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TWEAK protects cardiomyocyte against apoptosis in a
PI3K/AKT pathway dependent manner
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Abstract: Myocyte apoptosis is a key determinant of cardiac recovery and prognosis of patients with acute myo-
cardial infarction (AMI). Tumor necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK), a member of TNF
superfamily, is a pro-inflammatory and pro-angiogenic cytokine implicated in physiological tissue regeneration and
wound repair and is closely related to cardiac remodeling, dysfunction and fibrosis. However, the role of TWEAK and
its receptor Fn14 in the cardiomyocyte apoptosis is still poorly understood. The present study aimed to investigate
whether the TWEAK enhanced the cardiomyocyte apoptosis in AMI. The apoptosis of the cardiomyocyte cell line
H9C2 was induced by hypoxia/reoxygenation. The apoptosis of H9C2 cells was evaluated by flow cytometry and
caspase-3 activity assay under treatment with TWEAK at different concentrations. The phosphorylated signaling
molecules and the expression involved in the surprising protection of TWEAK against the apoptosis with a dose-
dependent manner (=50 ng/ml). Furthermore, a rat myocardial ischemia and reperfusion (I/R) model was estab-
lished by TWEAK preconditioning through injecting the TWEAK into the scar and border after ischemia immediately
induced by ligating the left anterior descending coronary artery for 50 min and followed by different reperfusion
times. The heart function was significantly improved in TWEAK preconditioning rats compared with controls as well
as the infarct size was significantly reduced 21 days after reperfusion. Meanwhile, TWEAK protected the cardiac
apoptosis by activation of cardioprotective signaling PI3K/AKT during I/R. Our findings suggest that TWEAK may

represent a cardioprotective factor that inhibits the myocyte death of myocardial IRI.
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Introduction

Ischemic heart disease (IHD) is the main cause
of morbidity and mortality worldwide, of which
the most severe is myocardial infarction (MI) [1,
2]. The therapies for IHD include thrombolysis,
primary percutaneous intervention (PPCl) and
coronary artery bypass grafting (CABG) [3-71].
These evolving strategies control the etiology
and death complicated with MI. However, these
strategies produce cardiac reperfusion, which
may cause the known “ischemia/reperfusion
injury (IRI)” [8]. Evidence indicates that the IRI
is more severe than the primary ischemia per
se because re-oxygenation may induce the
excess production of reactive oxygen species
(ROS) resulting in the aggravation of cardiomyo-
cyte death and subsequent heart failure (HF)
[8, 9]. The loss of cardiomyocytes is primarily

caused by autophagy, apoptosis and necrosis,
which all determine the progression of IHD
[9-11]. It has shown that gene modulation and
pharmacological intervention for the inhibition
of cardiomyocyte apoptosis are able to reduce
the scar area and improve heart function [12,
13].

TWEAK is a member of the tumor necrosis fac-
tor (TNF) superfamily (TNFSF). It was first
reported in 1997 [14] and is expressed in vari-
ous tissues including the intestine, pancreas,
lung, brain, skeletal muscle, heart and vascula-
ture [14, 15]. It is a type Il transmembrane pro-
tein with 249 amino acids (aa) and molecular
weight (MW) of 23 kDa. It can be cleaved by
furin endoprotease into a soluble TWEAK
(STWEAK) (185 aa, 18 kDa) which then binds to
the Fn14 receptor on the cell, the cognate
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receptor of TWEAK, to induce various biological
effects of cells including cell proliferation,
migration, differentiation and apoptosis [14-
21]. TWEAK has been known as a potent pro-
inflammatory [19, 20] and pro-angiogenic cyto-
kine [17, 21]. Although the expression of TWEAK
or Fn14 is usually at very low level under physi-
ological conditions, both can be dramatically
induced under pathological conditions includ-
ing MI [14, 16]. Evidence indicates that TWEAK/
Fn14 axis is also involved in the pathogenesis
of cardiovascular diseases [22-27]. After MI,
the synthesis of TWEAK increases significantly
in the infiltrated inflammatory cells [15]. The
increased serum TWEAK in patients with acute
myocardial infarction (AMI) and HF is correlated
to their prognosis [26]. TWEAK is also closely
related to the proliferation of cardiomyocytes
[28], cardiac remodeling [17, 22], cardiac fibro-
sis [22, 23] and heart dysfunction [22, 25]. The
transgenic mice with TWEAK over-expression
usually develop dilated cardiomyopathy (DCM)
with subsequent severe cardiac dysfunction,
which is associated with cardiomyocyte elonga-
tion and cardiac fibrosis but not cardiomyocyte
apoptosis [28]. More recently, Pachel et al.
found that a recombinant variant of TWEAK
increased the cardiac rupture without influenc-
ing the cardiomyocyte apoptosis after Ml [19].
The degree of cardiomyocyte apoptosis is vital
for the recovery of heart function after M.
Thus, it is necessary to elucidate the role of
TWEAK in the cardiomyocyte apoptosis. Alth-
ough it has been confirmed that TWEAK is able
to bind Fn14 to induce the apoptosis of some
types of cancer cells [16, 29-31], little is known
about the role of TWEAK in the apoptotic car-
diomyocyte death following ischemia and
reperfusion (I/R). Thus, this study was under-
taken to investigate the role of TWEAK in the
apoptotic cardiomyocyte death after I/R in rat
cardiomyocyte cell line (H9C2 cells) and in rat
myocardial I/R model.

Materials and methods

Cell culture

H9C2 cells were obtained from the Cell Bank of
Shanxi Medical University. Cells were main-
tained in Dulbecco’s modified Eagle’s medium-

high glucose (GE Healthcare Life Sciences
Hyclone Laboratories, South Logan, UT) con-
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taining 10% fetal bovine serum (FBS; Life
Technologies, NY, USA).

TWEAK treatment in vitro

HOC2 cells were treated with a recombinant
human TWEAK (rhTWEAK, Peprotech, Rock Hill,
NJ) at different concentrations (0, 5, 10, 50,
100, 500 and 1000 ng/ml) and in a hypoxia
environment (0.1% oxygen; New Brunswick Ga-
laxy 48R, Eppendorf Company, Germany) fol-
lowed by re-oxygenation (19% oxygen).

Pretreatment with inhibitors of signal path-
ways in vitro

HOC2 cells were pretreated with parthenolide
(10 pM; Sigma, Israel) (an inhibitor of NF-kB
pathway), cryptotanshinone (5 uM; MCE, NJ,
USA) (an inhibitor of STAT3), AG490 (10 uM) (an
inhibitor of JAK2), or LY294002 (10 uM; Biy-
untian, China) (an inhibitor of PIBK/AKT path-
way) for 60 min, and DMSO served as a control.
Then, the medium was refreshed, and cells
were treated with rhTWEAK (100 ng/ml) under
hypoxia/re-oxygenation condition as above
mentioned.

RT-PCR

Total RNA was extracted from tissues or cells
using Trizol reagent (Life Technologies). RNA (2
ug) was reverse transcribed (Thermo Scientific,
Lithuania), and 100 ng of cDNA was amplified
(Thermo Scientific). The following primers were
used: rat TWEAK, 5-AGGAGGAGCTGACAGCA-
GAG-3’ (forward) and 5-CAGCCCTGATGACC-
GTAAT-3’ (reverse); rat Fnl14, 5-AGCTCCTCGT-
GTTG GG ATT-3' (forward) and 5-CAGCCTT
CTCCACCAGTCTC-3’ (reverse); and rat GAPDH,
5-ATGGGAAGCTGGTCATCAAC-3’ (forward) and
5-GGATGCAGGG ATGATGTTCT-3’ (reverse). RT-
PCR products were separated by gel electro-
phoresis, and image analysis was performed
using ImageJ software as previously described
[30]. The optical density (OD) of each band was
determined, and the OD of each target gene
was normalized to that of GAPDH as the relative
MRNA expression (n=6/group for rat heart, n=4
for HOC2 cells).

Detection of cell apoptosis assay

Apoptosis was tested by flow cytometry (Be-
ckman Coulter) after annexin V and propidium
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iodide (Life Technologies; n=3) staining. For in
vivo assessment of cardiomyocyte apoptosis,
terminal deoxynucleotidyl transferase mediat-
ed dUTP nick-end labeling (TUNEL) staining
(Roche, Basel, Switzerland) was performed fol-
lowing the manufacturer’s instructions in the
heart tissues at 1, 2 and 3 days after I/R.

Western blotting

Proteins expression of AKT and phospho-AKT
(Serd73) was measured by Western blotting as
described previously [32]. The primary antibod-
ies were as follows: AKT (1:1000, #4685), pho-
spho-AKT (Ser473) (1:1000, #9271) (Cell Sig-
naling Technology, USA) and GAPDH (1:1000;
Zhongshan Jingiao, Beijing, China). Experiment
was done in 4 times.

Rat ischemia and reperfusion models

Sprague-Dawley rats (weighing 180-200 g) we-
re purchased from the Animal Center of Shanxi
Medical University (Taiyuan, Shanxi province,
China). Under general anesthesia, ischemia/
reperfusion (I/R) was generated by clamping
the left anterior descending coronary artery
(LAD) with 7-O suture for 50 min followed by
reperfusion, as previously described [33]. The
suture was not clamped in sham group. All ani-
mal experiments were approved by the Animal
Care and Use Committee of Shanxi Medical
University.

TWEAK treatment prior reperfusion in rat I/R
model

rhTWEAK (1 ug/100 pl/rat) was injected direct-
ly into the myocardium in the border and scar
immediately after clamping of LAD. After 50
min, reperfusion was induced. In addition, 100
ul of phosphate buffer saline (PBS) was used as
vehicle control. The hearts were harvested at 1,
2, 3, 7 and 21 days after reperfusion (n=6 per

group).
Caspase-3 activity assay

HIC2 cells (2x10°) were treated with rh TWEAK
(0, 100 ng/ml) in hypoxia for 24 h and then re-
oxygenation for 24 h with pretreatment of inhib-
itors. Hearts were harvested at 1, 2 and 3 days
after myocardial I/R. The caspase-3 activity
was measured using a commercially available
kit (Abcam, Cambridge, UK; n=6 per group for
rat heart; n=3 for H9C2 cells).
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Immunohistochemical staining

Immunohistochemistry (IHC) was conducted
using a previously described antigen retrieval
protocol, followed by primary antibody incu-
bation [34]. Rabbit anti-rat TWEAK antibody
(1:2000, NBP1-76695, Novus Biological, USA)
and Fn14 antibody (1:1000, #4403, Cell Signal
Technology, USA) were used to detect the expr-
ession of TWEAK and Fn14. Imaging and data
capture were performed under a light micro-
scope. Image analysis was performed using
Image J software and optical density (OD)/high
power field/cm? was presented as the relative
expression of TWEAK or Fn14.

Detection of inflammatory cells

Hearts were arrested at 1, 3 and 7 days post
reperfusion, fixed at physiological pressures via
perfusion with 10% formalin, and sectioned.
Sections were subjected to H&E staining to
assess inflammatory cells. Image analysis was
performed with Image J software and the num-
ber of inflammatory cells/high power field was
presented as the degree of inflammation.

Heart function

Echocardiography was performed in M-mode in
the short axis view of the left ventricle to evalu-
ate left ventricular internal end-diastolic and
end-systolic diameters (LVIDd and LVIDs) on
the day of I/R (prior to surgery), 7 and 21 days
after reperfusion (n=6 per group). Ejection frac-
tion (EF%) was calculated as previously [29].

Determining the scar size

Hearts were harvested and cut into 4 slices
equally at 21 days after reperfusion. The sec-
ond slice from the apex of the heart was used
to evaluate the scar size. The scar size was pre-
sented by the percentage of scar area to total
area (x100%).

Statistical analysis

Data are expressed as mean * standard di-
vision (SD). Analyses were performed using
GraphPad Prism (v.6) with two tailed unpaired
t-test for two-group comparisons. A value of
P<0.05 was considered statistically signific-
ant.
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Figure 1. The expression of Tweak and Fn14 in the myocardium and HI9C2 cells after I/R. A: mRNA expression of
Tweak and Fn14 in the myocardium at 1, 3 and 7 days after I/R (RT-PCR; n=6 per group). Both Tweak and Fn14
were expressed after I/R, which peaked at 3 days after I/R. (TWEAK, "P<0.05, **P<0.01, vs. sham; Fn14, #P<0.05,
#P<0.01 vs. sham). B: Protein expression of TWEAK and Fn14 increased and mainly located in cardiomyocytes
(IHC). C: Tweak and Fn14 were expressed in the HOC2 cells under hypoxia (H) for 24 h/re-oxygenation (N) for 12 h.

(Fn14, #P<0.05, vs. normoxia).

Results

Both Tweak and Fn14 are expressed in the
cardiomyocytes in vivo and H9C2 cells in vitro
after I/R

Considering that TWEAK exerts its effects via
binding to Fn14 on the cell, the expression of
Tweak and Fnl14 was detected in the myocardi-
um and H9C2 cells. Results showed the expres-
sion of both endogenous Tweak and Fn14 was
at a very low level in the myocardium while I/R
significantly increased their expression which
peaked at 3 days post reperfusion and thereaf-
ter reduced to baseline level less than a week
after I/R. In addition, the inflammatory cells
infiltrated the injured myocardium and the
injured myocardium became necrotic (Figure
1A). Meanwhile, the expression of TWEAK and
FN14 protein was mainly found in the cardio-
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myocytes (Figure 1B). Additionally, the H9C2
cells also expressed Tweak and Fnl4 after
hypoxia/reoxygenation (Figure 1C). These sug-
gest that TWEAK may act directly on cardiomyo-
cytes during I/R.

TWEAK inhibits the apoptosis of HOC2 cells
after I/R in vitro

To explore the exact role of TWEAK in the car-
diomyocyte apoptosis, a main event in the myo-
cardium following IRI, H9C2 cell apoptosis was
detected after hypoxia/reoxygenation. Cells
were exposed to hypoxia for 24 h and the reoxy-
genation for different durations, aiming to iden-
tify an optimum condition. Finally, hypoxia for
24 h and subsequent normoxia for 24 h was
employed under which the proportion of apop-
totic cells was 71.47% as shown by flow cytom-
etry (Figure 2A). Then, HOC2 cells were treated
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with rhTWEAK at different concentrations (O, 5,
10, 50, 100, 500 and 1000 ng/ml) under hy-
poxia for 24 h/reoxygenation for 24 h. Unex-
pected, the apoptosis of H9C2 cells was inhib-
ited by rhTWEAK in a dose-dependent manner
(=50 ng/ml, Figure 2B), and this was also
observed in caspase-3 activity (Figure 2C). To
further investigate the mechanism involved in
the protection of TWEAK against cardiomyo-
cyte apoptosis, rhTWEAK at 100 ng/ml was
used in following experiments.

TWEAK protects HIC2 cells against apoptosis
mainly through PI3K/AKT signaling pathway

To elicit the mechanism of TWEAK induced inhi-
bition of H9C2 cell apoptosis, some inhibitors
of signaling pathways were used: parthenoli-
de, LY294002, cryptotanshinone and AG490,
which are inhibitors of NF-kB, PI3K/AKT and
JAK/STAT3 pathways, respectively. As shown in
Figure 3A, the apoptosis of HO9C2 cells was
aggravated after above inhibitors pretreatment
for 60 min prior to hypoxia, accompanied by
increase in caspase-3 activity (Figure 3B). It
demonstrates that all three signaling pathways
are protective against H9C2 cell apoptosis.
Then, HOC2 cells were pretreated with inhibi-
tors and treated with rhTWEAK at 100 ng/ml
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Figure 2. TWEAK inhibited the apoptosis of H9C2
cells under hypoxia (H)/re-oxygenation (N). A: The
apoptosis of HOC2 cells was induced by hypoxia for
24 h/reoxygenation for different durations (AnnexinV
and PI staining; flow cytometry). H 24 h/N 24 h was
employed to treat HOC2 cells, and the apoptosis rate
was 71.47%. B: HOC2 cells were treated with rhT-
WEAK at different concentrations and exposed to H
24 h/N 24 h. TWEAK inhibited the apoptosis of HOC2
cells significantly in a dose-dependent manner when
the rhTWEAK concentration was >10 ng/ml. C: The
caspase-3 activation was inhibited significantly by
rhTWEAK when the rhTWEAK concentration was >50
ng/ml. ("P<0.05, ""P<0.01, ""P<0.001 vs. rhTWE-
WAK O ng/ml).

1.0 Caspase-3 activity
0.8
8 *
O* 0'6 dekdk
04
0.2
0i— — v ¥ - — ng/ml
0 5 10 50 100 5001000

rhTWEAK

under hypoxia for 24 h/reoxygenation for 24 h.
The apoptosis was evaluated by flow cytometry
and caspase-3 activity assay. Results showed
the benefit of TWEAK on the HI9C2 cell apopto-
sis was mostly blocked by LY294002 while the
parthenolide, cryptotanshinone or AG490 co-
uld not abolish the beneficial effect of TWEAK
(Figure 3C and 3D). Meanwhile, the phosphory-
lated AKT at Ser473 (phospho-Serd73 AKT)
expression increased after rhTWEAK treatment
(Figure 3E, P<0.001, TWEAK vs. control) and
the activation of PISBK/AKT pathway was blo-
cked by LY294002 (Figure 3E, P>0.05, LY29-
400 vs. TWEAK+LY29400). These observations
demonstrate that TWEAK protects against
HOC2 cell apoptosis through PI3K/AKT signal-
ing pathway.

TWEAK treatment prior reperfusion reduces
cardiomyocyte apoptosis in vivo

To confirm the results from in vitro experiments,
TWEAK injection prior reperfusion was per-
formed in rat I/R model. After injection with rhT-
WEAK (1 ug/rat) into the border and infarct
immediately after ischemia, the cardiomyocyte
apoptosis at the very early stage of I/R (1, 2
and 3 days after reperfusion) was detected by
TUNEL staining. The cardiomyocyte apoptosis

Am J Transl Res 2016;8(9):3848-3860
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Figure 3. TWEAK inhibited the apoptosis of HOC2 cells under hypoxia/reoxygenation via PI3K/AKT pathway. A: The
apoptosis of HOC2 cells was aggravated in the presence of independent pretreatment with inhibitors (AG490 [10
uM], crytotanshinone [5 uM], LY294002 [10 uM] and pathenolide [10 uM]) for 60 min. B: The caspase-3 activation
in H9C2 cells was increased in the presence of independent pretreatment with inhibitors (AG490 [10 uM], cryto-
tanshinone [5 uM], LY294002 [10 uM] and pathenolide [10 uM]) for 60 min. C: The TWEAK induced inhibition of
HIC2 cell apoptosis under hypoxia for 24 h/reoxygenation for 24 h was blocked by LY294002 pretreatment, not by
pathenolide, crytotanshinone and AG490 (flow cytometry: P>0.05, L+rhTWEAK [100 ng/ml] vs. L). D: The TWEAK
induced inhibition of caspase-3 activation in HOC2 cell apoptosis under hypoxia for 24 h/reoxygenation for 24 h
was blocked by LY294002 pretreatment, not by pathenolide, crytotanshinone and AG490 (flow cytometry: P>0.05,
L+rhTWEAK [100 ng/ml] vs. L). E: The TWEAK increased the expression of phosphorylated-AKT (Ser473) and the
cardioprotection of TWEAK was abolished by LY294002 pretreatment in HOC2 cells exposed to hypoxia for 24 h/
reoxygenation for 24 h (**P<0.01. vs. control: ###P<0.001. vs. TWEAK 100 ng/ml).

decreased by 31.2%, 39.6% and 43.9% at 1, 2 and control group. The heart function was com-
and 3 days after myocardial I/R, respectively parable between groups prior surgery, but it
(Figure 4A, at day 1 and day 2, P<0.01; day 3, was dramatically improved in TWEAK group by
P<0.05). Simultaneously, the caspase-3 activi- 24% and 33% at 7 and 21 days after reperfu-
ty was inhibited by 57.6%, 63.9% and 52.8%, sion, respectively as compared to control group
respectively (Figure 4B, day 1 and day 2, (Figure bA, P<0.01, TWEAK vs. control). Furth-
P<0.001; day 3, P<0.01). Similar to the results ermore, the scar size was decreased by 43.1%
obtained in vitro, the cardiomyocyte apoptosis at 21 days after reperfusion in TWEAK group
significantly decreased in TWEAK group as (Figure 5B, P<0.01, TWEAK vs. control).

compared to control group. These indicate that
TWEAK preconditioning protect against IRl by
inhibiting the cardiomyocyte apoptosis without
increasing the inflammation.

As TWEAK is known as a potent pro-inflamma-
tory factor [18-20], and inflammation infiltra-
tion and degradation play a role in the cardiac
remodeling which occurs at early stage of I/R,

TWEAK treatment improves the heart function the inflammation in the myocardium was also
and decreases the scar size post I/R without evaluated after HE staining at 1, 3 and 7 days
aggravating the inflammation post reperfusion. The inflammatory cells infil-

trated into the myocardium, but there was no
To further confirm the benefit of TWEAK, the significant difference between TWEAK group
heart function was detected and scar size mea- and control group (Figure 5C, P>0.05, TWEAK
sured in I/R rats of TWEAK treatment group vs. control).
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Figure 4. TWEAK treatment decreased cardiomyocyte apoptosis post I/R in vivo. A: The cardiomyocyte apoptosis
after I/R was reduced by TWEAK (TUNEL staining). The TUNEL staining of myocardium was done at 1, 2 and 3 days
after I/R. B: The proportion of apoptotic cardiomyocytes dramatically decreased by 31.2%, 39.6% and 43.9% at 1, 2
and 3 days after I/R, respectively, in TWEAK group (*"P<0.05, vs. control group). C: The caspase-3 activity reduced
by 57.6%, 63.9% and 52.8% at 1, 2 and 3 days after I/R, respectively, in TWEAK group ("*P<0.01, ""*P<0.001, vs.

control group).

It is suggested that the TWEAK treatment prior
to reperfusion mitigates the IRl by improving
the heart function and limiting the scar size
without aggravating the inflammation.

Discussion

The loss of cardiomyocytes is crucial in the
pathologenesis of HF. The myocardium is com-
prised of terminally differentiated cardiomyo-
cytes that are responsible for cardiac pump
function. Thus, the heart exhibits more lasting
pathological effects as a consequence of ex-
cessive cardiomyocyte death [35]. The exces-
sive loss of cardiomyocytes has been implicat-
ed in many cardiovascular diseases, such as
myocardial I/R [8] and congestive HF [36].
Many studies focus on the mechanisms of car-
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diomyocyte death to improve HF and preserve
the cardiac function. Autophagy, apoptosis and
necrosis are all responsible to the cardiomyo-
cyte loss, which is the characteristic of heart
diseases including I/R, Ml and HF [37].

Apoptosis is a highly regulated process of pro-
grammed cell death [32]. Classic apoptotic
pathways include exogenous death receptor
pathway and endogenous mitochondria path-
way and are characterized by the activation of
caspases, especially the executive caspase-3,
and eventually the cell death. After I/R, myocar-
dium suffers from biological and mechanical
stress, meanwhile inflammation triggers small-
er but more continuous cell death. Currently,
researches focus on the pathogenesis of I/R,
aiming to develop strategies for the therapy of
IHD in clinical practice.

Am J Transl Res 2016;8(9):3848-3860
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Figure 5. TWEAK treatment improved the heart function and reduced the scar size without aggravating inflamma-
tion. A: The heart function was significantly improved by 24% and 33% at 7 and 21 days after I/R, respectively, in
TWEAK group as compared to control group (""P<0.01, vs. control). B: The scar size significantly reduced by 43.1% in
TWEAK group as compared to control (“"P<0.01). C: The degree of inflammation remained unchanged after TWEAK

treatment (P>0.05, vs. control group).

Extracellular ligands such as TNF-a« contribute
to the apoptosis by binding to their receptors
(such as TNF-a receptor, [TNFR]) on cells, which
have death receptor domains to induce intra-
cellular signals, eventually leading to apoptosis
[38, 39]. This binding contributes to of the for-
mation of death-inducing complex (DISC) whi-
ch includes adaptor as TNF-associated death
domain (TRADD), receptor-interacting proteinl
(RIP1) and caspase-8. Then, caspase-8 acti-
vates the downstream effectors of caspase-3
and -7, resulting in lysis of key proteins and sub-
sequent cell apoptosis [9]. It is a typical exoge-
nous apoptotic pathway. The endogenous
apoptotic pathway is activated by intracellular
signals in case of hypoxia, oxidative stress and
DNA damage, which leads to the increase in the
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mitochondrial membrane permeability and the
release of pro-apoptotic and anti-apoptotic pro-
teins. Then, apoptotic body accumulates and
caspase-9 is activated to induce the activation
of its effectors caspae-3 and -7 [9]. Studies
have shown that reducing the caspas-3 activity
by inhibiting the caspase cascade can mitigate
IRl and improve cardiac function.

TWEAK, a member of TNFSF, shares some
characters with TNF-a. For example, mice with
over-expression of TWEAK or TNF-a will develop
DCM [28, 39]. TWEAK participates in various
biological processes, including cell prolifera-
tion, migration, apoptosis, angiogenesis, inflam-
mation and cardiac fibrosis depending on the
context [14, 17, 19-21]. TWEAK induces cell
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apoptosis through a death-signaling complex
dependent manner in some cancer cell lines by
binding to the receptor Fn14 [14, 30, 31, 40].
However, Jain et al. revealed that mice with
TWEAK over-expression did not contribute to
the cariomyocyte apoptosis [28]. Pachel et al.
found that a recombinant variant of TWEAK
increased the cardiac rupture while there was
no difference in the apoptosis after Ml [20]. It is
suggested the unique role of TWEAK in cardio-
myocyte apoptosis. There might be some other
biological effects of TWEAK that are currently
unknown. Therefore, this study focused on
whether TWEAK acts to modulate the cardio-
myocyte apoptosis and preserve heart function
after myocardial I/R.

Unexpectedly, in cardiomyocyte cell line H9C2
cells, our results showed TWEAK (=50 ng/ml)
inhibited the apoptosis of HOC2 cells in dose-
dependent manner following hypoxia/re-oxy-
genation in vitro. Furthermore, the mechanism
of TWEAK’s protection against apoptotic cell
death was further explored after treatment
with various inhibitors for certain signaling
pathways.

There are many signaling pathways related to
TWEAK'’s effects have been reported including
NF-kB, JAK/STATs, RhoA ROCK and p38MAPK
pathways [40-45]. NF-kB is a oxidative-reduc-
tion sensitive transcriptional factor and can
regulate the transcription of inflammation relat-
ed genes in pathological conditions. NF-kB is
activated following cardiac I/R, including hu-
man cardoplegia and reperfusion during sur-
gery [46]. Nevertheless, NF-kB may also act to
inhibit cell death [47]. NF-kB mediated-cardio-
protection may be anti-apoptosis through pre-
conditioning. Evidence has shown the close
relationship between TWEAK and NF-kB [44,
45]. Thus, parthenolide, an inhibitor of NF-kB
pathway [48], was used to pretreat HOC2 cells.
Although parthenolide pretreatment increased
the cardiomyocyte apoptosis after I/R, it failed
to abolish the benefit of TWEAK on the apopto-
sis, which indicates that there are other path-
ways responsible for the protection of TWEAK.

PI3K/AKT signal pathway is a typical cardiopro-
tection pathway [49]. It is activated by exercise,
pressure overload, nutrient and other stimula-
tions. Following PI3K activation, phosphati-
dylinositol (3,4,5)-trisphosphate (PIP3) accu-
mulates at the membrane and then recruits
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pleckstrin homology (PH) domain-containing
proteins, including phosphoinositide-depend-
ent kinase-1 (PDK1) and AKT. PIP3-activated
PDKZ1 in turn phosphorylates AKT at Thr308
which, together with Serd73 phosphorylation,
ensures full AKT activation. This eventually trig-
gers multiple downstream signaling pathways
involved in cell proliferation, metabolism and
survival [50]. In cardiomyocytes, PI3K is in-
volved the growth and development of cardio-
myocyte regulated by insulin and insulin-like
growth factor-1 (IGF-1) [50]. PI3K is essential
for the cardiac physiology and protection ag-
ainst pathological remodeling and failure. LY-
294002 is an inhibitor of PI3K and able to
inhibit the activation of downstream effectors
including AKT [49]. In this study, the phosphory-
lated AKT at Serd73 increased in H9C2 cells
treated with TWEAK, but it was completely
blocked by LY294002 pretreatment. The effect
of TWEAK on cardiomyocyte apoptosis under
I/R is at least partially mediated by the activa-
tion of PIBK/AKT signaling pathway.

Moreover, JAK/STATs pathway was tested as
well. JAK/STATs pathway has proven to be a car-
dioprotection signaling pathway during the I/R
[51, 52]. STATs are latent transcription factors
activated by extracellular signaling ligands such
as cytokines, growth factors and hormones.
STATs may be activated in the cytoplasm by
JAK, which is a family of tyrosine kinases. The
JAK/STATs signaling pathways have diverse
activities and play roles in the cell differentia-
tion, proliferation, development, apoptosis, and
inflammation [53, 54]. It has reported that
TWEAK induces tumor cell apoptosis in some
types of tumor cells through JAK/STATs path-
way [38]. Thus, the role of JAK/STATs pathway
in the TWEAK induced protection on H9C2 cells
was further investigated under I/R. Cryptotan-
shinone was used to blocking the activation of
STAT3 [55] but it has no effect on TWEAK. To
exclude the effect of other STATs, AG490, a
typical inhibitor of JAK, was used [56] to block
the JAK/STATs pathways totally. However,
AG490 still failed to completely abolish the pro-
tection of TWEAK. Therefore, JAK/STATs signal-
ing pathways were not responsible for the pro-
tective effects of TWEAK in our study.

Besides PI3K/AKT, JAK/STATs and NF-kB sig-

naling pathways, there are others signaling
pathways which can be activated by cardiac I/R
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[57, 58]. For example, p38MAPK pathway is in-
volved in the effect of TWEAK on the inflamma-
tory osteolysis, and the peripheral blood mono-
nuclear cells from patients with lupus nephritis
[41, 42] are activated by ischemia and their
activation sustained during the reperfusion
[57-60]. JNK signaling pathway is usually acti-
vated by reperfusion and leads to the activa-
tion of transcriptional factor AP-1 and subse-
quent cell apoptosis, which is a special way in
the apoptosis induced by I/R [57, 58, 60, 61]. It
is necessary to investigate the role of interac-
tion among these pathways in the effect of
TWEAK on cardiomyocyte apoptosis under I/R.

To confirm the cardioprotection of TWEAK
against cardiomyocyte death after I/R, I/R rats
were treated with TWEAK prior to reperfusion.
Evidence have proven that ischemic precondi-
tioning has cardioprotective effect against IRI
[62]. It is available to decrease IRl through the
ischemic preconditioning. The molecular mech-
anisms underlying the protective effects of
ischemic preconditioning include the activation
of cellular protective signal pathways and the
inhibition of apoptosis, such as the inhibition of
mitochondria pathway via MAPK/ERK1/2 and
PIBK/AKT pathways [63]. PISK/AKT pathway
mediates the protection against IRI by inhibit-
ing the apoptosis due to increased mitochon-
drial membrane permeability [64]. For identify-
ing the TWEAK reducing apoptosis in cardio-
myocyte occurs after the I/R, TWEAK was
directly injected into the infarct and border area
immediately after ischemia. Inspiringly, TWEAK
treatment significantly decreased the cardio-
myocyte apoptosis as compared to control
group. Moreover, the heart function was signifi-
cantly improved after I/R and the scar size
reduced in the presence of TWEAK treatment.
On the other hand, although TWEAK has the
potent ability to aggravate inflammation [15,
18, 19], there was no significant difference in
the inflammation after I/R between TWEAK
treatment group and control group. It is sug-
gested that time point of TWEAK treatment
might be crucial for preventing the cardiac IRI.
These demonstrate that TWEAK can reduce
the apoptotic cell death after cardiac I/R with-
out aggravating the inflammation.

Taken together, our study for the first time

reports that TWEAK is able to inhibit the apop-
tosis of cardiomyocytes following I/R in a PI3K/
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AKT signaling pathway dependent manner. In-
tra-myocardial treatment with TWEAK protects
the myocardium against the apoptotic cell
death post I/R without aggravating the inflam-
mation. The study suggests that the time point
and the way of therapy are key factors in the
therapy of IHD. Nevertheless, the exact mecha-
nism underlying the cardioprotection of TWEAK
after cardiac I/R still needs to be further inves-
tigated in the future.

Conclusions

TWEAK, as a member of TNFSF, may be a novel
target to prevent against IRl by inhibiting the
cardiomyocyte apoptosis through PISK/AKT
pathway.
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