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Abstract Patients with coronary artery disease show high
serum levels of interleukin (IL)-27, a novel member of the
IL-6 family. However, the function of IL-27 in hearts
suffering ischemia/reperfusion (IR) injury is unclear. Here,
we showed increased expression of mRNA for the IL-27
subunits, EBI3 and p28, in rat hearts after 40 min of
coronary ligation and release for 7 days. This increase was
associated with a peak in the release of the cardiac enzyme,
creatine kinase-MB, on day 2 post-release. Moreover,
levels of IL-27 receptor subunit gpl130 mRNA, but not
those of subunit WSX-1 mRNA, decreased in post-is-
chemic hearts. These results suggest that increased IL-27
production may compensate for receptor downregulation
during myocardial recovery. Lactate dehydrogenase release
and crystal violet staining revealed that IL-27 or IL-6
significantly attenuated severe hypoxia (SH, 2 % O,)-in-
duced cell damage in H9c2 cardiomyoblasts and primary
rat neonatal cardiomyocytes. Incubating cardiomyocytes
with IL-27 or IL-6 resulted in time-dependent activation of
signal transducers and activators of transcription 3
(STATS3). Interestingly, IL-27-induced STAT3 activation
was attenuated by pre-treatment with a gp130-neutralizing
antibody. Blocking gp130 also reduced the cytoprotective
effects of IL-27 or IL-6. Moreover, IL-27-mediated
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protection against SH was blocked by stattic, a small-
molecule inhibitor of STAT3. IL-27 markedly improved
post-ischemic recovery and reduced tissue damage in iso-
lated perfused hearts when administered 5 min before
reperfusion. These results indicate that IL-27 protects the
myocardium against IR injury and facilitates the recovery
of damaged cardiomyocytes via the gpl30/STAT3
pathway.
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Introduction

Ischemia, either acute or chronic, is often associated with
tissue injury and inflammation, which can lead to ischemic
cardiomyopathy [12, 31]. Previous studies in genetically
modified animal models show that excessive production of
pro-inflammatory cytokines, such as tumor necrosis factor
(TNF)-ao. and interleukin (IL)-6, contributes to the tissue
damage associated with heart failure [25, 26]. However,
recent studies report that these cytokines may promote
activation of the pro-survival molecule, signal transducer,
and activator of transcription 3 (STAT3) to provide car-
dioprotective effects. Under survival conditions, STAT3
acts as an essential component of the survivor activating
factor enhancement (SAFE) signaling pathway and, as
such, reduces cardiomyocyte death at the time of reperfu-
sion after ischemic insult [1, 28]. STAT3 activation, trig-
gered by the Janus kinase signaling pathway, has both anti-
apoptotic and proliferative effects; indeed, activation of
STAT3 in cardiomyocytes protects them from ischemia/
reperfusion (IR) or anoxia/reoxygenation injury [2, 12-16,
22, 33, 35].
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A previous study shows that IL-6 levels increase in
patients with congestive heart failure and that the cytokine
is released into the circulation from the border zones
around a myocardial infarct [21]. Ischemic preconditioning
protects the heart against IR injury; however, this phe-
nomenon is not observed in IL-6 knockout mice with large
infarcts caused by IR [8]. Interestingly, IR-induced apop-
tosis of cardiomyocytes is attenuated by treatment with IL-
6 [32, 41], suggesting that the cytokine has a cardiopro-
tective role during IR-related events. It is unclear whether
IL-27 also protects against IR injury. Recently, a clinical
study detected high levels of serum IL-27, a novel member
of the IL-6 cytokine family, in patients with coronary
artery disease [20]. IL-27 is a heterodimer comprising the
Epstein—Barr viral-induced gene 3 (EBI3) and p28 [10, 37].
The major proportion of IL-27 is secreted by activated
antigen-presenting cells and endothelial cells [48]. The IL-
27 receptor was recently cloned and found to comprise a
heterodimer of WSX-1 and transmembrane glycoprotein
130 (gp130) [36]. Gp130 is a common signal transducer for
the IL-6 family, a group of cytokines displaying both
unique and overlapping biological activities in multiple
hematopoietic lineages. Activation of gpl30 negatively
regulates myocardial apoptosis [46], and abrogation of
gpl30 function exacerbates cardiac damage associated
with pressure overload-induced heart failure [18].

Activation of gpl30/STAT3 by cytokines and growth
factors usually triggers cell proliferation, differentiation,
and survival. We recently showed that IL-27 activates cord
blood natural killer cells via the gpl30/STAT3 pathway
[5]. Therefore, the aim of the present study was to examine
whether IL-27 exerts a cardioprotective effect via the
gp130/STAT3 pathway. We found increased expression of
IL-27 in the cardiac tissues of rat hearts following coronary
ligation-induced IR injury in vivo. The cytoprotective
properties of IL-27 and IL-6 were then examined in in vitro
cardiomyocyte cultures. The IL-27-mediated effects were
further assessed in terms of the gpl30/STAT3 signaling
pathway by blocking gp130 and STAT3 following expo-
sure of cells to severe hypoxia (SH). Taken together, the
results show for the first time that IL-27 protects rat hearts
against IR injury.

Materials and methods

Animals

Adult male and pregnant female Wistar rats were obtained
from BioLASCO (Taipei, Taiwan). Rats (210-230 g) were
used for the IR and isolated perfused heart experiments.

Primary cardiomyocyte cultures were prepared from 1- to
3-day-old neonatal rats. The preparation of neonatal
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cardiomyocyte cultures and animal experiments and care
were performed in accordance with the Guide for the Care
and Use of Laboratory Animals (National Research
Council, 2011). All protocols were approved by the
Laboratory Animal Care Committee at Fu Jen Catholic
University.

Induction of acute myocardial infarction in rats
as an in vivo model

Rats were anesthetized by an intraperitoneal injection of
ketamine (60 mg/kg) and sodium pentobarbital (35 mg/kg).
The rats were then intubated and ventilated with room air
(60 breaths/min; tidal volume, 8 ml/kg). The rectal tem-
perature was maintained at 37 °C with a servo-null
heating pad. Left thoracotomy was performed aseptically
and the left anterior descending artery looped with 7-O
Prolene (Ethicon Inc., Somerville, NJ, USA) close to its
origin (about 3 mm away from the left coronary ostium),
as described previously [29]. The looped stitch was snared
for 40 min and then released. Ischemia was confirmed by
the appearance of regional cyanosis within the epicardium
distal to the ligation. In addition, akinesia or bulging in
the area was observed. The thorax was then closed
aseptically. To measure creatine kinase-MB (CK-MB),
the rats were anesthetized with sodium pentobarbital
(60 mg/kg), and 200 pl of blood was collected from the
abdominal aorta into a heparinized tube for analyses of
cardiac enzymes. The blood was then centrifuged at
620g and the plasma collected. The activity of CK-MB
was measured in an electrolyte analyzer (Dri-Chem 3500i,
Fujifilm, Tokyo, Japan) as previously described [29].
Then, the tissues from infarct area or the correspond-
ing area in the left ventricle were prepared for PCR
analysis.

Preparation of primary neonatal rat cardiomyocytes

Neonatal cardiomyocyte cultures were prepared from 1- to
3-day-old Wistar rats as previously described [40]. Briefly,
cardiomyocytes were obtained from neonatal hearts by
digestion with 0.05 % trypsin. Cells (7 x 10° cells/well)
were plated in 12-well plates and cultured in F10 medium
(Life Technologies, Carlsbad, CA, USA) supplemented
with 100 pM of bromodeoxyuridine (5-bromo-2-deoxyur-
idine, BrdU) (Sigma-Aldrich, Saint Louis, MO, USA), 1 %
L-glutamine (Hyclone), and PSA (100 U/ml penicillin,
100 mg/ml streptomycin, and 0.25 pg/ml amphotericin B)
(Biological Industries, Haemek, Israel). The contractile
characteristics of the cultured cardiomyocytes, as observed
under a light microscope, demonstrated a purity of more
than 95 %. Cultures of enriched cardiomyocytes were
maintained for 3 days at 37 °C in the presence of 5 % COs,.
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Culture of cardiomyocyte-like H9¢c2 cells

The H9¢2 cardiomyoblast cell line was established from rat
heart [23] and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal bovine
serum (Life Technologies), 1 % L-glutamine (GE Health-
care, Grand Island, Nebraska), and PSA (Biological In-
dustries), as previously described [29].

Preparation of IL-27 and IL-6

IL-6, EBI3, or p28 cDNAs were cloned into pRKSF, which
contains a CMV promoter-derived expression plasmid and
a FLAG epitope at the C-terminus. The IL-6 gene was
derived from phytohemagglutinin-stimulated human pe-
ripheral blood mononuclear cells. The EBI3 gene was
amplified from a human placental cDNA library. The p28
gene was derived from an embryonic stem cell clone. The
constructed expression plasmids were then transfected into
the 293T human embryonic kidney cell line (BCRC Strain;
Administration System, Shichu, Taiwan) as described
previously [5]. Transfected cells were cultured in DMEM
supplemented with 2 % fetal bovine serum plus antibiotics
for 48 h and the culture supernatant was analyzed for the
presence of IL-6, EBI3, and p28 by Western blot analysis.
Rat primary neonatal cardiomyocytes or H9c2 cells were
incubated with culture medium containing IL-6 or IL-27
for 6 h before hypoxic insult. Furthermore, for use in the
assay involving isolated perfused hearts, culture medium
containing IL-6 or IL-27 was concentrated tenfold using a
Millipore Centricon plus-70 10 K centrifugal filter (Milli-
pore, Bedford, MA, USA) and then diluted with ice-cold
KH buffer.

Recombinant human IL-27 and IL-6 (R&D Systems,
Minneapolis, MN, USA) were diluted in culture medium.
Based on the molecular weights, the working concentra-
tions were 150 and 60 ng/ml for IL-27 and IL-6,
respectively.

Induction of severe hypoxia in cultured cells

SH was induced by incubating primary cardiomyocytes or
HO9c2 cells at 37 °C with 5 % CO, in an oxygen incubator
constantly flushed with nitrogen to reduce the oxygen
content to 2 % (NuAire, Plymouth, MN, USA) for 72 h.
Control cells were incubated in a CO, incubator (NuAire)
constantly flushed with room air (21 % oxygen) (normoxic
conditions).

Evaluation of cytotoxicity and cell density

A cytotoxicity kit (Roche Applied Science, Mannheim,
Germany) was used to measure lactate dehydrogenase
(LDH) release into the cell culture supernatant. The ab-
sorbance of the dye was measured at 492 nm in a standard
ELISA plate reader. The concentration of LDH was
quantitated against an LDH standard (Sigma-Aldrich), as
previously described [30]. Cells (7 x 10° cells/well)
plated in 12-well plates were fixed with 10 % methanol
for 10 min and then stained with 1 % crystal violet in PBS
(pH 7.4) for 5 min. Cells were washed five times with
PBS and the level of staining was measured to evaluate
cell density.

Detection of IL-27 subunit and IL-27 receptor
subunit expression by RT-PCR

The RNA Bee reagent (Tel-Test, Friendswood, Texas) was
used to extract total RNA from rat neonatal cardiomy-
ocytes, H9c2 cells, and the left ventricle of rat hearts at 2,
3, or 7 days post-IR injury, according to the manufacturer’s
instructions. Reverse transcription was performed using
1 pug of RNA, random primers, and M-MLYV reverse tran-
scriptase (Promega Corporation, Madison, Wisconsin). The
resulting cDNA product (1 pl) was used in a PCR reaction
along with primers specific for EBI3, p28, gp130, or WSX-

Table 1 Nucleotide sequences

Target gene (size of the PCR product)

Nucleotide sequence

of the primers used for RT-PCR

and quantitative RT-PCR EBI3 (215 bp)

P28 (154 bp)

gp130 (163 bp)

WSX-1 (155 bp)

GAPDH (108 bp)

Forward, 5'-GTCCTTCATTGCCACKTACAGGCT-3’
Reverse, 5'-GGAGGGTCSGGCTTGATGAT-3’
Forward, 5-AGGGARTTCACAGTCAGCCTG-3'
Reverse, 5'-GCCTGGAARGTCAGGGAAACAT-3’
Forward, 5-ATACCTTAAACAAGCTCCACCTTC-3’
Reverse, 5'-AGTTTCATTTCCAATGATGGTTCT-3'
Forward, 5'-GAAACCCAAATGAAGCCAAA-3’
Reverse, 5'-GCCTCCTGACATCTTCGGTA-3’
Forward, 5-TTGGTATCGTGGAAGGACTC-3’
Reverse, 5'-CAGTAGAGGCAGGGATGAT-3'
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1 (400 nM each of sense and anti-sense primers), dNTPs
(200 mM), 1 x PCR reaction buffer, and ProZyme II
thermostable DNA polymerase (Protech Technology En-
terprise, Taipei, Taiwan). The primer sequences are listed
in the Table 1. The cycling conditions for 30 cycles were
as follows: 94 °C for 40 s, 58 °C for 20 s, and 72 °C for
40 s. PCR products were analyzed on 1.6 % agarose gels
and visualized by staining with ethidium bromide. Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal loading control.

Real-time PCR

Real-time PCR was performed in an ABI StepOne Plus
system (Applied Biosystems Foster City, CA, USA). The
reaction mixture (20 pL total volume) comprised 200 ng of
cDNA, 30 umol of each primer (Table 1), and Sybr Green
(PCR master mix kit; Applied Biosystems). The thermal
cycling conditions were as follows: initial denaturation at
95 °C for 20 s, followed by 40 cycles at 95 °C for 1 s and
60 °C for 20 s. Melting curve analysis was performed at
the end of each PCR experiment. All reactions were run in
duplicate. Relative changes in gene expression were cal-
culated using the AC, (threshold cycle) method, i.e., the
raw C; value of the house-keeping gene (GAPDH) was
subtracted from the raw C, value of the target gene.
Changes in target gene expression were calculated using
the formula 272¢ and expressed as the fold change relative
to the values in control hearts.

Neutralizing antibodies and pharmacological
inhibitors

A gpl30-neutralizing antibody (C-20) was raised in a
rabbit (Santa Cruz Biotechnology, Paso Robles, CA, USA).
Cardiomyocytes and cell lines were incubated with the
STAT3 inhibitor, stattic (6-nitrobenzo[b]thiophene 1,1-
dioxide; Merck, Darmstadt, Germany), dissolved in dime-
thyl sulfoxide (DMSO). The same concentration of DMSO
was used as a vehicle control.

Western blot analysis of STAT3 expression

To examine the expression of phospho-STAT3 and total
STAT3, cells were washed with PBS and harvested by
incubation in lysis buffer containing 0.6 % NP-40,
150 mM NaCl, 10 mM Tris—HCI (pH 7.4), 1 mM EDTA,
and 0.1 % sodium dodecyl sulfate for 5 min as previously
described [29, 30]. Cells were sonicated on ice for 2 min
and the lysates were collected by centrifugation at
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14,000g for 10 min. Next, 40 pg of cell lysate was resolved
on a 10 % sodium dodecyl sulfate—polyacrylamide gel
(Bionovus, Ontario, Canada) and the proteins were trans-
ferred to a nitrocellulose membrane. The membrane was
incubated with antibody against phosphorylated STAT3,
total STAT3, or B-actin (Cell Signaling Technology,
Danvers, MA, USA), followed by washing and incubation
with an appropriate horseradish peroxidase-conjugated
secondary antibody (Millipore). Proteins were visualized
using an enhanced chemiluminescence kit (Millipore). The
densities of the bands of appropriate molecular masses
were determined semi-quantitatively by densitometry using
an image analytic system (Diagnostic Instruments, Sterling
Heights, MI, USA). STAT3 activity was calculated as the
ratio of phospho-STAT3 to total STAT3 after normalized
with B-actin.

Preparation of isolated perfused hearts as an ex vivo
model

Rats were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.). After abdominal incision, 1 ml of heparin
(500 TU) was injected via the inferior vena cava. The
hearts were then rapidly excised, weighed, and immersed
in ice-cold KH buffer, as previously described [29, 30].
After a 30 min non-circulating perfusion to remove blood
cells, the following parameters were recorded con-
tinuously and averaged over 5 min: coronary perfusion
pressure (CPP) at the aorta, left ventricular developed
pressure (LVDP; measured by inserting a water-filled la-
tex balloon), and the coronary flow (CF). Recirculation
perfusion was performed with KH buffer (total volume,
100 ml). After a 20 min basal period, perfusion was
stopped for 40 min to induce global ischemia. Hearts
were then reperfused for 1 h. At 5 min before reperfusion,
10 ml of concentrated culture medium containing pRKSF
(controls) or IL-27 was added to the buffer reservoir (after
removing the same volume of KH buffer). At the end of
experiment, 2 ml of perfusate was collected and concen-
trated to measure the level of CK-MB.

Statistical analysis

Numerical data are expressed as the mean =+ the standard
error of the mean (SEM). Differences between groups and
time points were analyzed using two-way ANOVA with a
post hoc Sidak’s test. The levels of CK-MB in plasma were
compared between pRKSF-treated and IL-27-treated IR
hearts by Student ¢ test. Differences were regarded as sig-
nificant at p < 0.05.
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Fig. 1 Changes in the expression of IL-27 mRNA and in the levels of

cardiac enzymes in rat hearts subjected to IR insult. a The expression
of EBI3 and p28 mRNA in one or three hearts at days 2 (2 days), 3
(3 days), and 7 (7 days) post-IR was examined by RT-PCR.
Representative gels are shown. Cells transfected with expression
vectors containing either the EBI3 or p28 genes were used as positive
controls (4) and cells transfected with empty vectors were used as
negative controls (—). GAPDH was used as an internal control. b,
¢ Real-time quantitative RT-PCR was used to examine fold changes
of EBI3 (b) and p28 (¢) mRNA expression in control (¢, sham-
operated) and IR hearts at 2, 3, and 7 days post-IR induction. ACy
values were calculated to estimate relative changes in gene expression
after subtracting the values for GADPH expression (n = 6 per time
point). d Increased levels of creatine kinase (CK)-MB in the plasma at
0, 1, 2, 3, and 7 days post-IR confirmed myocardial damage (n = 6
for each time point). *p < 0.05, compared with day 0; 'p < 0.05, IR
vs. control (sham) hearts

Results
IL-27 is upregulated in post-ischemic hearts

Conventional PCR detected the expression of EBI3 mRNA
in the post-ischemic left ventricle from day 2 to day 7 after
hypoxic insult (Fig. la). Quantitative RT-PCR revealed
that EBI3 expression was 2.6- and 1.8-fold higher than that
in control hearts on days 2 and 3 post-IR, but returned to
control levels by day 7 (Fig. 1b). Conventional PCR de-
tected p28 mRNA expression in IR hearts on day 3 post-
insult (Fig. 1a). Quantitative RT-PCR revealed that p28
mRNA was 1.5- and 1.9-fold higher than that in control
hearts on days 3 and 7 in IR hearts, respectively (Fig. 1c).
Increases in IL-27 mRNA levels were associated with in-
creased release of cardiac enzymes (Fig. 1d). Compared
with pre-ligation levels (day 0), plasma levels of CK-MB
increased in IR rats, peaking on day 2 before falling again.
Plasma levels of CK-MB were also higher in IR rats than in
sham-operated rats at comparable time points. Taken to-
gether, these results suggest that IL-27 may play a dual role
in post-ischemic injury, possibly by protecting the my-
ocardium against IR injury or aggravates cardiac damage
during recovery.

Expression of gp130 and WSX-1 mRNA

A previous study showed that the IL-27 receptor is
heterodimeric, comprising gpl30 and WSX-1 [36].
Therefore, we next examined the expression of gp130 and
WSX-1 mRNA in the myocardium and in cardiomyocyte-
like cells. Expression of gp130 and WSX-1 mRNA was
detectable in neonatal cardiomyocytes, in the left ventricle
of the rat heart, and in cardiomyocyte-like H9c2 cells
at baseline (Fig. 2a); however, expression in neonatal
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cardiomyocytes and cardiac tissue was higher than that in
HO9c2 cells. We next used quantitative RT-PCR to examine
changes in gpl130 and WSX-1 mRNA expression under
stress conditions, i.e., post-IR treatment, and found a sig-
nificant reduction in gp130 mRNA expression at days 2—7
after IR (both p < 0.05, Fig. 2b) compared with that in
control hearts. However, there was no difference in the
expression of WSX-1 mRNA (Fig. 2c¢).
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IL-27 protects neonatal cardiomyocytes against SH
and increases STAT3 activity

Because rat neonatal cardiomyocytes express IL-27 re-
ceptors, we next asked whether IL-27 protects cardiomy-
ocytes against SH (a process that would mimic hypoxic
injury to the myocardium during ischemic insult in vivo).
The results showed that cells subjected to SH released
more LDH than cells incubated under normoxic conditions;
this increase peaked at 72 h post-SH (Fig. 3a).

Because IL-6-mediated STAT3 activation is thought to
be cytoprotective [41], we compared the effects of IL-27
with those of IL-6 with respect to cardioprotection. Prior
treatment of neonatal cardiomyocytes with IL-27 or IL-6
for 6 h led to a significant increase in cell viability (upper
panel; Fig. 3b) and a reduction in LDH release after ex-
posure to SH for 72 h (Fig. 3b). These results indicate that
IL-27 attenuates SH-induced cell damage. Interestingly,
IL-6 showed similar protective effects against SH.

Because increased STAT3 activity protects cells against
numerous cytotoxic effects [2, 35], we next examined
whether STAT3 in neonatal cardiomyocytes was activated
by IL-27 or IL-6. Compared with cells treated with the
control vector, pRKSF, exposure of neonatal cardiomy-
ocytes to either IL-27 or IL-6 for 0.5, 1, or 2 h led to
increased expression of phosphorylated STAT3 (p-STAT3;
upper blots in Fig. 3¢) and increased STAT3 activity (bar
graph in Fig. 3c).

IL-27 protects H9¢2 cells against SH-mediated cell
damage and activates STAT3

To further confirm that IL-27 protects cells against SH, we
examined the effects of IL-27 in cardiomyocyte-like H9c2
cells expressing IL-27 receptors. Compared with cells in-
cubated under normoxic conditions or cells at time point 0
(prior to SH induction), cells exposed to SH showed a
significant increase in LDH release between 48 and 96 h
(Fig. 4a). Similarly, at 72 h post-SH, higher cell viability
and lower LDH release were seen in cells pretreated with
IL-27 or IL-6 than those in untreated cells or cells har-
boring pRKSF (Fig. 4b). Moreover, treatment of HO9c2
cells with IL-27 or IL-6 for 2 h increased STAT3 phos-
phorylation and activity (Fig. 4c).

Blocking gp130 abolishes the effects of IL-27

To further confirm the cardioprotective role of IL-27, we
treated H9c2 cells with recombinant human IL-27 or IL-6
and measured LDH release after SH. Compared with nor-
moxic cells, treatment of H9c2 cells with recombinant IL-27
or IL-6 led to a marked reduction in LDH release at 72 h
post-SH (Fig. 5a). Interestingly, these effects were attenuated
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Fig. 2 Expression of IL-27 receptor subunit mRNA. a Expression of
gp130 and WSX-1 mRNA in neonatal eat cardiomyocytes, rat heart
tissue, and cardiomyocyte-like H9c2 cells. Representative images are
shown. GAPDH was used as a control. Fold changes in gp130 (b) and
WSX-1 (¢) mRNA expression in control (¢) and IR hearts at 2
(2 days), 3 (3 days), and 7 (7 days) days post-IR (n = 6 per time
point). 'p < 0.05, IR vs. control hearts

by co-treatment with a neutralizing antibody specific for
gp130 (Fig. 5b). This clearly indicates that the cardiopro-
tective effects of IL-27 and IL-6 are dependent on gp130.
The effects of the gpl30-neutralizing antibody were
further confirmed in cells treated with culture medium
containing recombinant IL-27 or IL-6. Crystal violet stain-
ing showed that the anti-gp130 antibody reduced the adhe-
sion of both neonatal cardiomyocytes and H9c2 cells; this
was not observed upon treatment with a control antibody
(upper panels in Fig. 5c, d). In addition, the gpl130-
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neutralizing partially reversed the IL-27/IL-6-mediated re-
duction in LDH release (lower panels in Fig. Sc, d).

The gp130-neutralizing antibody attenuates
IL-27-mediated STAT3 activation

We next examined whether blocking gp130 affected IL-27-
mediated signal transduction mediated by STAT3. In H9¢2
cells, treatment of gpl130-neutralizing antibody in control

«Fig. 3 IL-27 attenuates SH-mediated cytotoxicity and increases

STATS3 activity in neonatal rat cardiomyocytes. a Cells were exposed
to either normoxia (21 % O,) or severe hypoxia (SH, 2 % O,) for 0,
48, 72, or 96 h. LDH release (n = 5) was then measured to estimate
cell viability. *p < 0.05, compared with O h; Tp < 0.05, SH wvs.
normoxia at 72 h. b Cells were treated with either IL-27 or IL-6 for
6 h prior to exposure to SH. The upper panel shows representative
culture wells stained with crystal violet (1 %) at 72 h post-SH
induction. The lower panel shows LDH release (n = 5). *p < 0.05,
untreated (—) or pRKSF vector-treated cells subjected to SH vs.
normoxic conditions; *p < 0.05, IL-27- or IL-6-treated vs. untreated
cells subjected to SH. ¢ Representative immunoblots showing the
expression of phosphorylated STAT3 (p-STAT3), total STAT3, and
B-actin in cells treated with either IL-27 or IL-6 for 0.5, 1, and 2 h
(upper panel). Bar graphs show the STAT3 activity (n = 3). DU
density unit. *p < 0.05, IL-27- or IL-6-treated cells exposed to SH vs.
pRKSF vector-treated cells exposed to SH

cells showed no effect on STAT3 activity when compared
to untreated control cells (Fig. 6a). Treatment with culture
medium containing IL-27 led to a significant increase in
STAT3 phosphorylation and activity in H9c2 cells
(Fig. 6a). This increase, however, was attenuated by co-
treatment with the gp130-neutralizing antibody.

The cytoprotective effects of IL-27 against SH in H9c2
cells (as manifest by reduced LDH release) were abrogated
by the STAT3 inhibitor, stattic, in a dose-dependent man-
ner (Fig. 6b). The effects were only partial at a dose of
2 pumol/L stattic; however, complete reversal was observed
at 10 pmol/L (compared with control (SH + pRKSF)
cells). These data confirm that the cardioprotective effects
of IL-27 require STAT3 activation.

IL-27 protects hearts against acute IR in an ex vivo
perfused model

Since IL-27 protects cardiomyocytes against SH in vitro, we
next asked whether IL-27 protects rat hearts against IR insult.
We used an ex vivo perfusion model for this to prevent the
results being confounded by IL-27 released by other circu-
latory cells. The aortic pressure was maintained at around
100 mmHg throughout the experiment. We found that the
LVDP and CF rates were significantly lower in IR hearts
throughout the entire time course of reperfusion (Fig. 7a).
The contractile function of IL-27-treated hearts was stronger
than that of pRK5F-treated hearts throughout the experiment.
Improved cardiac function was accompanied by a reduction
in CK-MB release (49 &+ 7 % in IL-27-treated hearts vs.
100 % in pRKSF-treated hearts), suggesting less myocardial
damage in IR hearts treated with IL-27 (Fig. 7b).

Discussion
The results of the present study show that IL-27 and its

receptor are expressed in rat cardiac tissue, although they
were upregulated and downregulated, respectively, in post-
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ischemic hearts. Exposure of cardiomyocytes isolated from
neonatal hearts or cardiomyocyte-like H9c2 cells to SH
resulted in cell damage, which was alleviated by prior
treatment with either purified or recombinant IL-27 or IL-6.
Interestingly, treating cardiomyocytes with IL-27 or IL-6
increased STAT3 activity, signified by an increase in the
expression of phosphorylated STAT3. These effects were
reversed by a gpl30-neutralizing antibody. The gp130-
neutralizing antibody not only attenuated STAT3 activity,

@ Springer

«Fig. 4 IL-27 attenuates SH-mediated cytotoxicity and increases

STAT3 activity in H9c2 cells. a Cells were exposed to either
normoxia (21 % O,) or severe hypoxia (SH, 2 % O,) for 0, 48, 72, or
96 h, and LDH release (n = 5) was measured to estimate cell
viability. *p < 0.05, compared with O h; 7Lp < 0.05, SH vs. normoxic
conditions. b Cells were treated with either IL-27 or IL-6 for 6 h prior
to exposure to SH for 72 h. *p < 0.05, untreated (—), or pRK5F
vector-treated cells exposed to SH vs. normoxic conditions;
p < 0.05, IL-27- or IL-6-treated cells exposed to SH vs. untreated
cells exposed to SH. Upper panel shows representative culture wells
stained with crystal violet (1 %) to evaluate cytotoxicity at 3 days
after the induction of SH. Lower panel shows LDH release (n = 5).
¢ Representative immunoblots showing the expression of phospho-
rylated STAT3 (p-STAT3), total STAT3, and B-actin in cells treated
with either IL-27 or IL-6 for 0.5, 1, and 2 h (upper panel). Bar graphs
show the STATS3 activity (n = 3). DU density unit. *p < 0.05, IL-27-
or IL-6-treated cells under SH conditions vs. pRKSF vector-treated
cells under SH conditions

but also abrogated IL-27-mediated cardioprotection.
Blockade of STAT3 activity by stattic also reversed the IL-
27-mediated protective effects. Finally, studies in an
ex vivo perfused heart model showed that IL-27 improved
cardiac contraction and coronary perfusion, and reduced
myocardial injury.

Inflammatory responses in post-ischemic cardiac tissues
are often associated with leukocyte accumulation in the
myocardium and increased cytokine levels in the blood [6].
IL-6 or IL-6-related cytokines are of particular interest
because accumulated evidence suggests that they protect
the liver and retina against IR injury [39, 43]. Expression of
IL-6 in the myocardium increases after acute myocardial
infarction [21]. IL-6 has been demonstrate to be induced in
cardiomyocytes after hypoxia/re-oxygenation (which are
central to IR-mediated tissue damage) via upregulation of
nuclear factor (NF)-xB and NF-IL6 [31, 47]. Moreover,
serum IL-6 levels in healthy men increase at 4350 m above
sea level, suggesting that hypoxia stimulates IL.-6 synthesis
[24]. Since circulating levels of IL-27 are also higher
among patients with ischemic heart disease [20], we
speculated that IL-27 contributes to myocardial repair
through its anti-inflammatory effects; it may also trigger
pro-survival signals in injured heart tissue. The present
study confirmed this notion by showing that expression of
IL-27 (both the EBI3 and p28 subunits) in post-ischemic
hearts increased at 2—7 days post-IR injury (Fig. 1). EBI3,
the larger subunit of IL-27, can either form homodimers or
it can form heterodimers with p35 to generate another anti-
inflammatory cytokine, IL-35 [3, 4]. Moreover, EBI3 plays
an important role in IL-35-mediated regulatory T cell
proliferation, a process that modulates chronic inflamma-
tory diseases [7]. Thus, we speculate that EBI3 confers
unique cardioprotective properties upon IL-27; however,
further studies are needed to clarify this.

Gp130 and WSX-1 comprise the functional IL-27 re-
ceptor in immune cells [36]. The results presented herein
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Fig. 5 IL-27-mediated cytoprotection is abolished by treatment with
a gpl130-neutralizing antibody. a H9c2 cells were treated with either
recombinant human IL-27 or IL-6 for 6 h prior to the induction of SH
(SH, 2 % O,). LDH release was detected after 72 h of SH induction.
*p < 0.05, SH vs. control cells; Tp < 0.05, IL-27- or IL-6-treated
cells under SH conditions vs. untreated cells under SH conditions.
b HO9c2 cells were pretreated with either recombinant human IL-27 or
IL-6 for 6 h in the presence of control or gpl30-neutralizing
antibodies (5 ng/ml). Cells were then exposed to SH for 72 h and

confirm that gp130 and WSX-1 are also expressed in rat
cardiac tissues, in isolated neonatal rat cardiomyocytes,
and in cardiomyocyte-like H9c2 cells (Fig. 2). This is
consistent with a previous study showing that gp130 is
widely expressed in many tissues and is important for
organ development (including the heart). Similar to IL-1,
IL-6, IL-11, leukemia inhibitory factor, and oncostatin M,
IL-27 is a cytokine that relies on gp130-associated signal
transduction to mediate cellular responses [36]. Cardiac-
specific disruption of gp130 results in increased apoptosis
of cardiomyocytes in response to ischemia or mechanical
stress [18, 46]. By contrast, activation of gp130 promotes

C Neonatal cardiomyocytes
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LDH release was measured to access cell viability. *p < 0.05,
compared with the SH group; Tp < 0.05, gpl130 antibody (Ab) vs.
control antibody. ¢, d Neonatal rat cardiomyocytes (c¢) and H9¢c2 cells
(d) were pretreated with culture medium containing IL-27 or IL-6 for
6 h in the presence of control or gp130-neutralized antibodies. Upper
panels show representative culture wells stained with crystal violet
(1 %). Lower panels show LDH release (n = 5). *p < 0.05, com-
pared with the SH group treated with the same antibody; Tp < 0.05,
gp130 antibody vs. control antibody

cardiomyocyte survival by inhibiting apoptosis [18, 46].
Therefore, we conclude that cellular signals triggered by
the 1L-27/gp130/STAT3 pathway play a role in attenuat-
ing myocardial cell loss in response to ischemic insult.
However, we found that while the expression of gp130 in
post-ischemic myocardium decreased, that of WSX-1 did
not (Fig. 2). This may mean that gp130-induced pro-sur-
vival signals were impaired in the post-ischemic my-
ocardium. Upregulation of IL-27 (EBI3 and p28), as well
as unchanged expression of WSX-1, may compensate for
reduced levels of gp130 expression to ensure that IL-27
still triggers survival signals in the post-ischemic
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Fig. 6 Gpl130 and STAT3 activity are required for IL-27-mediated
protection. a Representative immunoblots showing expression of
phosphorylated STAT3 (p-STAT3), total STAT3, and B-actin in H9c2
cells pretreated with IL-27 for 6 h in the presence or absence of the
gp130-neutralizing antibody (5 ng/ml). Bar graphs show the STAT3
activity (n = 3). DU density unit. *p < 0.05, compared with the
control or gpl30 antibody (Ab)-treated group; 'p < 0.05, IL-
27 4+ gpl130 antibody-treated cells vs. IL-27-treated cells. b Cells
were treated with the STAT3 inhibitor, stattic (0, 2, or 10 umol/L),
for 2 h prior to the addition of IL-27 or pRKSF for 6 h. Cells were
then exposed to SH for 72 h. LDH release was measured to evaluate
cell viability (n = 6). *p < 0.05, IL-27- vs. pRK5F-treated cells

myocardium. However, it is not clear why WSX-1 ex-
pression is not affected by IR.

STAT plays roles in cell growth, differentiation, and
survival [17, 19]. The present study showed that STAT3
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activation (as manifest by increased STAT3 phosphoryla-
tion) occurs in neonatal cardiomyocytes and H9c2 cells
treated with IL-6 or IL-27 (Figs. 3, 4). Moreover, inhibiting
STAT3 abrogated the ability of IL-6 and IL-27 to protect
cardiac tissue against SH (Fig. 6). This clearly indicates
that STATS3 is essential for cardioprotection. Interestingly,
other members of the IL-6 family, such as cardiotrophin-1
and leukemia inhibitory factor, also mediate cardiac sur-
vival via the STAT3 pathway [26, 33, 38, 42]. Further-
more, cardioprotection mediated by ischemic post-
conditioning due to a reduction in infarct size is totally
abrogated by STAT3 knockout and inhibition [1, 15]. Our
observation that cardioprotection is mediated by cytokine-
induced STAT3 activation is consistent with that in a
previous report showing that IL-10 protects murine hearts
against acute myocardial infarction [27]. Subcutaneous
administration of recombinant IL-10 (another anti-inflam-
matory cytokine) increased STAT3 phosphorylation and
increased capillary density in the zone bordering the infarct
area in murine hearts [27]. Because IL-27 is upregulated in
hearts recovering from IR, it will be interesting to find out
whether, like IL-10, IL-27 increases angiogenesis in infarct
tissues. Vascular endothelial growth factor (VEGF) is an
important molecule that participates in repair after hypoxic
or ischemic injury due to myocardial infarction by im-
proving perfusion of the peri-infarct and infarct areas [29].
Like IL-27, oncostatin M belongs to the gp130 family and
is expressed in human atherosclerotic lesions; it stimulates
the production of VEGF, which contributes to plaque an-
giogenesis [9]. The results presented herein show that IL-
27 improves coronary perfusion during recovery from IR
(Fig. 7a). Though the present study did not explore how
actors downstream of the IL-27/gpl130/STAT3 pathway
may affect VEGF expression, a previous study shows that
inhibiting STAT3 abrogates gpl30-induced VEGF syn-
thesis in smooth muscle cell cultures [9]. This indicates
that the IL-27/gp130/STAT3 pathway may enhance the
function of VEGF during coronary perfusion. We previ-
ously demonstrated that VEGF levels in rat myocardium
increased after exposure to chronic hypoxia and that VEGF
plays a role in cardiac tolerance to coronary ligation-in-
duced IR injury [29]. Further studies are warranted to ex-
amine whether the effects of IL-27 on cardioprotection are
dependent upon VEGF.

Redox imbalance-induced oxidative stress contributes to
myocardial injury in post-ischemic hearts [34]. Therefore, it
would be interesting to see whether the cardioprotective
effects of the [L-27/STAT3 pathway are, at least in part, due
to the scavenging of reactive oxygen species and improved
antioxidant defense. Though the present study did not ex-
plore this possibility, previous studies show that IL-6, as
well as other cytokines such as TNF-o, increase the ex-
pression of manganese superoxide dismutase (MnSOD), an

endogenous antioxidant protein, in IR tissues [11, 44].
Moreover, IL-6-induced STAT3 activation increases
MnSOD activity [33]. Loss of STAT3 in a genetic knockout
mouse model showing reduced MnSOD levels had a
negative effect on cardioprotection and increased infarct
size after IR [33]. As well as being expressed in the nucleus,
STAT3 is also expressed in the mitochondria of cardiac
cells [45]. The cellular effects of mitochondrial dysfunc-
tion, such as impaired cell respiration for ATP synthesis,
increased free radical generation, and the release of pro-
apoptotic molecules, play a role in IR-induced cardiomy-
ocyte death. Therefore, the cardioprotective effects of IL-27
may be based on downstream effects of STAT3, including
the regulation of mitochondrial function and the activation
of SAFE pathways [1, 28]. Moreover, previous findings in
chick embryonic hearts reveal that protein kinases (in-
cluding Akt, extracellular signal-regulated kinase 2, and
glycogen synthase kinase 3f) within the Reperfusion Injury
Salvage Kinase (RISK) pathway are activated downstream
of STAT3 [35]. Therefore, further studies should examine
whether the RISK pathway participates in IL-27/STAT3
signaling to protect against IR-mediated cardiac injury.
We conclude that IL-27 plays a novel role of cardio-
protection during myocardial recovery from IR insult. IL-
27 attenuates myocardial damage by activating gpl130/
STATS3, and protects cardiomyocytes from SH or IR. These
results indicate that the induction of pro-survival signals
via IL-27/gp130/STAT3 may be a potential therapeutic
strategy for the treatment of ischemic myocardial injury.
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