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1. ABSTRACT 
 

The present study investigated whether 
pharmacological postconditoning with netrin-1 is 
cardioprotective against ischemia reperfusion (I/R) injury, 
and the underlying signaling mechanisms.  Langendorff 
perfused hearts isolated from wild-type (WT) C57BL/6 or 
DCC+/- mice underwent a 20-min of ischemia, followed by 
a 60-min of reperfusion, in the presence or absence of 
netrin-1, or netrin-1 in combination with U0126 (MEK1/2 
inhibitor), or PTIO (nitric oxide/NO scavenger).  In WT 
mice, netrin-1 postconditioning dramatically reduced 
infarct size to 17.0±2.5%, from 40.5±4.2% in the untreated 
I/R group.   U0126 or PTIO alone had no effect on infarct 
size but abolished the effects of netrin-1.  The protective 
effect of netrin-1 was markedly diminished in DCC+/- 
mice (44.5±2% vs. 15±2.6 % for infract size in DCC+/- vs. 
DCC+/+ group).  Our results indicate that netrin-1, given as 
a pharmacological postconditioning agent, induces 
cardioprotection via a DCC-dependent mechanism that 
involves ERK1/2 activation and NO production.  Combined 
with our previous findings, netrin-1 treatment proves to be 
extremely and consistently beneficial whenever delivered 
to the heart, establishing its substantial promises for being 
developed into a robust therapeutic strategy for acute 
myocardial infarction. 

 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Cardiovascular diseases represent a major cause 
of death worldwide, with coronary artery disease being one 
of the most prevalent manifestations.  Coronary artery 
disease involving myocardial ischemia and reperfusion can 
result in myocardial infarction.  Pharmacological 
postconditioning has generated considerable interest for 
development of novel therapeutics.  For example, 
pharmacological postconditioning with various agents such 
as opioid 1, bradykinin 2 and insulin 3, has been shown to be 
cardioprotective in animal models.  However, none of these 
has yet been translated into clinical practice, or tested for 
their potential untoward complications. 

 
Netrin-1 is a laminin-related protein initially 

identified as a neuronal guidance cue, functioning by directing 
axonal development 4.  Others and we have shown that netrin-1 
is also potent regulator of angiogenesis 5-7.  In a recent study 
we demonstrated that among the netrin-1 receptors expressed 
in the heart, deleted in colorectal cancer (DCC) turns out to 
mediate netrin-1 induced cardioprotection via activation of a 
ERK1/2/eNOS/NO/DCC feed-forward mechanism 8.  The 
effects of netrin-1 on NO production in the heart share 
similarities with our previous observations that netrin-1 
promotes angiogenesis via production of NO 7. 
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Figure 1. Experimental protocol and groups. Diagrammatical description of experimental groups and the global 
ischemia/reperfusion (I/R) protocol using a Langendorff constant pressure perfusion system.  The basal setup comprised of a 40 
min of stabilization, a 20 min of global normo-thermique ischemia, and a 60 min of reperfusion.  The treatment groups differed 
only during the 60 min of reperfusion.  All of the drugs were given at the onset of the reperfusion.  (I) Control I/R: No treatment 
(vehicle, Krebs–Henseleit buffer/KHB or DMSO<0.01%); (II) I/R+netrin-1: netrin-1 (100 ng/mL); (III) I/R+pharmacological 
inhibitors: U0126 (50 µmol/L, DMSO<0.01%) or PTIO (50 µmol/L); (IV) I/R+netrin-1/pharmacological inhibitors: a mix of 
netrin-1/U0126 or netrin-1/PTIO. 

 
In the present study we aimed to examine 

whether and how netrin-1, given specifically as a 
pharmacological postconditioning agent at the onset of 
reperfusion, also provokes cardioprotection.  The underlying 
signaling mechanisms were also investigated.  Interestingly, 
netrin-1 postconditoning resulted in marked reduction in 
infarct size, while the protective effect was reversed in DCC+/- 
mice.  The cardioprotection was also attenuated when hearts 
were treated with MEK/ERK1/2 inhibitor U0126, or NO 
scavenger PTIO (2-Phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide), implicating intermediate roles of MEK/ERK1/2 
activation and NO production.  Combined with our previous 
findings, netrin-1 treatment proves to be extremely and 
consistently beneficial whenever it is delivered to the heart, 
establishing its substantial promises for being developed into a 
robust therapeutic strategy for acute myocardial infarction. 
 
3. MATERIALS AND METHODS 
 
3.1. Materials 

Purified recombinant mouse netrin-1 was 
purchased from R&D Systems (Minneapolis, MN).  Other 
chemicals and reagents, except for the antibodies, were 
purchased from Sigma in the highest purity (Sigma-
Aldrich, St. Louis, MO, USA). 
 
3.2. Animals 

Male C57BL/6J mice (6-8 weeks old) were 
obtained from the Jackson Laboratories (Bar Harbor, ME).  

DCC+/− mice were kindly provided by Dr. Marc Tessier-
Lavigne from Rockefeller University.  Mice were housed 
under a pathogen-free condition.  The use of animals and 
experimental procedures were approved by the Institutional 
Animal Care and Usage Committee at the University of 
California Los Angeles (UCLA). 

 
3.3. Langendorff perfusion and experimental protocol 

The mice were anesthetized with intraperitoneal 
pentobarbitone (60 mg/kg).  Hearts were harvested, and the 
aortas were cannulated with a 20- gauge stainless steel 
blunt needle and transferred to the Langendorff rig and 
perfused retrograde instantly, with modified Krebs–
Henseleit buffer (KHB), which contained (in mmol/L): 
NaCl 118.0, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, 
NaHCO3 25.0, D-Glucose 10 at constant pressure (80±1 
mm Hg).  All hearts were allowed to stabilize for 40 min.  
After the stabilization period, hearts underwent a 20 min of 
global normo-thermic ischemia, followed by a 60 min of 
reperfusion, and then harvested for analyses of infarct size.  
The experimental protocol is illustrated in Figure 1, in 
which netrin-1 and/or pharmacological agents were started 
at the time of reperfusion (Figure 1).  

 
Specifically, the different treatment groups were: 

(I) Control I/R, KHB only or KHB with DMSO<0.01%, as 
a vehicle; (II) I/R+netrin-1, perfusion with 100 ng/mL of 
netrin-1; (III) I/R+MEK1/2 inhibitor U0126 (50 µmol/L, 
DMSO<0.01%) or NO scavenger PTIO (60 µmol/L); (IV) 
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Figure 2. Netrin-1 postconditioning induced cardioprotection: Role of NO and ERK1/2. Myocardial infarct sizes in the different 
experimental groups as described in Figure 1, obtained using WT DCC+/+ mice, are presented.  Infarct size is expressed as a 
percentage of area at risk, which is the whole transverse section of the left ventricle.  Representative transversely sectioned heart 
slices are displayed on the top panel.  Infarcted areas are seen in white after TCC staining.  *p<0.001 vs. Control I/R; †p<0.001 
vs. I/R+netrin-1.  The number of animal per experimental groups was six. 

 
I/R+a mix of netrin-1 (100 ng/mL)/U0126 (50 µmol/L, 
DMSO<0.01%) or a mix of netrin-1 (100 ng/mL)/PTIO (60 
µmol/L).  The concentrations of netrin-1 and 
pharmacological inhibitors used in this study were chosen 
according to our published observations 8. 
 
3.4. Infarct size analysis 

Infarct size was determined by triphenyl 
tetrazolium chloride (TTC) staining.  In brief, at the end of 
the experimental protocol hearts were infused with 1% 
TTC in phosphate-buffered solution (pH 7.4) for 10 min 
prior to snap freezing at -20°C.  While frozen, the hearts 
were sliced perpendicular to the long-axis of the heart at 1 
mm intervals and de-stained in 10% formaldehyde solution 
to increase contrast between necrotic and viable 
myocardium.  The heart slices were then digitally 
photographed for planimetry using NIH Image 1.62.  
Infarct size is expressed as an infarct-to-risk zone ratio (the 
risk zone is the whole ventricular volume in this global 
ischemic model). 

 
3.5. Statistical analysis 

All values are expressed as Mean±SEM.  
Comparisons between two groups are done using a t-test.  
Comparisons of more than two groups were performed 

using a one way ANOVA analysis with Newman-Keuls test 
as a post-hoc test.  Statistical significance was defined as a 
value of p<0.001. 

 
4. RESULTS 
 
4.1. Postconditioning with netrin-1 induces 
cardioprotection: Role of ERK1/2 and NO 

As shown in Figure 2, netrin-1 postconditioning 
significantly reduced infarct size to 17.0%±2.5%, from 
43.3%±4.6% in the untreated control I/R group (p<0.001, 
n=6).  In U0126 alone or PTIO alone group, myocardial 
infarct size was not statistically different compared to the 
control I/R group (44.8%±3.0%, 39.8%±1.7%, 
respectively, n=6).  In combination with either of these two 
inhibitors, the cardioprotective effect of netrin-1 was 
completely reversed (Figure 2).  In the I/R+netrin-1/U0126 
and I/R+netrin-1/PTIO groups, infarct sizes, at 
44.8%±2.0% and 43.5%±2.9% respectively, were not 
significantly different compared to the control group (n=6). 
 
4.2. Postconditioning with netrin-1 induces 
cardioprotection: Role of DCC 

In additional experiments, hearts from DCC+/+ 
and DCC+/− mice were subjected to I/R and netrin-1
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Figure 3. Netrin‐1 postconditioning induced cardioprotection: Role of DCC. Myocardial infarct sizes in netrin‐1 postconditioned DCC+/‐ mice and DCC+/+ mice are presented.  Infarct size is expressed as a percentage of area at risk, which is the whole transverse section of the left 
ventricle.  Representative transversely sectioned heart slices are displayed on the top panel.  Infarcted areas are seen in white after TCC staining.  *p < 0.001 vs. netrin‐1 DCC+/+. The number of animal per experimental group was six.  

 
 
Figure 4. Signaling pathways mediating netrin-1 
postconditioning induced cardioprotection. Differences in 
cardioprotective signaling pathways induced by netrin-1 
postconditioning in DCC +/+ mice (A), compared to DCC +/- 
(B) mice.  Our data have demonstrated roles of DCC, ERK1/2 
and NO in mediating cardioprotection provoked by 
pharmacological postconditioning with netrin-1.  Our previous 
findings have also established the sequence of activation for 
the signaling components involved, namely a DCC-ERK1/2-
NO cascade8.  Absence of DCC in the DCC+/- mice leads to 
lack of activation in ERK1/2 and NO, resulting in diminished 
cardioprotection in response to netrin-1.     

postconditioning.  Netrin-1 induced reduction in infarct size 
in DCC+/+ hearts was completely attenuated in the DCC+/- 
mice (44.5±2.0% vs. 15.0±2.6% for DCC+/− vs. DCC+/+ 
respectively, p<0.001, n=6, Figure 3). 
 
5. DISCUSSION 
 

The significance of the study comes from the 
demonstrations of 1) high efficacy of netrin-1 
postconditioning in cardioprotection; 2) roles of DCC, 
ERK1/2 and NO in cardioprotective effects of netrin-1 
postconditioning.  These findings are schematically 
summarized in Figure  4.  Despite of growing literatures, 
urgent needs remain for identification of effective 
cardioprotective agent that can be easily translated into clinical 
practice.  Together with our earlier report 8, we have shown 
that netrin-1, a previously known neuronal pathfinder and 
angiogenic regulator 4,7,9, serves as an extremely potent 
cardioprotective agent whenever delivered to the heart, either 
pre-, during, or at the onset of reperfusion. 

 
Previous studies have implicated a role of NO in 

cardioprotection 10-13; although the evidences are derived 
mostly from usage of NO donors or genetic manipulation 
of NO synthase.  In the present study we found that 
pharmacological postconditioning with netrin-1, induces 
NO-dependent cardioprotection, which shares similarity 
with our previous findings of alternative netrin-1 treatment 
8.  An intermediate role of ERK1/2 is also identified.  This 
is consistent with previously established role of ERK1/2 in 
cardioprotection 14-16.  Others and we have demonstrated an 
upstream role of ERK1/2 in eNOS phosphorylation and 
activation in vascular endothelial cells 7,17-19, and this 
pathway can also be turned on in the heart 8,20.  
  

We conclude that pharmacological 
postconditioning with netrin-1 at a low concentration of 
100 ng/mL, potently prevents myocardial injury in response 
to ischemia reperfusion.  Our data suggest that the 
cardioprotective effects of netrin-1 postconditioning are 
specifically mediated by the DCC receptor, and DCC-
dependent ERK1/2 and NO activation.  Taken together 
with our previous findings that netrin-1 induces 
cardioprotection when infused into the heart before and 
during reperfusion, netrin-1 treatment proves to be 
extremely and consistently beneficial whenever it is 
delivered to the heart, establishing its substantial promises 
for being developed into a robust therapeutic strategy for 
acute myocardial infarction.  
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