR) determined cardiomyocyte Bcl-2 and Bax levels when

pretreated with IL-37 (30 ng/ml). The results were presented as Bcl-2/Bax ratio (n = 6). *P < 0·05; **P < 0·01 ;***P < 0·001 versus sham or N/R.

#P < 0·05; ##P < 0·01; ###P < 0·001 versus I/R or N/R. ξP < 0·001; ζP > 0·05.
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expected, pretreatment with IL-37 (30 ng/ml) sufficiently
decreased the frequency of apoptotic cardiomyocytes
(Fig. 2e).

To investigate the mechanisms by which IL-37 protects
cardiomyocytes from apoptosis induced by I/R stress, we
observed the expression of the Bcl-2 family by RT–PCR of
the ischaemic myocardium in vivo and I/R stressed
cardiomyocytes in vitro. The Bcl-2/Bax ratio of the IL-37
treated I/R group increased significantly compared with the
untreated group (Fig. 2d,f), which may resist I/R-induced
apoptosis. As an increased ROS level is a hallmark of oxida-
tive stress-induced cardiomyocyte apoptosis [8], we investi-
gated if the decrease in apoptosis by IL-37 was also
associated with the change of ROS level in vivo. As shown in
Fig. 3a,b, IL-37-treated I/R mice showed remarkably
decreased ROS production compared with the untreated
group. Consistent with the above result, the ROS-producing
activity of cardiac homogenates after I/R, as evaluated with
lipid peroxides (malondialdehyde and 4-hydroxyalkenal),
was also significantly lower in IL-37-treated I/R mice
(Fig. 3c). These results suggested that IL-37 may function
by the modulation of anti- and pro-apoptotic molecule
ratios of the Bcl-2 family and suppression of ROS
production.

IL-37 inhibits neutrophil recruitment through
modulating chemokine expression in vivo and
migration ability in vitro

Haematoxylin and eosin staining showed a marked infiltra-
tion of inflammatory cells in the I/R-operated mice
(Fig. 4a). However, IL-37-treated mice showed less infiltra-
tion of inflammatory cells (Fig. 4a), which was consistent
with a decrease in apoptotic cells. We further investigated
neutrophil infiltration by staining with specific markers. As
shown in Fig. 4a,b, IL-37 treatment decreased the infiltra-
tion of neutrophils significantly 4 h after I/R injury com-
pared with the control mice, which was confirmed by
assaying MPO activity (Fig. 4c).

The CXC glutamic acid–leucine–arginine (ELR)
chemokines LIX, KC and MIP-2 were all shown to be
increased after myocardial I/R both at the mRNA and
protein levels and acted as potent chemoattractants for
neutrophil infiltration [9]. IL-37 significantly suppressed
LIX and KC, but not MIP-2 expression in the ischaemic
myocardium (Fig. 4d,e). Because LIX was obviously sup-
pressed by IL-37, we investigated the direct influence of
IL-37 on the migration ability of neutrophils towards LIX.
Treatment with IL-37 significantly inhibited the migration
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of neutrophils towards LIX in a concentration-dependent
manner (Fig. 4f). These results indicate that the in-vivo
IL-37-mediated inhibition of neutrophils within the
ischaemic myocardium in I/R mice may be due to their sup-
pressed migration potential and the decreased expression of
chemokines.

IL-37 suppresses TLR-4/NF-κB inflammation response
and increases anti-inflammatory cytokines after I/R
injury in mice

TLR-4 signalling activation-induced innate immune
response plays an important role in myocardial I/R injury
[2]. Figure 5 shows that I/R increased the levels of TNF-α,
IL-6 and IL-1β, which were abolished by IL-37 treatment
(Fig. 5e–g,j). Correspondingly, we showed that NF-κB acti-
vation was suppressed significantly in the IL-37-treated
group compared with the untreated group (Fig. 5b,d),

which is consistent with the results of the reduced produc-
tion of inflammatory cytokines [1]. Furthermore, we exam-
ined if the inhibition of the inflammation response was due
to the decreased expression of TLR-4, an upstream signal-
ling of NF-κB [1]. We found that TLR-4 expression was
inhibited significantly in IL-37-treated I/R mice compared
with untreated mice (Fig. 5a,c,j).

Next, we investigated if the suppression of inflammation
by IL-37 was associated with the increase of anti-
inflammatory cytokines. To this end, we observed the
expression of IL-10 and TGF-β [18,21,27]. In contrast to
the inhibition of TNF-α, IL-1β and IL-6 after myocardial
I/R injury, the IL-10 expression increased significantly
(Fig. 5h,j). However, the expression of TGF-β was only
slightly elevated (Fig. 5i,j). Thus, IL-37 may suppress
TNF-α, IL-6 and IL-1β expression by down-regulating
TLR-4/NF-κB signalling and increasing the production of
IL-10 and TGF-β, which is a distinct effect that could play a
protective role in a mouse myocardial I/R injury model.
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(a,b) Hearts were retrieved 4 h after reperfusion

and the expression levels of phospho-p65 and

TLR-4 were examined by Western blot analyses.

(c,d) Quantitative densitometric analysis of

phospho-p65 and TLR-4 with glyceraldehyde

3-phosphate dehydrogenase (GAPDH) as an

internal standard (n = 6). (e–i) Serum levels of

tumour necrosis factor (TNF)-α (e), IL-6 (f),

IL-1β (g), IL-10 (h) and transforming growth
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Anti-IL-10 attenuates the protective role of IL-37 in
mice myocardial I/R injury

An interesting finding from this study was the obvious
induction of IL-10 in IL-37-treated myocardial I/R mice.
Because IL-10 has been demonstrated to play a critical pro-
tective role in I/R injury of the heart and liver [27,28], we
blocked IL-10 signalling with a specific anti-IL10R mAb to
observe the involvement of IL-10 in the IL-37-induced pro-
tective role in mouse myocardial I/R injury. IL-37-treated
myocardial I/R mice were treated with an anti-IL-10R mAb
and an additional isotype antibody for control. As shown in
Fig. 6, the administration of anti-IL-10R mAb obviously
attenuated the decrease of the infarction size and cardiac
function mediated by IL-37 in mouse myocardial I/R injury.
We further investigated the role of TGF-β in the IL-37-
mediated protective role of mouse myocardial I/R injury. A
similar experiment was conducted for TGF-β. However,
anti-TGF-β could not abolish the protective effect of IL-37
in mouse myocardial I/R injury (Fig. 6). Taken together,

IL-37 may protect the mice from myocardial I/R injury, at
least in part, by increasing the IL-10 level.

Discussion

The present study is the first to examine the role of IL-37 in
mouse myocardial I/R injury. Our data demonstrated that
IL-37 treatment markedly ameliorated I/R injury at the
early stage, as demonstrated by reduced infarct size, cTnT
level and improved cardiac function. This protective effect
involved a reduction in apoptosis, oxidative stress,
neutrophils infiltration and proinflammatory response, and
was associated with the suppression of TLR4/NF-κB activa-
tion and an elevated level of IL-10.

Apoptosis has been regarded as an important mechanism
for vast myocardial cell death in the reperfused ischaemic
myocardium [26]. Apoptosis can be modulated by ROS,
proinflammatory cytokines such as TNF-α, IL-6 and IL-1β,
and leucocyte accumulation [29,30]. The Bcl-2 family of
proteins contain key regulators of mitochondrial membrane
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IL-37-mediated protective role in mice

myocardial ischaemia/reperfusion (I/R) injury.

IL-37-treated mice were concomitantly

administered monoclonal antibody (mAb)

against the IL-10 receptor (IL-10R),

transforming growth factor (TGF)-β or isotype

control [immunoglobulin (Ig)G], untreated I/R

mice were used as a control. (a) Representative

illustrations of infarct size after 24 h as stained

by Evans Blue and triphenyltetrazolium

chloride (TTC); the non-ischaemic area is

indicated in blue, the area at risk (AAR) in red

and the infarct area in white. (b) Quantification

of infarct area/area at risk (I/AAR) and area at

risk/left ventricular area (AAR/LV) 24 h and

72 h after reperfusion (n = 6). (c) Serum cardiac

troponin T (cTnT) was measured in different

groups 24 h after I/R (n = 6–8). (d) Ejection
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FS) 24 h and 72 h after reperfusion (n = 6).
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integrity in apoptosis that can have pro-apoptotic (e.g. Bax,
Bak) and anti-apoptotic (e.g. Bcl-2, Bcl-xL) function [31].
IL-37 treatment has been shown to increase Bcl-2 expres-
sion in hepatocytes and reduce oxidant-induced hepatocyte
cell death in a dose-dependent fashion in vitro [19]. In this
study, we demonstrated that L-37 inhibited myocardial
apoptosis in vivo, as confirmed by the change in TUNEL
labelling, caspase-3 activation and the ratio of anti-
apoptotic (Bcl-2) to pro-apoptotic (Bax) expression. To elu-
cidate further the direct anti-apoptotic effect of IL-37 on
cardiomyocytes, we simulated I/R injury in cardiomyocytes
and found that the apoptosis ratio was reversed significantly
by IL-37 treatment, which appeared to be related to the
balance of expression of Bcl-2 family members. Because the
inflammation response and oxidative stress change signifi-
cantly when cardiomyocytes are exposed to I/R condition,
these transitions jointly drive cardiomyocytes into apoptosis
[29,31,32]. The mechanisms by which IL-37 directly or
indirectly affects these responses to alter the apoptosis sig-
nalling pathway in myocardial I/R injury warrants further
investigation.

During ischaemia reperfusion injury, the increased ROS
level contributes to oxidative stress-induced cardiomyocyte
apoptosis via the activation of the cytochrome c-activated
caspase-3 pathway [26,33]. Strategies to interrupt the cycle
of ROS production show promise for attenuating apoptosis
[34]. ROS could be generated in large amounts by infil-
trated leucocytes, especially activated neutrophils, in the
injured myocardium [35]. Moreover, studies have revealed
that IL-37 can suppress the oxidative burst of neutrophils
conditioned with TNF-α in vitro, and decrease ROS pro-
duction significantly during liver I/R injury [19]. Thus, we
investigated the ability of IL-37 to decrease the apoptosis of
cardiomyocytes by inhibiting the production of ROS after
myocardial I/R injury. As indicated by DHE and lipid
peroxidation, IL-37 significantly reduced the production of
ROS after mouse myocardial I/R stress, and this may be
related to the decreased apoptosis rate. Strategies to sup-
press the inflammatory response have been shown to
decrease I/R injury by inhibiting apoptosis and production
of ROS [1,3,30]. TNF-α, IL-18 and other proinflammatory
cytokines have been reported to increase cardiomyocyte
apoptosis in association with down-regulation of Bcl-2
expression and up-regulation of ROS production [36,37],
and this could be abolished by IL-10 [38]. TLR-4 was
reportedly involved in ROS production by interacting
with nicotinamide adenine dinucleotide phosphate-oxidase
(NADPH) oxidase 4 (NOX4) and up-regulating the expres-
sion of inducible NO synthase and cyclo-oxygenase [13,39].
This process was shown to activate NF-κB, P38 and
proinflammatory factors and subsequently induce ROS pro-
duction, which further exacerbated I/R injury [1,6,33,35].
In this study, we show that IL-37 could effectively suppress
TLR-4/NF-κB activation and up-regulate IL-10 after I/R,
which may reduce ROS production by inhibiting positive

feedback of the ROS amplification loop [33,35]. Thus, IL-37
can reduce I/R-induced apoptosis significantly in vivo and
vitro, probably by decreasing the proinflammatory response
and ROS production.

Neutrophils are the predominant cells that aggregate in
the ischaemic myocardium within the first 4 h after
reperfusion to mediate direct injury via the release of toxic
products, such as ROS and photolytic enzymes [8]. There-
fore, strategies that hinder the infiltration of neutrophils
can clearly ameliorate I/R injury. During I/R, TLR-4-
mediated myocardial NF-κB activation controls KC and
MCP-1 gene expression [7]. Proinflammatory factors, such
as IL-6, TNF-α, IL-1β and IL-18, could enhance the pro-
duction of LIX, KC, MCP-1, intercellular adhesion molecule
1 (ICAM-1) and vascular cell adhesion molecule 1
(VCAM-1) after myocardial I/R [30]. In agreement with
these reports, inflammation suppression therapy can poten-
tially reduce the infiltration of leucocytes and alleviate I/R
injury [1,6]. IL-37 could significantly inhibit MIP-2 and KC
production by LPS-stimulated hepatocytes and Kupffer
cells, which was accompanied by a reduction in neutrophil
infiltration during mouse liver I/R injury [19]. IL-37 also
reduced leucocyte recruitment into the colonic lamina
propria, which was associated with decreased inflammation
in a mouse colitis model [18]. In this study, we found that
IL-37 markedly decreased cardiac expression of LIX and
KC, but not MIP-2, and this was accompanied by a reduc-
tion in neutrophil infiltration. For the decreased levels of
LIX and KC in vivo, our experiments did not exclude the
effect of IL-37 on leucocytes, myofibroblast and coronary
endothelial cells, which are also involved in the inflamma-
tory response and subsequent injury after myocardial I/R
[1,9]. Furthermore, we showed that IL-37 can also directly
suppress the migration ability of neutrophils towards
chemokine LIX, which was most obviously changed in our
model. This result is consistent with the report by Sakai
et al., who revealed that IL-37 can inhibit neutrophil activa-
tion [19]. Taken together, these results revealed that IL-37
can reduce the infiltration of neutrophils into the ischaemic
myocardium by inhibiting their migration ability and
decreasing chemokine expression.

IL-37 undoubtedly functions as a promising beneficial
compound to restrain excessive inflammatory responses
[15]. In this study, we found that IL-37 can suppress TLR-4/
NF-κB signalling activation after I/R injury. Studies have
demonstrated that mature IL-37 translocated to the nucleus
via caspase-1 and binded to phosphorylated Smad3 to form
an IL-37/Smad3 complex in the perinuclear region, which
affected proinflammatory gene transcription [16]. Indeed,
Smad3 deficiency has been shown to result in the
hyperactivation of innate immune cells, which occurs in
response to TLR signalling and subsequent NF-κB activa-
tion [40]. Smad3 has also been shown to have protective
effects in myocardial I/R mice and cardiomyocytes treated
with growth differentiation factor 15 (GDF-15), a secreted
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member of the TGF-β superfamily [41]. IL-37 can also
function by combining with TIR8 [single immunoglobulin
(Ig) IL-1-related receptor (SIGIRR)] on the cell membrane
in PBMC, macrophages and dendritic cells [42,43], which
mediates the suppression of mitogen-activated protein
kinases (MAPK) [p38 and extracellular-regulated kinase
(ERK)] activation and TLR-4/NF-κB signalling activation
by inhibiting the recruitment of IL-1 receptor-associated
kinase (IRAK) and TNF receptor (TNFR)-associated factor
6 (TRAF6) [44–46]. We therefore speculate that IL-37 may
function in several ways in the I/R model, including sup-
pressing the effect of IL-18 through combining with
IL-18BP [17,43], inhibiting TLR-4/NF-κB activation
through extracellular mechanisms via TIR8 (SIGIRR), as
well as by intracellular mechanisms via Smad3 and p38
[16,42,43]. This requires further investigation using chi-
meric IL-18R alpha or SIGIRR/TIR8 knock-out mice.

Finally, we observed a significant increase in the level of
IL-10 but a relatively smaller increase in TGF-β, and the
elevated IL-10 level was associated partly with the protective
role of IL-37 treatment in mice with myocardial I/R
injury. Clinical researches have showed that increased
proinflammatory cytokine levels, such as IL-6 and
C-reactive protein (CRP), correlated with deterioration of
LV systolic function and manifested an independent predic-
tor of LV systolic dysfunction in myocardial ischaemia (MI)
patients. Conversely, maintenance of a boosted level of
IL-10 seemed to be prognostically favourable [47]. IL-10 is
expressed and secreted by a variety of cell types such as
regulatory T cells (Tregs), B cells, monocytes/macrophages,
dendritic cells and natural killer cells [48,49]. In contrast
with the role of IL-18 in myocardial I/R injury [36], as
proved in the IL-10-deficient mice by Yang et al., endog-
enous production of IL-10 during myocardial I/R played a
key role in determination of the outcome by suppressing
the expression of proinflammatory cytokines and adhesion
molecules, accompanied by decreased neutrophil infiltra-
tion and activation [27], and studies have shown that, using
some ingenious methods, IL-10 levels in I/R myocardium
can be regulated [50–52]. Although, currently, no research
has demonstrated that IL-37 has a direct effect on Treg cells
and B cells, it has been shown to maintain immature
dendritic cells and suppress macrophage differentiation
towards the M1 subtype by significantly decreasing the
expression of proinflammatory cytokines [16,42], which
leads to increased production of IL-10 [48]. In a dextran
sodium sulphate (DSS)-induced mouse colitis model, IL-37
showed significantly increased levels of IL-10, although this
was not responsible for the IL-37-induced protective role in
that model [18]. This disparity with our model may be due
to the difference in severity of the local and systemic
inflammatory response occurring between the two models.
Indeed, there was more effective dampening of TNF-α and
other inflammatory cytokine levels compared to supple-
menting with IL-10 in that model in contrast to ours.

In summary, IL-37 treatment can reduce myocardial I/R
injury in mice, which is associated with the ability of IL-37
to suppress the production of proinflammatory cytokines
and chemokines and the infiltration of neutrophils, accom-
panied by decreased cardiomyocyte apoptosis and ROS gen-
eration. In addition, IL-37 preserves the balance of the
inflammation response by inhibiting TLR-4/NF-κB activa-
tion and increasing IL-10 during mouse myocardial I/R
injury, and the protective effect of IL-37 is associated in part
with elevated IL-10. These data imply that IL-37 could be a
promising therapeutic medium for myocardial I/R injury.
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