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Abstract 

Background: Increased expression of nerve growth factor (NGF) has been found in the myocardium 
suffered from ischemia and reperfusion (I/R). The pro-survival activity of NGF on ischemic heart has 
been supposed to be mediated by phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling 
pathway. Endoplasmic reticulum (ER) stress, which is activated initially as a defensive response to 
eliminate the accumulated unfolded proteins, has shown a critical involvement in the ischemia induced 
myocardial apoptosis. This study was aimed to investigate whether NGF induced heart protection 
against I/R injury includes a mechanism of attenuation of ER stress-induced myocardial apoptosis by 
activation of PI3K/Akt pathway.  
Methods: Isolated adult rat hearts were perfused with a Langendörff perfusion system. Hearts in the 
Sham group were subjected to 225 min of continuous Krebs-Henseleit buffer (KHB) perfusion without 
ischemia. Hearts in I/R group were perfused with KHB for a 75-min of equilibration period followed by 
30 min of global ischemia and 120 min of KHB reperfusion. Hearts in the NGF group accepted 45 min 
of euilibration perfusion and 30 min of NGF pretreatment (with a final concentration of 100 ng/ml in the 
KHB) before 30 min of global ischemia and 120 min of reperfusion. Hearts in K252a and LY294002 
groups were pretreated with either a TrkA inhibitor, K252a or a phosphatidyl inositol 3-kinase inhib-
itor, LY294002 for 30 min before NGF (100 ng/ml) administration. Cardiac hemodynamics were 
measured from the beginning of the perfusion. Cardiac enzymes and cardiac troponin I (cTnI) were 
assayed before ischemia and at the end of reperfusion. Myocardial apoptosis rate was measured by 
TUNEL staining, and expression of glucose-related protein 78 (GRP78), CCAAT/enhancer-binding 
protein homologous protein (CHOP), caspase-12, total- and phospho-(Ser473)-Akt were assessed by 
Western blot analyses.  
Results: NGF pretreatment significantly improved the recovery of post-ischemia cardiac hemody-
namics. Reduced creatine kinase-MB (CK-MB), lactate dehydrogenase (LDH) activity and cTnI levels, as 
well as decreased myocardial apoptosis ratio were observed in the NGF group. The improvement of 
NGF on recovery of cardiac function and alleviation of myocardial injury were completely abolished by 
K252a or LY294002. GRP78, caspase-12 and CHOP were highly expressed in ischemic myocardium, 
while NGF significantly inhibited the overexpression of these proteins which were involved in ER 
stress-induced myocardial apoptosis. NGF pretreatment also induced phosphorylation of Akt. When 
the activation of PI3K/Akt pathway is blocked by LY294002, the NGF induced suppression of the 
apoptosis-related proteins expression was reversed.  
Conclusions: NGF pretreatment may protect the ischemic heart via inhibition of the ER 
stress-induced apoptosis; this pro-survival effect is mediated by PI3K/Akt pathway. 
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Introduction 
Nerve growth factor (NGF) is one of the repre-

sentative members of the neurotrophin family, which 
includes brain derived neurotrophic factor (BDNF), 
neurotrophin-3 (NT-3), and neurotrophin-4/5 
(NT-4/5). It can be synthesized and secreted by both 
immature and mature cardiac myocytes, and its ex-
pression level changes following myocardial injury. 
Studies on cardiovascular diseases have proved the 
impact of neurotrophins on heart formation, angio-
genesis and regeneration of cardiac sympathetic 
nerves [1-3]. Recent studies further demonstrated a 
pro-survival activity of NGF on the ischemic myocar-
dium. Overexpressed NGF and its high-affinity re-
ceptor, tyrosine kinase (TrkA), were observed both in 
the ischemic rat and human hearts [4, 5]. In another 
study by Caporali et al., NGF was found to protect 
cardiomyocytes from hypoxia/reoxygenation or an-
giotensin induced apoptosis [6]. Although little is 
known about the mechanism of NGF induced 
pro-survival effect on ischemic myocardium, some 
studies have attributed it to the activation of the 
phosphatidylinositol 3-kinase (PI3K) signaling path-
way [6, 7].  

As a highly dynamic and multifunctional sig-
naling organelle in eukaryotic cells, the endoplasmic 
reticulum (ER) is closely involved in the synthesis and 
folding of proteins, calcium homeostasis, and bio-
synthesis of lipids. Under certain pathological condi-
tions, such as ischemia, hypoxemia, and ATP deple-
tion, when unfolded proteins accumulate in the ER, 
the transmembrane sensors activate the unfolded 
protein response (UPR) to eliminate and degrade the 
unfolded and misfolded proteins. However, when 
these adaptation responses fail to deal with the un-
folded proteins, cell apoptosis is triggered [8]. Several 
ER stress-related signaling pathways have been pro-
posed to be associated with this programmed cell 
death, including the activation of CHOP and caspa-
se-12 [9-11].  

PI3K/Akt signaling pathway has been thought 
to mediate the anti-apoptotic process in a series of 
studies [12]. In a rabbit autoimmune cardiomyopathy 
model, Mao et al. reported a cardio-protective effect of 
darbepoetin alfa on attenuating ER stress-induced 
apoptosis by activation of phosphatidylinositol 
3-kinase/protein kinase B (PI3K/Akt) signaling 
pathway [13]. Studies on PC12 cells also observed a 
PI3K/Akt mediated protection on ER stress-induced 
apoptosis after the treatment of exogenous NGF [14, 
15]. However, in the ischemic heart, the relationship 
between NGF and the ER stress-induced apoptosis is 
still unknown, neither is the role of PI3K/Akt path-
way in the NGF induced pro-survival process.  

In present study, the impact of NGF on ER 
stress-induced myocardial apoptosis was investigated 
in isolated rat hearts undergoing total ischemia and 
reperfusion (I/R). In addition, role of PI3K/Akt 
pathway on this NGF triggered protection was as-
sessed with PI3K inhibitor LY294002. 

Materials and Methods 
Animals  

All experiments were approved by the Institu-
tional Animal Care and Use Committee of Chongqing 
Medical University. All animals received humane care 
in compliance with the Guide for the Care and Use of 
Laboratory Animals of the U.S. National Institutes of 
Health (NIH Publication No.85-23, revised 1996). 
Adult male Wistar rats with body weight between 
200–220 g were used.  

Isolated I/R heart model  
Rats were anesthetized with pentobarbital so-

dium (40 mg/kg, intraperitoneally) and administered 
heparin (150U/kg, intraperitoneally). Then, hearts 
were rapidly isolated and connected to the Langen-
dörff perfusion system. Krebs-Henseleit buffer (KHB) 
retrogradely perfused the heart via aorta. The perfu-
sion pressure was maintained at 70 cmH2O. The per-
fusate was bubbled with a 95% O2–5% CO2 gas mix-
ture, and the bubbling rate was adjusted to maintain a 
physiological pH (7.35–7.45). The perfusate tempera-
ture was maintained at 38°C. The basilar part of the 
pulmonary artery was cut to allow coronary perfusate 
flow. A water-filled latex balloon, connected via a 
catheter to a pressure transducer (Powerlab), was in-
serted in the left ventricle. The pressure transducer 
was connected to a computerized chart recorder sys-
tem (Macintosh Quardra610, Maclab charts 3.6v/s) to 
record the left ventricular developed pressure 
(LVDP), left ventricular end-diastolic pressure 
(LVEDP) and maximum increase rate and decrease 
rate of left ventricular pressure (±dp/dtmax).  

Chemicals 
NGF from rat, K252a and LY294002 were ob-

tained from Sigma-Aldrich (St. Louis, Missouri, USA) 
and were dissolved in dimethyl sulfoxide (DMSO) 
before being added to the buffer. The final concentra-
tion of DMSO was <0.1%. KHB was composed as fol-
lows: NaCl 118.5 mM, NaHCO 325 mM, KCl 4.8 mM, 
MgSO4 1.2 mM, KH2PO4 1.2 mM, CaCl2 2.5 mM, 
Glucose 11 mM.  

Experimental protocol 
The experimental protocol is showed in Figure 1. 

The hearts (n = 30) were randomly assigned to one of 
the five groups (n = 6 for each group):  
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Sham group: hearts were subjected to 225 min of 
continuous KHB perfusion without I/R.  

I/R Group: the hearts were subjected to a stabi-
lization period of KHB perfusion for 75 min followed 
by 30 min of global ischemia and 120 min of reperfu-
sion.  

NGF group: after 45 min of stabilization period, 
the hearts were perfused with KHB contained with 
100 ng/ml of NGF for 30 min followed by I/R. 

LY294002 group and K252a group: 50 μM of 
PI3K inhibitor LY294002 or 100 nM of TrkA receptor 
inhibitor K252a was perfused for 30 min before NGF 
administration, then the hearts underwent I/R. 

Hemodynamics examination during I/R 
LVDP, LVEDP,±dp/dtmax and coronary flow 

rate (CFR) were continuously measured during the 
whole perfusion process.  

Biochemical assay 
Coronary effluent samples were collected for 

determination of the activity of creatine kinase 
(CK-MB) and lactate dehydrogenase (LDH) by au-
to-analyzer (AU5400; Olympus Diagnostics, NY, 
USA) at the end of stabilization period (as the baseline 
level, BL) and the end of reperfusion. Concentration 
of cardiac troponin I (cTnI) was also measured with 
the same sample by automated chemiluminescence 
system (ACS 180; Bayer Corp., NY, USA). 

TUNEL Staining 
At the end of reperfusion, hearts were quickly 

removed from the perfusion system. Myocardium 

tissues in the left ventricle were cut into 2-mm thick 
specimens. The samples were then fixed in 4% pre-
cooled paraformaldehyde for 72 h and embedded in 
paraffin. Paraffin-embedded tissues were sectioned 
into 5-μm thick slices. Apoptosis was measured by 
using the terminal dUTP nick-labeling (TUNEL) assay 
according to the manufacturer’s instructions (Roche 
Diagnostics, Basel, Switzerland). Five fields from each 
heart were randomly selected with an optical micro-
scope and analyzed in a blinded manner. The apop-
totic rate was calculated as the ratio of 
TUNEL-positive nuclei to the total number of cardiac 
myocyte nuclei.  

Western blot analysis  
Expression of GRP78, CHOP, caspase-12, total 

and phospho-(Ser473)-Akt (p-Akt) were measured by 
western blot. Left ventricular tissues were homoge-
nized using lysis buffer (Beyotime, China), and the 
supernatants were collected after centrifugation at 
12,000 × g for 15 min at 4°C. After quantitative analy-
sis of protein concentration, total proteins were sepa-
rated by sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE), transferred to polyvi-
nylidene fluoride membranes (Millipore, Billerica, 
MA, USA), blocked with 5% non-fat milk in Tris 
buffered saline for 1 h at 37°C, and then incubated 
overnight at 4°C with anti-Akt (Cell signaling, dilu-
tion: 1:1000), anti-phospho-Akt (Ser473, Santa Cruz, 
dilution: 1:200), anti-caspase-12 (Santa Cruz, dilution: 
1:200), anti-GRP 78 (Signalway Antibody Co., Ltd, 
dilution: 1:3000), and anti-CHOP (Beyotime, dilution: 
1:1000) as primary antibodies. After incubation for 1 h 

at 37°C with secondary 
antibody, bands were seen 
using the enhanced chem-
iluminescence kit (Be-
yotime) according to the 
manufacturer’s protocol. 
All the results were nor-
malized to glyceralde-
hyde-3-phosphate dehy-
drogenase (GAPDH) levels 
and expressed as fold in-
tensity compared with the 
Sham group.  

Statistical analysis 
All values were ex-

pressed as mean ± stand-
ard deviation (SD). Statis-
tics were performed using 
SPSS 20.0. Two-way re-
peated-measures analysis 
of variance (ANOVA) fol-

 
Figure 1. Schematic diagram of the experimental protocol. 
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lowed by post-hoc t-test with Bonferroni correction 
were used for multiple comparisons of LVDP, 
LVEDP,±dp/dt and CFR. One-way ANOVA and 
Student-Neuman-Keuls post-test were used to com-
pare the concentration of cardiac enzyme and cTnI, 
apoptotic rate, expression levels of GRP78, CHOP, 
caspase-12, Akt, and p-Akt. Liner correlation analysis 
was used to evaluate the correlation between apop-
totic rate and GRP78, CHOP expression. P value <0.05 
was considered statistically significant. 

Results 

Changes of cardiac function  
The baseline levels of LVDP, LVEDP ,±dp/dt 

and CFR were similar among the groups (Fig.2). After 
30 min of global ischemia, LVDP, ±dp/dt and CFR 
values in the I/R, NGF and LY294002 group were 
dramatically decreased compared with BL and with 
those in the Sham group (P < 0.05 vs. Sham group).  

 

 
 

 
Figure 2. NGF pretreatment promoted the recovery of cardiac function and 
coronary flow after ischemia and reperfusion (n=6). (A) The left ventricular devel-
oped pressure (LVDP) at the end of stabilization period of perfusion (BL) and different 
time during reperfusion; (B) The left ventricular end-diastolic pressure (LVEDP) at BL 
and during reperfusion; (C,D) Maximum increase rate and decrease rate of LVDP (
±dp/dtmax ) at BL and during reperfusion; (E) Coronary flow rate at BL and different 
time after reperfusion. * P<0.05; # P<0.01; ‡ P<0.001; § P<0.0001. 

 
Compared with I/R group, a better recovery of 

LVDP, LVEDP and ±dp/dt in the NGF group was 
observed during reperfusion. NGF pretreatment also 
improved the post-ischemic coronary perfusion, alt-
hough no statistical significance was found between 
the NGF group and I/R group. The benefit of NGF on 
post-ischemic heart function can be completely abol-
ished by K252a or LY294002. 

Release of cardiac enzymes 
The pre-ischemic level of cardiac enzymes and 

cTnI were with no statistical differences among the 
groups (Fig. 3). At the end of reperfusion, NGF pre-
treatment significantly decreased the cardiac enzymes 
and cTnI release compared with group I/R. This car-
dio-protective effect by NGF against I/R injury was 
reversed when K252a or LY294002 was used. 

GRP78, CHOP, and caspase-12 expression 
As indicated by Fig 4 A~C, levels of GRP78, 

CHOP, and caspase-12 expression were markedly 
up-regulated in the hearts undergoing I/R. NGF pre-
treatment significantly attenuated the post-ischemic 
high expression of GRP78, caspase-12 and CHOP. 
This attenuation was completely blocked when K252a 
or LY294002 was used. The inhibition on the expres-
sion of caspase-12, however, was completely blocked 
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by K252a and partly blocked by LY294002. Further-
more, the level of GRP78 (r= 0.6343, P<0.05; Fig.4E) 
and CHOP (r= 0.4495, P<0.05; Fig.4F) was positively 
correlated with the cell apoptosis rate.  

 

 
Figure 3. NGF pretreatment limited the cardiac enzyme and cTnI release (n=6). (A 
and B) Concentration of CK-MB and LDH in coronary effluent at the end of stabili-
zation period (baseline) and the end of reperfusion. (C) Concentration of cardiac 
troponin I in the coronary effluent at the end of stabilization period (baseline) and the 
end of reperfusion. The values are expressed as means±SD, * P<0.05; ‡ P<0.001. 

 

Akt and Phosphorylation of Akt 
NGF pretreatment may cause a high expression 

of p-Akt during I/R. compared with I/R group, ratio 
of p-Akt/Akt was significantly increased at the end of 
reperfusion (Fig.4D). However, this NGF induced 
activation of Akt can be completely inhibited by 
LY294002 or K252a. 

Apoptotic rate 
The apoptotic rate of the I/R group was signifi-

cantly increased after I/R (Fig.5). NGF pretreatment 

dramatically reduced the apoptotic rate, while K252a 
and LY294002 abolished this pro-survival effect. 

Discussion 
The present study demonstrates that exogenous 

NGF pretreatment may protect the heart from I/R 
injury and reduce the myocardial apoptosis. The ex-
pression of several apoptosis-related proteins in-
volved in ER stress is suppressed during this process. 
The NGF induced pro-survival activity, along with 
the down-regulation of the apoptosis-related proteins, 
can be abolished by PI3K inhibitor LY294002. All 
these results indicate that NGF may protect the is-
chemic heart by attenuating the ER stress-induced 
apoptosis via the mediation of PI3K/Akt signaling 
pathway.  

As a member of neurotrophins with pro-survival 
effect on cardiovascular system, NGF was found to be 
crucial in maintaining normal myocardial perfor-
mance [16]. The cardiovascular activity was initially 
attributed to promotion of the neuroregeneration 
process. In an in vivo dog model with left anterior 
descending coronary occlusion, Abe and his col-
leagues observed that both exogenous and endoge-
nous NGF may protect the heart from neural stunning 
[17]. However, later studies found the role of endog-
enous NGF in several other pathological processes, 
including angiogenesis, endothelial cells and cardio-
myocyte survival, cardiac repair following myocardi-
al infarction [4, 18, 19]. To investigate a 
non-neurogenic cardioprotective effect of exogenous 
NGF, we used a denervated heart model to avoid in-
fluence of preload and afterload, neural and humoral 
regulation on heart function. Similar with the result 
from another in vivo study on rat hearts [20], we ob-
served a protective effect of exogenous NGF on my-
ocardium from I/R injury, as well as an improvement 
of post-ischemic cardiac function in isolated perfused 
rat hearts.  

The present study demonstrated a potential as-
sociation between NGF and ER stress-induced apop-
tosis during I/R. The ER stress, which is also known 
as the unfolded protein response (UPR), is character-
ized by the up-regulation of molecular chaperone 
GRP78 and activation of apoptosis. GRP78 is always 
combined with several critical transmembrane ER 
signaling proteins, i.e. activating transcription factor 6 
(ATF6), PKR-like ER kinase (PERK), and inosi-
tol-requiring enzyme 1 (IRE1) under normal circum-
stance. These transmembrane proteins are released 
from GRP78 binding during ER stress and initiating 
specific apoptosis pathway, which includes the tran-
scriptional induction of C/EBP homologous protein 
(CHOP) and the activation of caspase-12, -9, and -3. 
Recent studies reached contradictory results regard-
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ing the impact of NGF on the expression of GRP78. In 
PC12 cells, Mao et al. found that NGF may lead to 
down-regulation of GRP78 and CHOP, attenuates 
norepinephrine-induced ER stress and the consequent 
apoptosis [15]. Nevertheless, in another study with 
the same cells, NGF was found to enhance the ex-
pression of GRP78 and attenuate the 
2-deoxy-d-glucose triggered ER stress [21]. In present 
study, NGF lead to reduced expression of GRP78 after 
I/R, as well as decreased level of CHOP and caspa-
se-12, both of which were directly related to the extent 
of myocardial apoptosis. Consequently, our results 
suggested that the pro-survival activity of NGF on 
ischemic myocardium was mediated by 
down-regulation of the ER stress-triggered overex-
pression of GRP78. 

 
 
 

  

 
 

 
Figure 4. Expression of GRP78, caspase-12, CHOP, and total Akt and phosphory-
lated Akt protein in the myocardium in the Sham, I/R, NGF, K252a and LY294002 
group at the end of reperfusion was analyzed by western blot (A~D). Representative 
immunoblots are shown on the top of the bar graphs. P-Akt is expressed as the ratio 
of the total Akt. Expression levels of the proteins are shown as fold intensity com-
pared with that in the Sham group. * P < 0.05, # P < 0.01, ‡ P < 0.001, § P < 0.0001. The 
correlation between apoptosis rate and GRP78, CHOP is presented in (E) and (F). 
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Figure 5. The apoptotic rate of cardiac myocytes in the Sham, I/R, NGF, K252a and LY294002 group. The representative micrographs of TUNEL-stained left ventricular tissue 
sections are shown above the bar graphs. TUNEL-positive nuclei stained by alkaline phosphatase appear red. Magnification 400×. The apoptotic rate was calculated as the ratio 
of TUNEL-positive nuclei to the total number of cardiac myocytes nuclei. # P < 0.01; ‡ P < 0.001; § P < 0.0001. 

 
The signaling pathway involved in attenuation 

of ER stress-induced myocardial apoptosis by NGF 
remains obscure. A relationship between PI3K/Akt 
pathway and the pro-survival activity of NGF on ER 
stress-induced apoptosis in PC12 cells has been pro-
posed [21]. A series of studies revealed that the an-
ti-apoptotic activity of neurotrophins on neurocytes is 
mediated by activation of the PI3K/Akt signaling 
pathway [22-25]. Similarly in the myocardium, the 
pro-survival activity of NGF was also found to be 

linked with the activation of PI3K/Akt pathway [6]. 
In present study, Akt was activated following NGF 
pretreatment, and decreased myocardial injury and 
apoptosis rate were observed. This anti-apoptotic ef-
fect of NGF can be completely abolished by PI3K in-
hibitor LY294002, thus a role of PI3K/Akt pathway in 
mediating the cardioprotection of NGF on ischemia 
induced myocardial apoptosis is confirmed. Fur-
thermore, NGF induced down-regulation of the ER 
stress-related proteins, i.e. GRP78, CHOP, and caspa-
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se-12 were also completely or partially diminished by 
the PI3K inhibitor, indicating a potential relationship 
between PI3K/Akt pathway and ER stress-induced 
apoptosis.  

 Previous researches have studied the effect of 
exogenous NGF on cultured cardiac myocytes or rat 
hearts, the doses of NGF, LY294002 and K252a in 
present study are chosen according to these studies[6, 
20], and also the results of our preliminary tests. Fur-
thermore, to investigate the impact of NGF on early 
recovery of ischemic heart after reperfusion, NGF was 
administered before total ischemia with a pretreat-
ment protocol in this study. Pharmacological post-
treatment, as well as pretreatment, has shown signif-
icant cardioprotection in a series of studies. A number 
of pharmacological agents have been reported in ex-
perimental studies to reduce myocardial infarct size 
when administered at the onset of myocardial reper-
fusion, e.g., anesthetics, adenosine, atrial natriuretic 
peptides, etc. [26-28]. It remains unclear if cardiopro-
tection from pretreatment and posttreatment use the 
same mechanism [29]. To sudden unexpected ische-
mia-reperfusion, posttreatment is more practical 
compared with pretreatment. However, when ische-
mia/reperfusion injury is predicable, such as cardiac 
arrest during cardiopulmonary bypass, whether pre-
treatment is with advantage over posttreatment on 
cardioprotection needs to be further studied.  

It is of concern that the influence of NGF on the 
expression of caspase12 is only partially abolished by 
LY294002, thus another pathway may be existed in 
mediating the anti-apoptosis besides PI3K/Akt. 
Moreover, although the expression of apopto-
sis-related proteins included in ER stress is 
down-regulated by NGF, it is still to be further eluci-
dated whether the ER stress response itself or the 
apoptosis-related proteins involved in ER stress (e.g. 
GRP78) is the target of NGF.  

Conclusions 
In summary, this study demonstrated with an 

isolated heart model that NGF may protect ischemic 
heart from I/R injury via attenuating the ER 
stress-induced apoptosis, this process is mediated by 
activating of PI3K/Akt pathway. 
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