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Background: Interleukin-36 has been demonstrated to be involved in inflammatory responses. Inflammatory responses due
to ischemia-reperfusion injury following cardiopulmonary bypass (CPB) can cause heart dysfunction or damage.
Material/Methods: The CPB models were constructed in IL-36R—/-, IL.-36RN—/-, and wild-type SD rats. Ultrasonic cardiography
and ELISA were used to evaluate the cardiac function and measuring myocardial biomarker levels in differ-
ent groups. TUNEL assay was used to evaluate apoptosis. Western blot assays and RT-PCR were performed to
measure the expression of chemokines and secondary inflammatory cytokines in the heart. Oxidative stress in
tissue and cultured cells was assessed using a DCFH-DA fluorescence probe and quantification of superoxide
dismutase activity.

Results: Improved systolic function and decreased serum levels of myocardial damage biomarkers were found in
IL-36R—/— rats compared to WT rats, while worse cardiac function and cardiomyocyte IR injury were observed
in IL-36RN-/- rats compared to WT rats. TUNEL staining and Western blot analyses found that cardiomyocyte
apoptosis and inflammation were significantly lower in the hearts of IL-36R—/- rats compared with that of WT
rats. Oxidative stress was significantly lower in IL-36R—/— rats compared to WT rats. iNOS expression was sig-
nificantly reduced, while eNOS expression was increased in the hearts of IL-36R-/- rats. Silencing of IL-36R ex-
pression in vitro activated SIRT1/FOXO1/p53 signaling in cardiomyocytes.

Conclusions: IL-36R deficiency in cardiomyocytes repressed infiltration of bone marrow-derived inflammatory cells and ox-
idative stress dependent on SIRT1-FOXO1 signaling, thus protecting cardiomyocytes and improving cardiac
function in CPB model rats.
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Background

Administration of anesthesia during cardiopulmonary bypass
initiates myocardial ischemia-reperfusion (I/R) injury [1,2].
Reperfusion following persistent organ ischemia causes pro-
inflammatory response and oxidative stress, which are crucial
pathophysiological characteristics of ischemia/reperfusion in-
jury [3,4]. I/R injury is commonly seen in many clinically path-
ological conditions, such as revascularization following myo-
cardial infarction, septic shock, cardiopulmonary bypass, and
thrombolysis therapy following cerebral infarction, which lead
to cellular apoptosis and organ dysfunction [1,2]. Activation of
inflamed signaling upregulates the expression of tissue che-
mokines and adhesion molecules in vascular endothelial cells,
which facilitate infiltration and recruitment of bone marrow-
derived myeloid cells (BMDMs) [5,6]. The inflammatory cells
then produce excessive cytokines, such as matrix metallopro-
teinase-2 (MMP-2), matrix metalloproteinase-9 (MMP-9), inter-
leukin 1B (IL-1B), and MCP1, which lead to tissue damage in
target organs [6]. An imbalance between antioxidants and ox-
idants following reperfusion induces oxidative stress followed
by mitochondrial dysfunction, because rapid oxygen accumu-
lation following reperfusion causes excessive production of
reactive oxygen species [7]. Next, cardiomyocyte death is in-
duced by the mitochondrial pathway [8,9]. Increased permea-
bility of the mitochondrial inner membrane leads to release of
cytochrome c and other activating factors, which induce apop-
tosis by promoting activation of caspase. It has been proved
that permeability transition, which occurs during the IR pro-
cess, is induced by increased ROS production, insufficiency of
antioxidants, changes in pyridine nucleotide ratios, and calci-
um overload [8,9]. Clinically, the incidence of systemic inflam-
matory response syndrome is 2-10% because cardiopulmo-
nary bypass induces a systemic inflammatory response due to
contact between peripheral blood and artificial tube material
used for the operation, which can aggravate the local inflam-
matory response in myocardial IRI [10,11]. Numerous studies
have found that oxidative stress promotes the inflammatory
process in a variety of models of inflammatory diseases [7].
The inflammatory response is characterized by recruitment of
BMDMs and oxidative stress, as mitochondrial dysfunction co-
ordinates the induction of IRl in the CPB model [7,12].

Interleukin-36 is composed of 3 IL-36 receptor agonists, includ-
ing IL-36a, IL-36b, and IL-36r, derived from the IL-1 cytokine
family [13,14], and this has been shown to be associated with
a variety of autoimmune diseases. An antagonist of IL-36 im-
proved the skin inflammation phenotype in psoriasis [14,15].
IL-36 expression is seen in various tissues and cells, including
epithelial cells and immune cells. The production of IL-36 af-
fects keratinocytes that express IL-36 receptors through the
paracrine or autocrine pathways. IL-36 receptor activation can
activate pro-inflammatory cytokines (IL-1B) and promote the
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release of TNF-o,, IL-6, and IL-8. The association between IL-36
in immune cells and IL-36R in keratinocytes has been dem-
onstrated. Induction of IL-36r, an isoform of IL-36R agonists,
enhanced the expression of cytokines and induced nitric ox-
ide synthase. These findings demonstrate that IL-36 can ex-
ert a potential effect, which is not inflammatory, on the oxi-
dative stress process.

SIRT1 is the most evolutionarily conserved mammal sirtuin, reg-
ulating stress response and promoting cell survival. The activi-
ty of SIRT1 deacetylase is significantly increased during stress.
Deacetylation of SIRT1 downregulated transcriptional func-
tion of p53 to induce cell survival [16,17]. An increase in SIRT1
deacetylase activity can inhibit stress-induced cell apoptosis
and oxidative stress injury via activation of SIRT1-FOX01/p53
signaling [18]. Activation of SIRT1 under stress may be an im-
portant mechanism for avoiding I/R injury characterized by
oxidative stress. In skeletal muscle injury induced by I/R, oxi-
dative stress injury can be aggravated by downregulation
of the SIRT1-FOX01/p53 signaling pathway. Activation of
SIRT1-FOX01/p53 inhibits oxidative stress and apoptosis in
skeletal muscle I/R models.

Here, we revealed that the blocking IL-36/IL-36R signaling path-
way could be utilized to reduce IRI injury in CPB model rats,
which might be due to the inhibition of SIRT1/FOX01/p53 sig-
naling in cardiomyocytes. The inhibition of IL-36 signaling may
be a potential therapeutic strategy for controlling I/R injury in
patients who receive CPB.

Material and Methods

Cell culture and anoxia-reoxygenation treatment

AC16 cell line cells (purchased from ATCC) were inoculated at
a density of 10*/cm? and cultured in DMEM medium contain-
ing antibiotics and 10% fetal bovine serum (FBS). Cells were
then washed with phosphate-buffered saline (PBS) and placed
in serum-free DMEM for 24 h. To simulate in vitro I/R injury,
HIC2 cells were incubated in glucose-free medium (in an en-
vironment with 95% N, and 5% CO, conditions for 6 h at 37°C)
containing 100 units/ml of penicillin, 100 pg/ml of streptomy-
cin, and 10% FBS. Subsequently, cells were washed with PBS,
re-suspended in fresh DMEM, and moved to 95% 0,/5% CO,
conditions for reoxygenation. Cells were collected for analy-
sis 16 h after reoxygenation.

Synthesis and selection of SiRNA for IL-36R
The small interference RNA (siRNA) of IL1RL2 was designed by

Xuntong Bio Company (Shanghai, China). The primer sequenc-
es used were as follows:
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5’-ACUGUCGUAGCAUCAGGGCGAUCUUU-3’ (sense),
5’-UAGUGUACGUAACGUGAUCUUCACUG-3’ (antisense).

H9C2 myocardial cells were transfected with siRNA duplexes
via Lipofectamine RNAi-Max according to manufacturer’s in-
structions. Inhibition of IL-36R was evaluated by gRT-PCR 48 h
after siRNA transfection.

Animal models

Every procedure was approved by the Animal Care and Use
Committee of the First Affiliated Hospital of Guangxi Medical
University (30 April 2015). Male Sprague-Dawley (SD) rats
(350-450 g), IL-36R"" allele rats, IL-36RN"" allele rats, and
the myh6::Cre transgenic rat strain were purchased from the
Nanjing University Model Animal Center. The myhé::Cre trans-
genic rat strain expresses Cre recombinase during early em-
bryonic development. This strain was bred with a floxed rat
strain to create tissue-specific gene knockdown rats. We bred
rats containing the IL-36R" and IL-36RN"allele with myh6::Cre
transgenic rats, which resulted in an /L-36R and IL-36RN knock-
out in cardiomyocytes and generated rats with cardiac-spe-
cific IL-36R or IL-36RN deficiency. Rats containing this specific
IL-36R or IL-36RN knock-out in the heart were bred. CPB was
prepared by i.p. administration of ketamine (60 mg/kg) and xy-
lazine (5 mg/kg). After intubation, mechanical ventilation was
carried out with a small ventilator (respiratory parameters were
set as follows: 60 times/min respiratory rate, 2.5 ml/kg tidal
volume, and 1: 2 inspiratory-expiratory ratio). The cardiopul-
monary bypass was performed as previously described [19].
Catheterization of the caudal vein was used to construct the
liquid channel. The right femoral artery was perfused through
the catheter, and the right internal jugular vein was catheter-
ized into the right atrium to pump blood from the heart. The
cardiopulmonary bypass device consists of a venous reservoir,
a rat membrane oxygenator, and a peristaltic pump. The so-
lution filling the flow tube contained 2 mL of mannitol, 10 mL
of hydroxyethyl starch solution, 100 IU/heparin, and 1 mL of
fresh allogenic blood. The total duration of CPB was 90 min.
The relative physiological parameter monitored during CPB
was set according to a previously described method [19,20].

Measurement of oxidative stress in heart tissue and
cardiomyocytes

For the evaluation of oxidative stress in tissue, superoxide dis-
mutase (SOD) activity and malondialdehyde (MDA) were mea-
sured. SOD activity and MDA level in tissues were determined
by spectrophotometry using a Superoxide Dismutase Activity
and Lipid Peroxidation Assay Kit according to the standard
instructions. To evaluate ROS production in vitro, a DCFH-DA
probe coupled to confocal fluorescence microscopy was used
to detect and analyze the level of ROS in myocardial cells.

ANIMAL STUDY

ELISA

The serum levels of myoglobin, troponin, and lactic dehy-
drogenase were detected using the Rat Myoglobin ELISA Kit,
Superoxide Dismutase Activity Assay Kit (Colorimetric); (Abcam,
Cambridge, UK), and Rat Lactic Dehydrogenase ELISA Kit (Lianke,
Shanghai, China) according to the standard instructions.

Evaluation of cardiac function

Cardiac systolic function was evaluated 3 h after reperfusion.
The left ventricular pressure (LVP) was measured by micro-
catheter insertion into left ventricle via the right carotid ar-
tery. A hemodynamic analyzing system was used to record
the physiological parameters related to myocardial systolic
and diastolic function, such as heart rate, ejection fraction,
and LVP, to further analyze the instant systolic characteriza-
tion. Computer algorithms were used to deduce LVSP and the
instantaneous first derivation of LVP.

qRT-PCR

TRIzol reagent (Invitrogen) was applied to separate total RNA in
the heart, and reverse transcriptase (Takara) was used to con-
vert RNA into cDNA. The ABI 7500 Real-Time system was used
to perform the quantitative real-time PCR reactions. B-actin
was used for the control. Quantitative analysis was performed
via the =222 method.

Western blot

Protein expression in myocardial cells and tissues was deter-
mined using Western blot. Inmunoblotting was performed with
anti-eNOS, anti-iNOS, anti-p53, anti-SIRT1, anti-FOX03, anti-
caspase-3, and anti-caspase8 probes. All primary antibodies
for Western blot were obtained from Cell Signaling Technology.
Protein bands were incubated with primary antibody at 4°C
overnight and with secondary antibody at room temperature
for 1 h. ECL-Plus reagent was used for visualization.

Evaluation of apoptosis

TUNEL was used to evaluate the apoptosis according to man-
ufacturer’s instructions. Samples were observed via fluores-
cence microscopy. The degree of apoptosis was expressed ac-
cording to the apoptotic index (the ratio of TUNEL-positive
cells to total cells).

Immunohistochemical analysis
After the rats were sacrificed, their hearts were removed, fixed

in 4% paraformaldehyde, embedded in paraffin, and sectioned
to a thickness of 5 pm. Immunohistochemical (IHC) staining
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Figure 1. IR injury alleviation in the CPB model was characterized by improved systolic cardiac function and decreased levels of
myocardial injured biomarkers in the serum of IL-36R—/- rats (Myh6-Cre ILIRL2//¥)_ (A) LVSP was improved in IL-36R—/—
rats (Myh6-Cre IL1RL2/*fX) compared to wild-type rats. (B) Improved systolic function was indicated by instantaneous first
derivation of LVP (+dp/dt__ and —dp/dt__) in rats with IL-36 knockout in CPB models. (C-E) Serum levels of myocardial injury
biomarkers, including myoglobin (C), troponin (D), and LDH (E) were decreased in rats with myocardial genetic knockout in
CPB models. The t test was used for comparison of 2 groups. All experiments were repeated 3 times. n=8. P<0.05 indicates
a significant difference. * P<0.05, ** P<0.01. LDH - lactate dehydrogenase; LVSP — left ventricular systolic pressure;

WT — wild-type.

was performed with an IHC staining kit. Macrophage-specific
primary antibody (anti-CD68, Abcam) was used for selective
detection of macrophages.

Statistical analysis
Statistical analysis was carried out using SPSS 23.0 software.
All values are expressed as meanzstandard deviation. Unpaired

and 2-tailed t tests or two-way ANOVA was used to assess sig-
nificant differences.

Results

CPB in IL-36R cardiac-specific knockout rats (Myh6-Cre
IL1RL2%*fe) improved systolic cardiac function and
decreased levels of serum myocardial injured biomarkers

Because IL-36R expressed in cardiomyocytes can interact with
IL-36 secreted by immune cells and other epithelial cells in the
heart, inhibition of IL-36R in the cardiomyocytes can directly
block the biological effect of IL-36 in all cells, and exert other
potential effects on endogenous activation of immune cells dur-
ing CPB-induced IR injury. In rats, IL-36R is normally expressed
in immune cells, which results in the pro-inflammatory effect
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of immune cells, including promotion of Th1 polarization and
macrophage differentiation. To verify the effect of IL-36R defi-
ciency in cardiomyocytes, we produced rats with cardiac-spe-
cific knockout of IL-36R. We explored the effect of IL-36/IL-36R
signaling activation in cardiomyocytes on I/R injury. We found
improved left ventricular systolic function, as indicated by left
ventricular systolic pressure (LVSP) (left ventricular systolic pres-
sure, WT vs. IL-36R-/- rats, P=0.013) and instantaneous first
derivation of LVP (+dp/dt__) in rat myocardial genetic knock-
out CPB models (+dp/dt__, WT vs. IL-36R-/~ rats, P=0.020
and -dp/dt__, WT vs. IL-36R—/- rats, P=0.013) (Figure 1A, 1B).
Serum levels of myocardial damage biomarkers, including myo-
globin (WT vs. IL-36R—/- rats, P=0.012) (Figure 1C), troponin
(WT vs. IL-36R-/- rats, P=0.015) (Figure 1D), and lactic dehy-
drogenase (LDH) (WT vs. IL-36R—/- rats, P=0.018), were also
decreased following reperfusion in rats with myocardial defi-
ciency of IL-36R (Figure 1E). The data demonstrated that myo-
cardial specific knockout of IL-36R improved cardiac systolic
function and suppressed myocardial injury induced by IR in-
jury in CPB models.
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Decreased apoptosis of cardiomyocytes and reduced
inflammation in hearts of IL-36R-/- rats

We evaluated cellular apoptosis in cardiomyocytes in the hearts
of wild-type (WT) and IL-36R—/- rats using TUNEL staining and
Western blot analyses. We found that cardiomyocyte apoptosis
was significantly decreased in the hearts of IL-36R—/-rats com-
pared with that of WT rats. The higher apoptotic rates were seen
in the hearts of WT rats (Figure 2A, 2B). Expression of apoptotic

ANIMAL STUDY

proteins, including BCL2, Bax, caspase-3, and caspase-8, was
measured. We found that the expression of pro-apoptotic
genes was increased and Bcl2 expression was decreased in
the hearts of WT rats (Figure 2C). We then evaluated the ex-
pression of chemokines and chemokine receptors, including
MCP-1, MIP, CCR2, CCL12, and CXCL2. The expression of some
chemokines in WT rats was found to be significantly higher
compared to that in Myh6-Cre IL1RL2x rats (Figure 2D). We
performed immunofluorescent staining to assess macrophage
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Figure 2. Apoptosis and inflammatory infiltration were reduced in the hearts of IL-36R-/- rats (Myh6-Cre IL1RL2/ox/fox),
(A) Representative figure of TUNEL staining in the hearts of WT and IL-36R—/- rats, respectively. (B) Semi-quantitative
analysis of TUNEL staining in the hearts from WT rats and IL-36R—/- rats, respectively, illustrated apoptotic cardiomyocytes
were decreased in IL-36R—/- rats. (C) Western blot measurements revealed decreased protein expression relative to
apoptosis in hearts of rats with myocardial genetic knockout after reperfusion in CPB models. (D) Decreased chemokine
expression in hearts from rats with myocardial genetic knockout after reperfusion in CPB models measured by qPCR.
(E) CD68+ macrophage infiltration was reduced in IL-36—/- rat hearts as compared to WT rats. (F) The reduced expression
of inflammatory cytokines illustrated by immunohistochemical staining in the hearts of in rats with myocardial genetic
knockout after reperfusion in CPB models. The t test was used for comparison of 2 groups. Comparison for multiple groups
was performed by ANOVA. All experiments were repeated 3 times, n=8. P<0.05 indicates a significant difference. * P<0.05,
** P<0.01. CPB - cardiopulmonary bypass; WT — wild-type.

infiltration (CD68+) and found significantly larger numbers of
CD68+ macrophages in WT rats (Figure 2E). Subsequently, we
detected expression of pro-inflammatory cytokines, including
TNF-q, IL-1pB, IFN-y, IL-6, and IL-10, and found that expression
of TNF-a and IL-1b in the hearts of WT rats was higher com-
pared to that of Myh6-Cre ILLRL2f*fex rats (Figure 2F). These
results illustrated that decreased apoptosis of cardiomyocytes
and mitigatory myocardial inflammation was characterized by
decreased infiltration of macrophages and production of pro-
inflammatory cytokines following CPB.

Oxidative stress injury was attenuated and iNOS/eNOS
ratio was reversed in IL-36R-/- rats

We found SOD and MDA was significantly decreased in
Myh6-Cre IL1RL2¥fex rats compared to those in WT rats
(Figure 3A, 3B). Considering that previous studies have dem-
onstrated that IL-36y can promote the expression of inducible
NOS (iNOS), we measured the expression of iNOS and eNOS
in the hearts of Myh6-Cre IL1IRL2¥fx rats and WT rats. We
found that iNOS expression was significantly reduced, while
eNOS expression was increased in the hearts of Myh6-Cre
IL1IRL2f¥fox rats, as described previously (Figure 3C). These re-
sults demonstrated that iNOS inhibition contributes to reduced
inflammation and oxidative stress. We also examined the po-
tential downregulating effect of eNOS expression on inflam-
matory response and oxidative stress, in contrast to inducible
NOS. We found an increased eNOS expression and an inverted
iNOS/eNOS ratio in the hearts of Myh6-Cre ILIRL2//fox rats
(Figure 3D). The data demonstrated that IL-36R knockout and
blocking of IL-36/IL-36R signaling in cardiomyocytes leads to

increased eNOS expression and iNOS inhibition, which atten-
uates oxidative stress following IR injury in CPB model rats.

Silencing of IL-36R expression in vivo and in vitro activated
SIRT1/FOX01/p53 signaling in cardiomyocytes

We measured the expression of SIRT1, FOXO1, and p53 in vitro.
We found that expression of these proteins in the CM was in-
creased with silencing of IL-36R in the anoxic-reoxygen mod-
el (Figure 4A). ROS production in CM was assessed using a
DCFA-DH fluorescence probe, and a decrease in ROS production
was observed (Figure 4B). Next, we measured the expression
of chemokines and pro-inflammatory cytokines. Interestingly
there were no significant differences between the expres-
sion of pro-inflammatory cytokines, including TNF-a, IL-18,
and IL-33. However, an increasing trend in TNF-a expression
was observed (Figure 4C). Expression of chemokines, includ-
ing MCP1 and CCL12, in the CM decreased significantly with
IL-36R silencing (Figure 4D). These data demonstrated that
IL-36R knockout in CM repressed oxidative stress and recruit-
ment of BMDMs, but did not promote a release of cytokines
secreted by CM.

Rats with cardiac-specific IL-36RN deficiency suffered from
worsened cardiac dysfunction and cardiomyocyte IR injury
after cardiopulmonary bypass

Based on the investigation of the role of IL-36R in the IRI of
CPB model, we explored the IRI phenotype in rats with IL-36R
antagonist deficiency. We performed CPB on rats with IL-36RN
deficiency and WT. We found that WT rats had deteriorating
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Figure 3. Oxidative stress was inhibited and the expression of iNOS/eNOS ratio was significantly decreased in IL-36R-/— compared
to WT rats. (A) The inhibition rate of xanthine oxidase by SOD in heart tissue extracts from IL-36—/- rats was increased
compared to WT rats, demonstrating the increased activity of SOD in the heart tissue of IL-36—/- rats in IR injury induced
by CPB. (B) Significantly decreased MDA levels in the hearts from IL-36R—/— rats compared to WT rats suggests inhibition
of lipid peroxidation. (C) Representative figures and semi-quantitative analysis of expression of iNOS and eNOS measured
by immunoblot assays in the hearts from IL-36R—/— and WT rats. (D) Ratio of iNOS/eNOS expression in the hearts from
IL-36R—/—and WT rats. The t test was used for comparison of 2 groups. Comparison for multiple groups was performed
by ANOVA. All experiments were repeated 3 times, n=5. P<0.05 indicates a significant difference. * P<0.05, ** P<0.01.
eNOS - endothelial NO synthetase; iNOS — inducible NO synthetase; WT — wild-type.

improved cardiac function (Figure 5D, 5E) and appeared to de-
crease the levels of myocardial biomarkers. These results sug-
gest the potential value of cytokine antagonists originating
from IL1 family members for improving IRl phenotypes and
cardiac dysfunction following CPB.

disease phenotypes, characterized by higher levels of myocar-
dial injury biomarkers and worsened systolic function as mea-
sured by left ventricular systolic pressure (LVSP) and instanta-
neous first derivation of LVP. IL-36RN—/-rats had higher serum
levels of LDH (WT vs. IL-36RN—/-rats, P<0.001), troponin (WT vs.
IL-36RN-/- rats, P=0.031), and myoglobin (WT vs. IL-36RN—/—
rats, P=0.042) compared with those of WT rats (Figure 5A-5C).

Furthermore, lower left ventricular systolic pressure LVSP (left
ventricular systolic pressure, WT vs. IL-36RN-/- rats, P=0.001)
and tdp/dt__ (+dp/dt__, WT vs. IL-36RN-/- rats, P=0.001 and
—dp/dt__, WT vs. IL-36RN-/~ rats, P=0.002) was also found in
the IL-36RN-/- rats (Figure 5D, 5E). Interestingly, the adminis-
tration of recombinant rat IL1R1, an inhibitor of IL-1, slightly
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Discussion

The present study revealed that IL-36-deficiency rats had im-
proved cardiac function and decreased TUNEL staining in cardio-
myocytes following CPB. We evaluated inflammatory response
and ROS production due to a higher ratio of eNOS/inducible
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Figure 4. Inhibition of oxidative stress and expression of inflammatory cytokines was accompanied by activation of SIRT1-FOXO1-p53
signaling. (A) Western blot results of SIRT1, FOXO1, and p53 expression in human cardiomyocytes (AC16) with or without
silencing of IL-36R in vitro. (B) Representative figures of ROS production evaluated by DCFA-FH fluorescent probes in the
human AC16 cell line with or without silencing of IL-36R in vitro. (C) Quantitative analysis of relative fluorescent intensity
of DCFA-FH probes in AC16 with or without silencing of IL-36R in vitro. (D) Expression of inflammatory cytokines and
chemokines in AC16 with or without silencing of IL-36R in vitro. The t test was used for comparison of 2 groups. All in vitro
experiments were repeated 5 times. P<0.05 indicates a significant difference. * P<0.05, ** P<0.01.
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Figure 5. Deficiency of IL-36RN worsened cardiac dysfunction and IR injury after cardiopulmonary bypass. (A-C) Serum levels of
myocardial injury biomarkers, including myoglobin (A), LDH (B), and troponin (C), were higher in the IL-36RN—/- rats
compared to WT rats. (D) LVSP was worse in the IL-36RN—/— rats compared to WT rats. (E) Systolic function manifested
by instantaneous first derivation of LVP (+dp/dt__ and —dp/dt__) was worse in the IL-36RN—/— rats compared to WT rats.
The t test was used for comparison of 2 groups. All experiments were repeated 3 times, n=8. P<0.05 indicates a significant
difference. * P<0.05, ** P<0.01. LDH — lactate dehydrogenase; LVSP — left ventricular systolic pressure; WT — wild-type.

NOS in the myocardium of rats with IL-36R deficiency. IL-36R
knockout attenuated the inflammatory response and decreased
ROS production in cardiomyocytes. In conclusion, our investi-
gation revealed that the IL-36/IL-36R signaling pathway could
be utilized to reduce IRl injury in CPB models, via induction
of aberrant inflammation and oxidative stress. Inhibition of
IL-36 signaling may improve IRl in patients who receive CPB.

IRI occurs in patients requiring cardiopulmonary bypass and
cardiac surgery. Cardiopulmonary bypass (CPB), which in-
volves open heart surgery, is indispensable for cardiac sur-
gery [3,4,21]. During CPB, improvements must be made dur-
ing CPB to prevent cardiac arrest and improve the safety of
procedures in the surgical field. However, aortic cross-clamp-
ing may lead to myocardial ischemia/reperfusion (I/R) injury

following reperfusion of blood flow. I/R injury may be the main
form of post-operative myocardial injury, and is characterized
by elevated serum cardiac injury biomarkers, such as cardiac
troponin | (cTnl) and CK-MB [21]. It has been demonstrated
that elevated levels of myocardial injury biomarkers are an in-
dependent risk factor for adverse reactions following an oper-
ation. A previous study indicated that 24 h following cardiac
surgery, elevated cTnl was an independent risk factor for death
by 30 days, 1 year, and 3 years. Patients with significantly el-
evated cTnl had a higher risk compared to those with lower
CTnl[22]. Another study reported that increased serum CK-MB
following cardiac surgery was an independent risk factor for in-
creased mortality after 3 years [23]. Even with improved peri-
operative myocardial protection methods, increased levels of
cardiac injury biomarkers and myocardial stunning due to I/R
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injury still complicate cardiac surgery and perioperative myo-
cardial protection during CPB.

Recent studies have investigated the potential therapeutic strat-
egy for IR injury during CPB in higher animal models. Adbel
et al. found that in the pig CPB model, hypoxic-reoxygenation
(H/R) after reperfusion alleviated I/R injury and protected car-
diac function following myocardial ischemia [24]. Huang et al.
found that, compared with dopamine treatment in cardiople-
gia, isoflurane addition increased cardiac output more effec-
tively. ST+EI was reported to decrease the release of cTni and
CK-MB following CPB [25]. Emulsified isoflurane was combined
with cardioplegia to prevent I/R injury. Protection of the integ-
rity of mitochondrial ultrastructure of DNA may mediate this
protective effect. CPB induced an increase of myocardial in-
jury biomarkers and apoptosis in rat hearts. Suppressing in-
flammation by neutralizing IL-6 attenuated myocardial apop-
tosis and reduced the levels of myocardial biomarkers in CPB
rats. Therefore, these studies demonstrated that excessive in-
flammation and mitochondrial dysfunction due to oxidative
stress following reoxygenation contributed to IR injury in the
rat CPB model, as demonstrated by increased cardiomyocyte
apoptosis and higher myocardial biomarker levels.

IL-36 cytokines contain 3 agonists — cytokine IL-36¢, IL-36f3, and
IL-36y - and the antagonist IL-36Ra. IL-38 (IL-1F10) is an antag-
onist of IL-36R [26]. Cytokines interact with IL-36R-IL-1RACP-
specific heterodimeric receptors, but IL-36R, a receptor-bind-
ing subunit, is specific to IL-36. The antagonism of IL-36Ra was
similar to inhibition of IL-1Ra on IL-1. IL-36Ra binding to IL-36R
may inhibit the binding of IL-36R to IL-1RAcP and activation of
signal complexes. IL-36 is involved in inflammation induction
and immune recognition by stimulating innate, adaptive im-
mune responses. A high expression level of IL-36R is present in
BMDCs, and BMDCs respond to IL-36 stimulation and produce
various inflammatory cytokines [13,14]. IL-36R is expressed in
human monocyte-derived DCs (MDCs) and MDCs respond to
IL-36 agonists and produce several cytokines [27]. Maturation
of DCs is stimulated by IL-36 agonists to enhance the cell sur-
face expression of CD83, CD86, and of MHC class Il molecules.
The synergistic increase of CD14 expression is induced by the
co-culture of IL-360. and IFN-y, which is related to cell recogni-
tion of LPS. It was suggested that stimulation of related inflam-
matory cytokines (IL-36) may be necessary before expression
of CD14 and detection of LPS. T-bet is a key transcript factor in
Thl CD4+ T cell differentiation, and its expression may be up-
regulated by DCs with overexpression of murine IL-36y, indi-
cating a positive feedback between T-bet and IL-367[28]. IL-36
has strong pro-inflammatory bioactivity and induces Th1 polar-
ization. In vivo studies on the effect of IL-36 in Th1 responses
can be performed. Four weeks following injection of M. bovis
BCG into IL-36R—/— mice, Th1 responses (including decreases
in IFN-y, TNF-o, and nitric oxide) were decreased by splenocyte
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stimulation in vitro, suggesting that an endogenous IL-36 signal
was required for effective Th1 responses to mycobacteria [29].
In addition, IL-36R was also expressed in the keratinocytes
and played a role in the release of inflammatory cytokines in
an autocrine or paracrine manner. This effect is not important
for survival of the host and clearance of bacteria. In contrast
to IL-1R1-deficient mice, especially TNF-a deficient mice, there
was no difference in survival following infection with M. bovis
BCG in IL-36R-deficient mice as compared with wild-type mice.
IL-36R deficient mice showed no susceptibility to M. tubercu-
losis-induced death. This data demonstrated that IL-36 played
a pathological role in inflammatory diseases instead of one of
physiological host defense. Therefore, we hypothesized that
IL-36 deficiency would enhance inflammation in IR injury dur-
ing CPB in rats, and indeed found that IL-36R-/- rats had im-
proved post-operative cardiac function, which manifested as
reduced serum levels of myocardial injury biomarkers, illustrat-
ed by attenuated infiltration of CD68+ macrophages and de-
creased expression of pro-inflammation.

Excessive oxidative stress is another injury-related factor in
the myocardial IR model described in numerous previous stud-
ies [30-32]. Downregulation of ROS production in the reperfu-
sion following an ischemia event may attenuate tissue damage
and cellular apoptosis. Therefore, we examined malondialde-
hyde (MPA) activity and superoxide dismutase activity in myo-
cardial tissue, which reflected lipid peroxidation and anti-ox-
idative abilities. We found SOD and MDA were significantly
lower in Myh6-Cre IL1RL2/*fex rats compared to those in WT
rats, which suggested that the knockout of IL-36R attenuated
the oxidative stress response following I/R injury in cardiomy-
ocytes. Oxidative stress injury following IR injury also contrib-
utes to mitochondrial dysfunction and tissue damage. Sirtuin
is a protein family that is highly conserved in bacteria and hu-
mans. The deacetylation of SIRT1 and activation of some pro-
teins involved in cell repair and protection, including p53, Fox
transcription factors, and PPAR , can ameliorate pathologic and
psychological stress responses [30]. SIRT1 can enhance acti-
vation of eNOS and promote vascular relaxation [31]. SIRT1
is also a key cytoprotective agent regulating these proteins in
many cell processes, including metabolism, cell survival, and
apoptosis [32]. In this study, it was found that SIRT1 expres-
sion was increased, while the iNOS/eNOS ratio was decreased
following IL-36R knockout. The increased eNOS expression
and an inverted iINOS/eNOS ratio in the hearts of Myh6-Cre
IL1IRL2f*fex rats were also found in our study, indicating the
imbalance of iNOS/eNOS in the cardiomyocytes with I/R in-
jury. It has been reported that SIRT1 is a crucial regulator of
vascular homeostasis and that SIRT inhibits endothelial senes-
cence via the eNOS-SIRT1 axis. Another study revealed that
an increase in NO can originate due to increased SIRT expres-
sion and that SIRT deacetylates eNOS, increasing eNOS activ-
ity and production of endothelial nitric oxide (NO).
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Therefore, the data suggested that regulation of SIRT1 was
associated with protection from oxidative stress-induced tis-
sue injury. SIRT1 promoted the expression of FOXO1 and p53,
enhanced activity of eNOS, and increased the production of
endothelial NO molecules, which inhibited oxidative stress in-
jury and protected cardiomyocytes from death in I/R injury.

Limitations

Our study has 2 limitations. Firstly, we did not perform in vi-
tro experiments in the primary cardiomyocytes isolated from
neonatal rats; we only examined the oxidative stress response
in the cell line with or without knockout of IL-36R, and we
believe that further investigation in the primary cardiomy-
ocytes should be considered. Secondly, we only established
CPB models in healthy animals. However, patients who need
to receive CPB have organic heart diseases and even severe
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cardiac dysfunction. Therefore, CPB models in healthy rats can-
not completely mimic the situation in patients receiving CPB.

Conclusions

We revealed that the deficiency of IL-36R in cardiomyocytes
plays a protective role in IR injury induced in rat CPB models,
via inhibition of oxidative stress and inflammatory response.
The findings of the current study may provide a novel thera-
peutic strategy for IR injury, enabling post-operative myocar-
dial protection in patients who undergo open cardiac surgery
and extracorporeal circulation.
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