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Abstract

To investigate whether the mitochondrial apoptotic pathway mediates myocardial cell injuries in rats under brain death (BD), and observe the
effects and mechanisms of the c-Jun N-terminal kinase (JNK) inhibitor SP600125 on cell death in the heart. Forty healthy male Sprague-Dawley
(SD) rats were randomized into four groups: sham group (dural external catheter with no BD); BD group (maintain the induced BD state for
6 hrs); BD + SP600125 group (intraperitoneal injection of SP600125 10 mg/kg 1 hr before inducing BD, and maintain BD for 6 hrs); and BD +
Dimethyl Sulphoxide (DMSO) group (intraperitoneal injection of DMSO 1 hr before inducing BD, and maintain BD for 6 hrs). Real-time quantita-
tive PCR was used to evaluate mRNA levels of Cyt-c and caspase-3. Western blot analysis was performed to examine the levels of mitochondrial
apoptosis-related proteins p-JNK, Bcl-2, Bax, Cyt-c and Caspase-3. TUNEL assay was employed to evaluate myocardial apoptosis. Compared
with the sham group, the BD group exhibited increased mitochondrial apoptosis-related gene expression, accompanied by the elevation of p-
JNK expression and myocardial apoptosis. As the vehicle control, DMSO had no treatment effects. The BD + SP600125 group had decreased p-
JNK expression, and reduced mitochondrial apoptosis-related gene expression. Furthermore, the apoptosis rate of myocardial cells was
reduced. The JNK inhibitor SP600125 could protect myocardial cells under BD through the inhibition of mitochondrial apoptosis-related path-
ways.
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Heart transplantation is an effective method to treat end-stage
heart diseases [1–3]. The main factor restricting heart transplan-
tation is the lack of suitable donors [4]. Brain death (BD) donors
have become a major source of organs for heart transplantation.
However, roughly more than 25% of potential donors are
discarded because of hemodynamic instability and loss of pri-
mary cardiac function. Brain death is a pathophysiological pro-
cess. Clinical and experimental studies show that apoptosis of
myocardial cells accounts for the disqualification of donor hearts
[5–8].

SP600125 is a commonly used and highly selective inhibitor for
c-Jun N-terminal kinase (JNK). Prior studies have shown that
SP600125 can reduce myocardial injury under ischaemia-reperfusion
[9, 10]. However, it still elusive whether SP600125 can alleviate
myocardial cell damage under the condition of BD.

Materials and methods

Animals and grouping

Healthy male SD rats weighing 200–250 g were supplied by the Experi-

mental Animal Center of Henan Province. Forty SD rats were random-

ized into four groups: sham group (dural external catheter and no

induction of BD); BD group (maintain induce BD for 6 hrs); BD +
SP600125 group (intraperitoneal injection of SP600125 (10 mg/kg) 1 hr

before inducing BD, and maintain BD for 6 hrs) [11].; and BD + DMSO

group (intraperitoneal injection of DMSO 1 hr before inducing BD, and
maintain BD for 6 hrs).

Brain death model

The rat BD model was established by increasing intracranial pressure

in a slow and intermittent way [12]. Anaesthesia was performed by

intraperitoneal injection of 1% sodium pentobarbital (0.6 ml/100 g).
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After anaesthesia was induced, tracheotomy was performed for
mechanical ventilation after BD. The catheter was connected to the

saphenous artery and tail vein to monitor the arterial blood pressure

and establish the venous transfusion access. Cystostomy was per-

formed to measure the amount of urine. On the front left of the
skull’s coronal and sagittal lines, a hole was drilled with a diameter

of 4 mm and a Fogarty arterial embolectomy catheter was placed in

the epidural area for saline injection. The pressure was increased by
injection at a rate of 4 ll/min. until the occurrence of BD at approxi-

mately 240 ll. Brain death was confirmed by the criteria of: (i)

absence of spontaneous respiration; (ii) flat EEG; and (iii) no brain

stem reflex.

Western blot

Rat heart tissue (100 mg) was lysed with 1 ml of Radio-Immunopreci-
pitation Assay (RIPA) and 10 ll of Phenylmethanesulfonyl Fluoride

(PMSF) in an eppendorf tube using an ultrasonic tissue disrupter. Pro-

tein concentrations were measured using the Bicinchoninic Acid (BCA)
assay. Protein samples (40 lg) were separated by SDS-PAGE gel elec-

trophoresis and transferred onto a nitrocellulose membrane. Mem-

branes were then blocked in 5% skim milk for 1 hr, followed by

incubation with primary antibody against Cyt-c (1:1000; Cell Signaling
Technology, Inc., Shanghai, China), caspase-3 (Cell Signaling Technol-

ogy, Inc.), Bax, Bcl-2 and p-JNK overnight at 4°C. Membranes were

washed three times with Tris Buffered Saline with Tween20 (TBST), fol-

lowed by incubation with secondary antibody (1:5000; Zhongshan
Golden Bridge, goat anti-rabbit lgG-HRP) for 1 hr. b-actin (1:1000;

Zhongshan Golden Bridge, Beijing, China) was used as the internal con-

trol. Specific bands were detected using an enhanced chemilumines-
cence system and captured on X-ray film. Western blots were

performed in at least three independent experiments. The density of the

bands on the membrane was scanned and analysed with Quantity one

software (Life Science Research, Education, Process Separations, Food
Science, Hercules, California).

Real-time PCR

RNA was extracted from the cardiac muscle of rats using Trizol accord-

ing to the manufacturer’s instructions and measured by absorbance at

A260/A280. cDNA was then synthesized by reverse transcription. Primer

sequences for real-time PCR are as follows: caspase-3 forward 50-T
TGCGCCATGCTGAAACTGTACG-30, reverse 50-AAAGTGGCGTCCAGGGAGA
AGG-30; Cyt-C forward 50-GGAGGCAAGCATAAGACTGG-30, reverse 50-GT
CTGCCCTTTCTCCCTTCT-30; and internal control b-actin forward 50-CT
CTATCCTGGCCTCACTGTCCACC-30, and reverse 50-CTCTATCCTGGCCTC
ACTGTCCACC-30. The 25 ll total reaction mixture included 12.5 ll
SYBR Green mix, 1 ll forward and reverse primers, 8 ll ddH2O, and

2.5 ll cDNA. The reaction conditions were 94°C for 30 sec. for one
cycle; and 94°C for 10 sec., 55°C for 30 sec., and 72°C for 1 min., for

30 cycles. The 2�DDCT method was used to calculate the relative

expression of mRNA.

TUNEL assays

Myocardial tissue samples were formalin-fixed, conventionally dehy-

drated and embedded. Serial sections (4 lm) were dewaxed and etha-
nol-rehydrated. Samples were stained according to the TUNEL

apoptosis kit instructions (In Situ Cell Death Detection Kit, Fluorescein;

Roche, Indianapolis, USA).

Statistical analysis

SPSS17.0 was used for statistical analysis, and all data were expressed
as mean � S.D. (�x � S). Comparisons among more than two groups

were performed with one-way ANOVA followed by post-hoc Bonferroni

test, and the test levels a = 0.05 and P < 0.05 were considered statisti-

cally significant.

Result

mRNA expression levels of mitochondrial
apoptosis-related genes

To examine whether SP600125 can alleviate myocardial cell damage
under BD, we examined key apoptotic factors in a rat BD model. Real-
time PCR results showed that compared with the sham group, the BD
group exhibited increased mRNA expression of Cyt-c and caspase-3

Fig. 1 Effects of pretreatment with

SP600125 on the myocardial mRNA

expressions of Cyt-c and caspase-3 after

6 hrs of brain death. The mRNA expres-
sions of Cyt-c (A) and caspase-3 (B) were
analysed using quantitative PCR. All val-

ues shown are mean � S.D. #indicates

P < 0.05 when compared to the sham
group. *indicates P < 0.05 when com-

pared to the BD group.
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(P < 0.05). The BD + DMSO control group showed no difference in
mRNA expression of Cyt-c and caspase-3 when compared to the BD
group (P > 0.05). Notably, the BD + SP600125 group showed
significant reduction in mRNA expression of Cyt-c and caspase-3
when compared to the BD group (P < 0.05; Fig. 1). These results
suggest that the JNK inhibitor SP600125 down-regulated the expres-
sion of mitochondrial apoptosis-related genes such as Cyt-c and
caspase-3.

Expression levels of mitochondria-related
apoptotic proteins

To confirm the PCR results, we performed Western blot analysis to
measure the protein levels in the myocardium. Compared to the sham
group, the BD group exhibited increased expression in p-JNK, Bax,
Cyt-c and caspase-3, while Bcl-2 expression was reduced (P < 0.05).
Administration of DMSO (the BD + DMSO group) had no effects on
mitochondria-related apoptotic protein expression when compared to
the BD group (P > 0.05). SP600125 significantly reduced the protein
levels of p-JNK, Bax, Cyt-c and caspase-3, and increased Bcl-2
expression (P < 0.05; Figs 2 and 3).

Evaluation of myocardial apoptosis

TUNEL assay showed that compared with the sham group, the
BD group exhibited an increased apoptosis percentage of
myocardial cells (P < 0.05). The BD + DMSO group showed no
statistically significant effects on myocardial apoptosis when com-
pared to the BD group (P > 0.05). Administration of SP600125
(the BD + SP600125 group) significantly reduced myocardial
apoptosis (P < 0.05; Fig. 4).

Discussion

Apoptosis is programmed cell death regulated by a series of cas-
pases, a family of cysteine proteases [13]. As an important member
of the MAPK family, JNK has a wide range of biological activities,
including several pro-apoptotic functions. First, JNK up-regulates the
expression of pro-apoptotic proteins. Activated JNK enhances the
activity of transcription factor complex AP-1, thus promoting the
expression of p53, Bax, FasL, tumour necrosis factor and other pro-
apoptotic proteins. Second, JNK functions in the mitochondrial path-
way [14–16] by prompting the release of Cyt-C. Combined with cas-

Fig. 2 Effects of pretreatment with
SP600125 on the myocardial protein

expressions of p-JNK, Bcl-2 and Bax after

6 hrs of brain death. The protein expres-

sions of p-JNK, Bcl-2 and Bax were anal-
ysed using Western blot (A) and

normalized to b-actin expression (B). All

values shown are mean � S.D. #indicates

P < 0.05 when compared to the sham
group. *indicates P < 0.05 when com-

pared to the BD group.

Fig. 3 Effects of pretreatment with
SP600125 on the myocardial protein

expressions of Cyt-c and caspase-3 under

brain death. The protein expressions of

Cyt-c and caspase-3 were analysed using
Western blot (A) and normalized to b-
actin expression (B). All values shown are

mean � S.D. #indicates P < 0.05 when
compared to the sham group. *indicates
P < 0.05 when compared to the BD

group.
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pase-9/Apaf-1, this process further leads to the activation of caspase-
3 which targets apoptotic substrates. Caspase-3 is considered as a
key executor of apoptosis by degrading several intracellular sub-
strates (e.g. cytoskeletal proteins and nucleoprotein) [17]. As a result,
myocardial apoptosis accounts for the reduction of myocardial cells
in myocarditis and dilated cardiomyopathy [18–20].

Heart transplantation is an effective treatment for end-stage heart
diseases. In recent years, the efficacy of heart transplantation has
increased, but early complications, especially the functional failure of
early primary graft, are still very prominent. After BD, the dramatic
change in body hemodynamics results in myocardial ischaemia and
hypoxia, and the sympathetic nervous system is activated to release
large amounts of catecholamines. Metabolic disorders caused by
endocrine imbalance and activation of large amounts of inflammatory
mediators under stringent state induce myocardial apoptosis in BD.
In this study, we found that after BD, Bax, Cyt-c and caspase-3 pro-
tein expression levels increased and Bcl-2 expression decreased.
Quantitative PCR confirmed that the mRNA expression of Cyt-c and
caspase-3 also increased under BD. In addition, the TUNEL assay
revealed increased myocardial apoptosis after BD. Together, these
results indicate that the JNK signalling pathway mediates myocardial
injury under BD via the mitochondrial apoptotic pathways.

SP600125 (also known as anthrapyrazolone or 1,9-Pyrazoloan-
throne) is a commonly used and highly selective inhibitor for JNK. In
their study of myocardial ischaemic injury, Ferrandi et al. [21] found
that JNK inhibition can reduce myocardial apoptosis in myocardial
infarction. In this study, we have shown that administration of
SP600125 resulted in significant reduction of p-JNK expression, as

well as the expression of Bax, Cyt-c and caspase-3. In contrast, Bcl-2
expression was increased. In addition, quantitative PCR showed that
the mRNA levels of Cyt-C and caspase-3 were significantly reduced
by SP600125 treatment. Furthermore, the apoptosis of myocardial
cells in BD rats was significantly reduced. Together, these results
indicate that SP600125 can reduce apoptosis of myocardial cells by
inhibiting JNK activity, and thus protect the heart under the state of
BD.

The results of this study demonstrate the activation of the JNK
signalling pathway mediates apoptosis of myocardial cells through
the mitochondrial pathways in rats with BD. JNK inhibitor SP600125
can significantly reduce the myocardial apoptosis in BD rats. Out
results provide the impetus to target the JNK signalling pathway for
development of new drugs for heart protection. We anticipate our
findings can help improve the quality of donor hearts as well as the
prognosis of heart transplantation recipients.
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