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Summary

Ischemia reperfusion (IR) injury is a major issue in cardiac transplantation and

inflammatory processes play a major role in myocardial IR injury. Necrostatin-1

(Nec-1) is a small molecule capable of inhibiting RIP1 kinase activity and attenu-

ates inflammation-mediated tissue injury. In our study, hearts of C57Bl/6 mice

were flushed and stored in cold Bretschneider solution for 8 h and then trans-

planted into syngeneic recipients. We found that Nec-1 decreased cardiomyocyte

necrosis and recruitment of neutrophils and macrophages. Troponin T (TnT)

production on 24 h after myocardial IR injury was reduced by Nec-1 administra-

tion. Cardiac output at 60 mmHg of afterload pressure was significantly increased

in hearts with Nec-1 administration and the cardiac allograft survival in Nec-1-

treated animals was significantly prolonged (MST = 90 days in IR + Nec-1

group, P < 0.05 as compared with IR group, MST = 83.5 days). Nec-1 treatment

attenuated ROS generation and increased expression of NOS2 and COX-2. The

expression of Hmgb1, IL-23, and IL-17A were also decreased with Nec-1 adminis-

tration. Furthermore, the decreased TnT expression induced by Nec-1 was abro-

gated with exogenous Hmgb1 administration. In conclusion, Nec-1 played a

protective role in cardiomyocyte IR injury, and this was associated with inhibited

Hmgb1-IL-23/IL-17 pathway.

Introduction

Cardiac transplantation is the last resort for patients with

end-stage heart failure. Ischemia reperfusion (IR) injury is

a major issue in cardiac transplantation. IR injury is associ-

ated with increased primary organ dysfunction and subse-

quent delayed organ function after cardiac transplantation.

In the long term, this correlates with increased episodes of

acute and chronic rejections. Thus, the development of

more effective drugs or interventions to protect the myo-

cardium from reperfusion injury is required to provide

greater clinical benefits for patients with ischemic heart dis-

ease [1].

Cell death by necrosis is often associated with inflam-

mation. Although necrosis was once thought to be an

unregulated form of cell injury because of trauma, recent

evidence indicates that necrosis is a highly regulated pro-

cess that involves a dedicated molecular circuitry [2,3].

In necrosis, the loss of plasma membrane integrity often

coincides or precedes the exposure of phosphatidyl serine

[4]. This morphological signature of necrosis distin-

guishes it from apoptosis, in which the early exposure of

phosphatidyl serine and other “eat-me” signals prompt

their clearance by professional phagocytes before mem-

brane leakage and release of inflammatory cellular adju-

vants [5]. Thus, necrosis is a more inflammatory form of

cell death than apoptosis. Recent work shows that the

receptor interacting protein (RIP) kinases RIP1 and RIP3

play essential roles in TNF-induced necrosis [6,7].

Necrostatin-1 (Nec-1), a small molecule capable of inhib-

iting RIP1 kinase activity, was known to inhibit necrop-

tosis and efficiently prevented necrotic cell death after

ischemic brain injury [8]. Even more, recent paper

indicating that administration of Nec-1 at the onset of
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reperfusion inhibits RIP1-dependent necrosis in vivo,

leading to infarct size reduction and preservation of car-

diac function [9]. However, the role of Nec-1 in cardiac

transplantation model is still not known, and the mecha-

nism needs to be further investigated.

In this study, we demonstrated a crucial role for Nec-1

in cardiomyocyte IR injury. Nec-1-ameliorated cardiomyo-

cyte necrosis and infiltration of neutrophil and macrophage

and then improved hemodynamic performance. Nec-1

treatment attenuated ROS generation and increased NOS2

and COX-2 expression. The expression of Hmgb1, IL-23,

and IL-17A were also decreased with Nec-1 administration.

Furthermore, the decreased TnT expression induced by

Nec-1 was abrogated with exogenous Hmgb1 administra-

tion, and the reduced production of IL-17A and IL-23 was

also abolished by rHmgb1.

Materials and methods

Animals

Inbred male C57Bl/6 mice, used as donors and recipients,

were from the Center of Experimental Animals, HUST, and

China. All the mice were male at 15 to 20 g in weight,

which were housed in specific pathogen-free facility with

regular food and water ad libitum.

Heterotopic cardiac transplant and post-transplant

therapies

Syngeneic heterotopic heart transplantation was performed

by a modified nonsuture cuff technique previously

described by Heron [10]. Briefly, the donor heart was het-

erotopically transplanted to the neck vessels of the recipi-

ent: the aortic root was anastomosed to the right common

carotid artery and the pulmonary artery to the right jugular

vein of the recipient. Hearts were stored in cold Bretschne-

ider solution for 8 h before transplantation with consecu-

tive in vivo reperfusion for 24 h [11]. Mice were received

either phosphate-buffered saline (PBS) or 3.5 mg/kg necro-

statinn-1 dissolved in PBS via a tail vein injection 5 min

prior to reperfusion [9]. For neutralization of endogenous

IL-17A or IL-23, 0.2 mg of neutralizing rabbit anti-mouse

IL-17A (Biolegend, San Diego, CA, USA) or neutralizing

rabbit anti-mouse IL-23p19 (eBioscience, San Diego, CA,

USA) was administered i.v. 5 min prior to reperfusion and

For inhibition of Hmgb1, mice were treated with glycyrrhi-

zin (TCI, Shanghai, China) at 5 mg/mouse 5 min prior to

reperfusion [12]. For animal experiments using recombi-

nant Hmgb1 (rHmgb1), animals received an intravenous

bolus (tail vein) injection of 100 ng/ml of rHmgb1 (R&D

Systems, Minneapolis, MN, USA). Animals received

rHmgb1 injection 1 h after IR [13]. There are six animals

in each group.

Function assessment

To assess graft function, transplanted hearts were evaluated

using an isolated working heart apparatus, as previously

described [10]. After 8 h of ischemia and 24 h of in vivo

reperfusion, hearts were excised and mounted on the iso-

lated working heart apparatus. Hearts were perfused with a

preload pressure of 8 mmHg and exposed to an afterload

pressure of 60 mmHg while being paced at 250 beats per

minute. Pressure-volume ratio was performed as follows:

Afterload pressure was increased stepwise by 10 mmHg

from 10 mmHg up to 180 mmHg of afterload pressure

every 10 s.

Serum analysis of cardiac Troponin T

Analysis of cardiac serum TnT levels were performed as fol-

lows: 1 ml of heparinized blood was centrifuged to obtain

plasma and stored at �30 °C until assayed. TnT was mea-

sured using the cardiac reader system according to the

manufacturers’ instruction.

Propidium iodide and TUNEL staining

Animals received ip injections of 10 mg/kg propidium

iodide (PI) to label necrotic cells 1 h before termination.

After termination, hearts were explanted and snap-frozen

in liquid nitrogen. Frozen sections of 7 lm were cut and

counterstained with Hoechst after which quantification of

necrotic cells was performed. Terminal deoxynucleotidyl

transferase-mediated dUTP nick-end labeling (TUNEL)

staining was performed as previously described [14].

Histopathology and immunohistochemistry

Cardiac graft tissues were stained with hematoxylin–eosin
(HE). For immunohistochemical staining, 5 lm sections of

cryostat-frozen tissue were applied to poly-L-lysine micro-

scope slides (Sigma-Aldrich, Saint Louis, MO, USA), and

fixed with cold acetone. To quantify leukocyte infiltration,

sections were stained with rat anti-mouse neutrophil anti-

body or anti-mouse F4/80 antibody (Abcam, Cambridge,

MA, USA) followed by goat anti-rat biotin conjugate.

Myeloperoxidase assay

On 24 h post-transplantation, tissue samples from cardiac

isografts were assessed for MPO activity. Samples were

homogenized in hexadecyltrimethyl ammonium bromide

(Sigma-Aldrich) and dissolved in potassium phosphate.

After centrifugation, supernatants were collected and mixed

with o-dianisidine dihydrochloride (Sigma-Aldrich) and

H2O2 in phosphate buffer. The activity of MPO was
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measured spectrophotometrically at 470 nm using micro-

plate Reader (ELx800, Bio-Tek Instruments, New York,

NY, USA) and expressed as units per 100 mg tissue. Mye-

loperoxidase standards (Sigma-Aldrich) were measured

concurrently with the tissue samples.

FACS analysis

According to previous study reported by Victoria Gorba-

cheva et al., infiltrated cells in the isograft were isolated

[15]. For detection of the number of cardiac infiltrating

cells, cells were stained using the following fluorochrome-

labeled Abs: anti-Ly6G and F4/80. The entire Abs used for

flow cytometry was obtained from eBioscience or BD Bio-

sciences (San Jose, CA, USA). Flow cytometry was per-

formed on a FACSCalibur and analyzed using CellQuest

(BD Pharmingen, San Diego, CA, USA) or WINMDI 2.8 soft-

ware (Beijing, China).

Real-time 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 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 18sRNA

levels were determined using the relative threshold cycle

method.

Detection of reactive oxygen species

In situ ROS levels were assessed using dihydroethidium

(DHE) as described previously in sections after 24 h of rep-

erfusion. The fluorescence reaction was carried out by incu-

bating cardiac sections with DHE (10 lM) for 30 min at

37 °C [16].

Western blotting

The protein levels of RIP1/3 and p-RIP1/3 were determined

by Western blotting. Protein extracted from cells or tissue

was separated on 10% SDS-polyacrylamide electrophoresis

gels and transferred to nitrocellulose membranes (Pierce,

Rockford, IL, USA). After being blocked with 5% nonfat

milk in TBS for 3 h, the membranes were incubated with

indicated primary antibodies (0.2 lg/ml) at 4 °C over-

night, followed by incubation with HRP-conjugated sec-

ondary antibody (1:5000) for 3 h. All lanes were probed for

b-actin as loading controls and protein was detected using

ECL (enhanced chemiluminescence) detection kit (GE

Healthcare, Hong Kong, China).

Statistics

Data are presented as means � SEM. Kaplan–Meier curve

was used to estimate graft survival time. Differences were

evaluated using unpaired Student’s t-test between two

groups and one-way ANOVA for multiple comparisons, fol-

lowed by a post hoc Student-Newmann-Keuls test when

necessary. All analyses were performed using SPSS 13.0

(SPSS, Chicago, IL, USA), and statistical significance was

set at P < 0.05.

Results

Nec-1 inhibited RIP1/3 and p-RIP1/3 expression after

myocardial IR injury

RIP1 kinase activity and subsequent recruitment of RIP3 to

RIP1 are necessary for the induction of programmed necro-

sis [17]. Therefore, we first investigated RIP1/3 levels in

myocardium at 24 h after IR injury. Results showed that

RIP1 and RIP3 protein levels in myocardium from control

group (PBS-treated) were significantly increased on 24 h

after reperfusion. RIP1, but not RIP3 expression was mark-

edly increased in Nec-1-treated animals compared with

Sham group and both RIP1 and RIP3 expression were sig-

nificantly decreased in Nec-1-treated animals compared

with control group (Fig. 1a). Next, we investigated the

expression of RIP1 and RIP3 phosphorylation. In the con-

trol group, the expression of p-RIP1 and p-RIP3 were

clearly increased after cardial IR injury, compared with

Nec-1 treatment (Fig. 1b).

Nec-1-ameliorated myocardial IR injury

We first detected cardiac TnT production and found that

on 24 h post-transplantation, the production of TnT was

reduced by Nec-1 administration in comparison with IR

group (IR + Nec-1: 1.72 � 0.23 ng/ml; IR: 3.78 � 0.50;

P < 0.05) (Fig. 1c). For further evaluating the functional

status of hearts exposed to ischemia, hearts were excised

after 24 h of reperfusion and mounted on a Langendorff

apparatus to assess the pressure-volume ratio. For compari-

son, pressure–volume ratio was also performed in healthy

hearts. The results showed that ischemic hearts were func-

tionally impaired compared with healthy hearts, Nec-1

administration induced significant improvement of hemo-

dynamic performance compared with IR injury hearts. Car-

diac output at 60 mmHg of afterload pressure was

significantly increased in hearts with Nec-1 administration

(IR+Nec-1: 66.9 � 7.25 ml/min; IR: 39.0 � 3.1 ml/min;
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P < 0.05) (Fig. 1d). The cardiac allograft survival in Nec-1-

treated animals was significantly prolonged

(MST = 90 days in IR + Nec-1 group, P < 0.05 as com-

pared with IR group, MST = 83.5 days) (Fig. 1e).

Nec-1-prevented necrotic cell death and reduced

leukocytes infiltration

We examined whether decreased RIP1/3-phosphorylation

by Nec-1 affected the amount of necrosis after myocardial

IR injury. Nec-1 administration resulted in less PI-positive

cells in cardiac at 24 h post-transplantation when

compared with control (Fig. 2a and b). We also carried out

terminal deoxynucleotidyl transferase-mediated dUTP

nick-end labeling (TUNEL) of cardiac isografts from differ-

ent experiment groups at 24 h post-transplantation. We

found that Nec-1 administration did not alter the number

of TUNEL-positive cardiomyocytes in comparison with

control group (Fig. 2c).

Neutrophil infiltration is a hallmark of inflammatory

injury after myocardial IR injury [18]. Therefore, we

investigated the function of Nec-1 on neutrophil recruit-

ment. As determined by myeloperoxidase activity and flu-

orescence activated cell sorting analysis of Ly6G+

neutrophils, myocardial IR injury induced a surge in

neutrophil recruitment to myocardium and netrin-1

treatment decreased neutrophil recruitment (Figs 1f and

2d–e). Macrophage migration is an important factor in
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IR injury in heart [19]. We found that myocardial IR

injury was characterized by a drastic increase in the infil-

tration of F4/80+ monocytes/macrophages compared with

sham-operated mice. This increase in cardiac monocytes/

macrophages was significantly reduced in Nec-1-treated

mice (Figs 1f and 2f).

Nec-1 attenuates ROS generation and changes the

expression of oxidative stress genes

Previous paper demonstrated that RIP1/3 kinases regulate

ROS production [20]. Therefore, we assessed ROS produc-

tion at 24 h post-transplantation using DHE fluorescence

intensity. Nec-1 treatment significantly reduced fluorescent

intensity (22.96 � 1.94 vs. 13.80 � 1.53, P < 0.05), sug-

gesting lower levels of ROS after cardiac IR injury when

necroptosis is inhibited (Fig. 3a). We performed a PCR

array on genes both involved in oxidative stress and cardiac

disease [9]. The result showed that Nec-1 treatment signifi-

cantly decreased both CYBA (p22phox subunit of NADPH

oxidase) and TXNIP (thioredoxin interacting protein)

mRNA levels after 24 h of cardiac IR injury. In contrast,

nitric oxidase synthase 2 (NOS2), cyclo-oxygenase 2

(COX-2), glutathione peroxidase 1 (GPX1) and GRB-

associated binding protein 1 (GAB1) mRNA levels were

significantly increased (Fig. 3b).

Nec-1 downregulate IL-23/IL-17A dependent on

inhabiting Hmgb1 expression in myocardial IR injury

Interleukin-17A is a critical mediator of neutrophils

recruitment and migration through induction of granulo-

poiesis and the production of neutrophil chemokines [21].

Previous papers have indicated that IL-17A contributes to

cardiac IR injury, and IL-23 was required for IL-17A pro-

duction [12]. Therefore, we investigated the expression of

IL-23 and IL-17A. Result showed that both IL-23 and IL-

17A expression were decreased with Nec-1 administration.

And inhibition of IL-23 or IL-17A significantly reduced

expression of TnT and MPO after myocardial IR injury

(Fig. 4).

Hmgb1, a highly conserved nuclear protein, served as an

early mediator of inflammation and cell injury and plays a

key role in many pathogenic states including myocardial IR

[22]. In our experiment, Hmgb1 expression was markedly

decreased with Nec-1 administration. Hmgb1 blockade sig-

nificantly decreased expression of TnT and MPO and

reduced production of IL-23/IL-17A (Fig. 5). To further

investigate the role of Hmgb1 in attenuated IR injury

induced by Nec-1, we administrated animal with rHmgb1

in addition of Nec-1. The result showed that the decreased

TnT expression induced by Nec-1 was abrogated with

exogenous Hmgb1 administration. And the reduced
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production of IL-23/IL-17A was also abolished by addi-

tional rHmgb1 treatment (Fig. 6).

Discussion

This study revealed a crucial role for Nec-1 in cardiomyo-

cyte IR injury. Nec-1-ameliorated cardiomyocyte necrosis

and infiltration of neutrophil and macrophage and then

improved hemodynamic performance. Nec-1 treatment

attenuated ROS generation and increased expression of

NOS2 and COX-2. The expression of Hmgb1, IL-23 and

IL-17A were also decreased with Nec-1 administration.

Furthermore, the decreased TnT expression induced by

Nec-1 was abrogated with exogenous Hmgb1 administra-

tion, and the reduced production of IL-23/IL-17A was also

abolished by additional rHmgb1 treatment.

Ischemia reperfusion triggers a vigorous inflammatory

response, augmented by the generation and release of vari-

ous cytokines that ultimately exacerbates tissue injury,

although the precise mechanism of the ischemia reperfu-

sion injury has not been fully revealed [23]. The emerging

role of RIP1 and RIP3-dependent necrosis in many disease

pathologies have led to the wide use of Nec-1 and its deriv-

atives by many investigators. Nec-1 was thought to specifi-
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cally inhibit the pro-necrotic kinase function of RIP1 [8].

In this report, we demonstrated that RIP1 and RIP3 and

their phosphorylation are increased in the cardiac response

to IR injury. Inhibition of RIP1 with Nec-1 significantly

inhibited the expression of RIP1 and RIP3 and their phos-

phorylation. Neutrophil recruitment and macrophage

migration play a major role in myocardial damage after IR

injury [24]. Decreased inflammatory cells infiltration and

prolonged allograft survival in our results further proved

attenuated IR injury induced by Nec-1 treatment.

Invading inflammatory cells play an important role in

cardiac IR injury, capable of releasing degrading enzymes,

and producing large amount of ROS [25]; the inflamma-

tory response is further enhanced by the myocardium

through the release of chemoattractant factors and many

other mediators in which necrotic cell death is known to

play an important role [26,27]. We observed that inhibition

of RIP1/3 phosphorylation upon Nec-1 treatment was asso-

ciated with decreased myocardial ROS levels after myocar-

dial IR injury. Recent reports showed that increased
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NADPH oxidase activity was contributable to IR-induced

ROS formation and cell death [28,29]. Furthermore, Inhi-

bition of TXNIP, which was encoded by a mechanically-

regulated gene that control cell growth and apoptosis,

resulted in enhanced cardiomyocytes survival and attenu-

ated cardiac hypertrophy [30]. GPX1 and GAB1 were also

reported to be involved in cell survival and exert a protec-

tive role during cardiovascular disease [31,32]. In our

experiment, CYBA and TXNIP were both downregulated,

while GPX1 and GAB1 increased significantly. All of these

were consistent with previous research indicating that

Nec-1 treatment altered the expression of genes that are

critically involved in oxidative stress regulation and this

alteration may be a potential mechanism of attenuated IR

injury induced by Nec-1 administration.

Interleukin (IL)-17A, a member of the IL-17 family, was

secreted by different cells including Th17 cells, cd T cells,

NK cells, NKT cells, and neutrophils. The role of IL-17 in

innate and adaptive auto- and allo-immune responses has

been investigated by several groups, but is still not fully

understood. Clearly, IL-17 was increased in human lung,

liver and kidney rejection and promoted graft inflamma-

tion [15,33]. The heterodimeric cytokine IL-23, which was

secreted mainly by activated DCs and macrophages in

response to TLR activation, stimulate T cell differentiation

and function in linking innate and adaptive immunity [34].

Previous research from Langrish et al. [35] has demon-

strated that IL-23 drives a pathogenic T cell population

which induces autoimmune inflammation. Recent paper

showed that an IL-23/IL-17 pathway was activated in car-

diac ischemia reperfusion injury [36]. Hmgb1, a highly

conserved nuclear protein, served as an early mediator of

inflammation and cell injury and plays a key role in many

pathogenic states including myocardial IR. We found that

the expression of IL-23/IL-17 and Hmgb1 was markedly

decreased with Nec-1 treatment and blockade of IL-23/IL-

17 or Hmgb1 showed cardioprotective effect. Furthermore,

the cardioprotective effect induced by Nec-1 was abrogated

with exogenous Hmgb1 administration and the reduced

production of IL-23/IL-17A was also abolished by addi-

tional treatment of rHmgb1. All of these showed that the

attenuated IR injury by Nec-1 administration was at least

partially dependent on reduced expression of IL-23/IL-17

or Hmgb1 and we are the first to demonstrate that the

Hmgb1-IL-23/IL-17 pathway played an important role in

the cardioprotective effect induced by Nec-1.

In summary, our study provides evidence that Nec-1

played a protective role in cardiomyocyte IR injury and this

was associated with inhibited of Hmgb1-IL-23/IL-17 path-

way. Although further investigations are needed to fully

clarify the precise molecular and cellular mechanism

involved in the immunoregulation, Nec-1 may be exploited

as a novel therapeutic agent to attenuate IR injury in car-

diac transplantation.
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