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Review Article
The neuroimmune guidance cue netrin-1: a new  
therapeutic target in cardiovascular disease
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Abstract: Netrins are a family of proteins involved in cell migration and axon guidance during embryogenesis. The 
different functions and mechanisms of action of this family of proteins have been better characterized with the 
study of the netrin-1. They are chemotropic and act as a bifunctional regulator of neuron migration. Apart from 
its role in the central nervous system, researchers have proven that netrin-1 plays a role in the development and 
formation of non-neural tissue, thus netrin-1 is involved in regulation of cancers, cardiovascular diseases, kidney 
diseases and other diseases. Concerning the cardio-vascular realm, netrin-1 promotes angiogenesis and acceler-
ates atherosclerosis, protects the heart against ischemia-reperfusion injury and reduces the infarct size. These find-
ings make the neuroimmune guidance cue netrin-1 an important therapeutic target. This work seeks to review the 
subject based on studies that have been conducted over the past decade to identify the perspectives and extent of 
the research on this protein in the field of cardiology.
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Introduction

Netrins are a class of proteins  involved in cell 
migration and axon guidance during the devel
opment. They are named after the Sanskrit 
word “netr” which means “one who guides” [1]. 
Netrin was first described in the nematode 
Caenorhabditis elegans in 1990, and named 
UNC-6, according to standard Caenorhabditis 
elegans naming protocol [2]. The first mamma-
lian homologue of UNC-6 was discovered in 
1994, where it was found to be a vital guidance 
cue for rodent commissural axons in the spinal 
cord [3]. As of 2009, five mammalian netrins 
have been identified; Netrins 1, 3, and 4 are 
secreted proteins, whereas G1 and G2 are 
membrane bound proteins tethered by 
Glycophosphatidylinositol tails [4]. The differ-
ent functions and mechanisms of action of this 
family of proteins have been better character-
ized with the study of netrin-1 which is encoded 
by the NTN1 gene [5]. Structurally, netrin 
resembles the extracellular matrix protein 
laminin; with the amino-terminal domains 
named VI and V. Domain VI, at the amino termi-

nus, is globular. It is followed by domain V, which 
is composed of three epidermal growth factor 
repeats. Domains VI and V bind to the Deleted 
in Colorectal Cancer (DCC) and UNC-5 families 
of netrin-1 receptors; however, the precise 
molecular details of the interaction have not 
been determined. The remaining carboxy-termi-
nal sequence of netrins 1 to 4 (the C-domain) is 
enriched in basic amino acids [6, 7]. Netrins are 
chemotropic; a growing axon will either move 
towards or away from a higher concentration of 
netrin. Though the detailed mechanism of axon 
guidance is not fully understood, it is known 
that netrin serve as bifunctional signals: attract-
ing some neurons while repelling others during 
the development of brain. Netrin attraction is 
mediated through UNC-40/DCC  cell surface 
receptors and repulsion is mediated through 
UNC-5 receptors [1]. In the absence of netrin-1, 
these receptors are known to induce apoptosis 
[8]. They also act as growth factors, encourag-
ing cell growth activities in target cells. Mice 
deficient in netrin fail to form the hippocampal 
commissure or the corpus callosum [1]. Netrin-1 
is found in the floor plate and  neuroepithelial 
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cells of the ventral region of the spinal cord, as 
well as other locations in the nervous system 
including the  somatic mesoderm, pancreas 
and cardiac muscle.  It functions as an attrac-
tive or repellent guidance cue for a number of 
neuronal cell types in the vertebrate CNS (cen-
tral nervous system), including dopaminergic 
neurons (attraction) [9] and cerebellar granule 
neurons (repulsion) [10]. In addition to directing 
axon guidance, netrin-1 also acts as a bifunc-
tional regulator of neuron migration [10]. 
Although originally understood to be specifical-
ly involved in axonal guidance in the CNS, new 
research has linked netrin to cancer regulation 
(netrin-1 has been found to be upregulated in 
tumors, and recent research has been done to 
identify netrin-1 as a biomarker to indicate the 
onset of cancer in the human body. It was found 
that netrin can be found in excess in the blood 
plasma for patients who are positive for renal, 
liver, prostate, meningioma of brain, pituitary 
adenoma, glioblastoma and breast cancer) [11-
13]. Netrin-1 also plays a role in the develop-
ment and formation of non-neural tissue, in 
cardiovascular diseases [14, 15], kidney dis-
eases [16, 17], and other diseases [4].

Netrin-1 in cardiovascular disease 

Netrin-1 has been discovered to play an impor-
tant role in atherosclerosis, angiogenesis and 
ischemia-reperfusion injury by acting as cardio-
protective agent. 

Netrin-1 in angiogenesis 

Angiogenesis designates the formation of new 
vessels from preexisting ones, and occurs 
mainly during development [18]. Blood vessels 
and nerves often follow parallel trajectories, 
suggesting that distal targets use common 
cues that induce vascularization and innerva-
tions [15]. Netrin-1 stimulates proliferation, 
induces migration, and promotes adhesion of 
endothelial cells and vascular smooth muscle 
cells with a specific activity comparable to vas-
cular endothelial growth factor and platelet-
derived growth factor [18]. Nguyen and Cai [19] 
demonstrated the mechanism by which netrin-1 
induces angiogenesis; in fact, netrin-1 induc-
tion of Angiogenesis is NO dependent and 
netrin-1 Stimulation of NO Requires ERK1/2 
and DCC. Netrin-1 activates DCC to result in 
activation of ERK1/2 and subsequently 
endothelial NO production from serine 1179 

phosphorylated eNOS. NO also contributes to 
ERK1/2 activation, forming a feed-forward 
cycle. NO then mediates netrin-1-induced 
enhancement in endothelial cell growth and 
migration. Utilization of NO in promoting angio-
genesis categorizes netrin-1 into the family of 
potent endothelial mitogens including growth 
factors. The discovery of this pathway offered 
an important perspective for therapeutic angio-
genesis in patients with ischemic coronary 
artery disease. A recent study demonstrated 
that Netrin-1 expression decreases apoptosis 
in endothelial cells and induces angiogenesis 
to reduce ischemia-reperfusion injury [20]. 
Another study in the adult mice brains proved 
that Netrin-1 enhanced focal neo-vascularisa-
tion, reduced infarct size, and improved long-
term functional recovery after transient focal 
cerebral ischemia [21]. These findings suggest 
that netrin-1 can serve as an innovative agent 
for the treatment of strokes. Likewise, a study 
in rats showed that netrin-1 is implicated in 
angiogenesis in the placenta, making it vital to 
the survival of the fetus [22]. This finding has 
implications in the future treatment of vascular 
disease in the placenta. But interestingly, other 
studies have showed controversial results. In 
fact, they proved that the endothelial tip cells 
also express UNC5b, which netrin-1 can bind 
to, inhibiting angiogenesis [23, 24]. This, there-
fore, suggests that netrin-1 is either a pro or an 
anti-angiogenic factor.

Netrin-1 in atherosclerosis

Atherosclerosis is a disease of chronic inflam-
mation that is distinguished by the persistence 
of cholesterol-engorged macrophages in arteri-
al plaques [25]. Arterial inflammation is initiat-
ed by the sub-endothelial retention of plasma 
low-density lipoprotein (LDL), and enhanced by 
oxidative modification of these lipoproteins, 
which triggers an influx of monocytes [26]. 
Unlike other inflammatory states, atheroscle-
rotic inflammation does not readily resolve and 
cholesterol-laden macrophages persist in the 
arterial wall. These macrophages also known 
as the major source of foam cells cause expan-
sion of the plaque though recruitment of addi-
tional leukocytes and vascular smooth muscle 
cells, and contribute prominently to plaque 
instability through the secretion of extracellular 
matrix-degrading proteases and cytotoxic fac-
tors. Notably, it has been shown that athero-
sclerotic plaques that cause clinical events are 
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characterized by high macrophage content 
[27]. Resolution of acute inflammation typically 
involves emigration of monocyte-derived cells 
out of the inflamed site through nearby lym-
phatic vessels [28]. This process appears to be 
impaired in atherosclerosis and has been 
attributed, in part, to the cholesterol loading of 
macrophages which shifts these cells to a more 
sessile phenotype [29]. Studies in transplant-
based mouse models of atherosclerosis regres-
sion have shown that reducing plasma non-HDL 
cholesterol and/or increasing high-density lipo-
proteins (HDL), promotes emigration of mac-
rophages from lesions to regional and systemic 
lymph nodes [30-32]. These findings indicate 
that macrophage emigration from the plaque is 
actively inhibited during hypercholesterolemia. 
Studies established that netrin-1 inhibits migra-
tion of monocytes, neutrophils and lympho-
cytes via its receptor UNC5b [33-35] and 
recently, studies has extended these findings 
to show that netrin-1 is abundantly expressed 
by macrophage foam cells formed  in vitro 
and in vivo, and in atherosclerotic lesions [36]. 
In fact, these studies demonstrated that 
netrin-1 expressed by foam cells, differentially 
regulated the cellular constituents of athero-
ma. In this research, netrin-1 inactivated mac-
rophages migration and supported chemoat-
traction of coronary artery smooth muscle 
cells. Thus, expression of netrin-1 in plaques 
would be predicted to simultaneously prevent 
inflammatory cell egress and induce smooth 
muscle cells recruitment into the intima, there-
by promoting lesion progression. In support of 
their hypothesis, they demonstrated that dele-
tion of netrin-1 in myeloid cells severely reduced 
atherosclerosis lesion size and complexity in 
mice and was associated with macrophage 
emigration from plaques [36]. The molecular 
mechanism by which netrin-1 and its receptor 
UNC5b are expressed in atherosclerotic 
plaques has been discovered in a more recent 
study. In the latter, HIF-1α induces netrin-1 and 
UNC5b expression under hypoxic conditions in 
sustaining inflammation (knowing that hypoxia 
is intimately linked to chronic inflammation) by 
inhibiting the emigration and promoting the 
survival of lesional macrophages [37]. Through 
these studies, researchers discovered a new 
culprit in atherosclerosis that is netrin-1 and 
therefore a novel target for future therapeutic 
intervention for the treatment of atherosclero-
sis and other cardiovascular diseases. It offers 

great promise to reducing the occurrence of 
fatal cardiac events; knowing that cardiovascu-
lar diseases remain a major public health prob-
lem worldwide.

Netrin-1 in Ischemia-reperfusion injury

Reperfusion therapy of jeopardized myocardi-
um is the most effective method for reducing 
infarct size and improving the outcome in 
patients with ST-segment elevation myocardial 
infarction. However, the restoration of coronary 
blood flow can paradoxically induce additional 
myocardial damage, making reperfusion thera-
py a “double-edged sword” [38]. Reperfusion 
injury is a complex phenomenon mediated by 
several factors, including oxidative stress, 
intracellular calcium accumulation, rapid resto-
ration of pH, and inflammation, and involves at 
least partial opening of the so-called mitochon-
drial permeability transition pore [39]. Clinically 
identified features of this reperfusion injury 
may be reversible and transient, such as 
arrhythmias or myocardial stunning, or irrevers-
ible, such as myocardial infarction or microvas-
cular obstruction [40]. It has been demonstrat-
ed that netrin-1 protect the heart from 
ischemia-Reperfusion Injury by two mecha-
nisms. Firstly, this is done by the stimulation of 
NO production from cardiac endothelial cells 
and myocytes. This potent effect is mediated 
by a DCC/ERK1/2/Enos (s1177)/NO/DCC 
feed-forward mechanism in both cell types 
[41]. Netrin-1 promotes angiogenesis via the 
same pathway [19]. Secondly, by a reduction of 
NOX4 expression, to the restoration of NOS 
function, to improving mitochondrial function 
and ultimately decrease in infarct size resulting 
from ischemia-reperfusion injury. This pathway 
is known as oxidative stress pathway which 
requires netrin-1 in its regulation [42]. Post-
conditioning has shown to be an effective and 
easy strategy that can protect the heart against 
ischemia-reperfusion injury and reduce the 
infarct size [43]. Ischemic and remote post-con-
ditioning are effective in reducing infarct size 
and myocardial edema during angioplasty pro-
cedures [44]. In relation to pharmacological 
post-conditioning, reducing infarct size by phar-
maceutical interventions as an adjunct to clas-
sical reperfusion interventions is an attractive 
therapeutical principle. Thus, studies and clini-
cal trials are ongoing and some have been com-
pleted. Hof-mann U. et al [45] assessed the 
sphingosine-1-phosphate receptor modulator 
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FTY720 effect in rats without positive results 
but rather an increase in mortality. A recent 
study in animal model shown that post-condi-
tioning with Netrin-1 protects against My- 
ocardial Ischemia-Reperfusion Injury and 
reduces infarct size by increasing NO bioavail-
ability [46]. Furthermore, netrin-1 perfusion 
may also inhibit coronary restenosis via its pro-
duction of NO [41]. Likewise, Durrani S. et al 
[20] have shown that by the combination of its 
pro-angiogenic effect and decreasing apopto-
sis of cardiomyocytes, netrin-1 effectively 
reduces ischemia-reperfusion injury to pre-
serve global heart function. Taken together, 
these findings suggest that netrin-1 can serve 
as an innovative and powerful agent for acute 
treatment of myocardial infarction; thereby 
reducing the mortality associated with this 
condition.

Conclusion

In addition to its role in axon guidance and cell 
migration in the nervous system during embry-
ogenesis, netrin-1 also plays an important role 
in other systems and fields inter alia in oncolo-
gy, nephrology, cardiology etc. In the cardiovas-
cular field, netrin-1 is involved in angiogenesis, 
promotes atherosclerosis and protects the 
heart against ischemia-reperfusion injury. Pro 
and anti-angiogenic factor, cardioprotective 
and atherogenic factor: Therein lies the interest 
of this protein which offers real and important 
therapeutic perspectives. It will be a matter of 
determining which application will be most ben-
eficial for the patients; because netrin-1 
appears to be “a double-edged sword” espe-
cially in coronary artery disease.

Abbreviations

CNS, central nervous system; DCC, deleted in 
colorectal cancer; ERK, extracellular signal-reg-
ulated kinase; HDL, high-density lipoprotein; 
HIF, hypoxia-inducible transcription factor; LDL, 
low-density lipoprotein; NO, nitric oxide; NOS, 
nitrous oxide systems; NOX, nitrogen oxides; 
UNC5b, uncoordinated-5-b receptor.

Address correspondence to: Dr. Peng Dao Quan, 
Department of cardiovascular diseases, Second 
Xiangya Hospital, Central South University, 
Changsha, Hunan 410011, PR China. Tel: +86-
13974822567; E-mail: pengdq@hotmail.com; 
josephbbongo@yahoo.com

References

[1]	 Kennedy TE, Serafini T, Torre JR, Tessier-Lavi-
gne M. Netrins are diffusible chemotropic fac-
tors for commissural axons in the embryonic 
spinal cord. Cell 1994; 78: 425-435.

[2]	 Serafini T, Kennedy TE, Galko MJ, Mirzayan C, 
Jessell TM, Tessier-Lavigne M. The netr-ins de-
fine a family of axon outgrowth-promoting pro-
teins homologous to C. elegans UNC-6. Cell 
1994; 78: 409-424. 

[3]	 Hedgecock EM, Culotti JG, Hall DH. The unc-5, 
unc-6, and unc-40 genes guide circumferential 
migrations of pioneer axons and mesodermal 
cells on the epidermis in C. elegans. Neuron 
1990; 4: 61-85. 

[4]	 Rajasekharan S, Kennedy TE. The netrin pro-
tein family. Genome Biol 2009; 10: 239. 

[5]	 Meyerhardt JA. Netrin-1: interaction with delet-
ed in colorectal cancer (DCC) and alterations 
in brain tumors and neuroblastomas. Cell 
Growth Differ 1999; 10: 35-42. 

[6]	 Yin Y, Sanes JR, Miner JH. Identification and 
expression of mouse netrin-4. Mech Dev 2000; 
96: 115-119. 

[7]	 Bányai L, Patthy L. The NTR module domains of 
netrins, secreted frizzled related proteins, and 
type I procollagen C-proteinase enhancer pro-
tein are homologous with tissue inhibitors of 
metalloproteases. Protein Sci 1999; 8: 1636-
1642. 

[8]	 Barallobre MJ, Pascual M, Del Rio JA, Soriano 
E. The Netrin family of guidance factors: em-
phasis on Netrin-1 signalling. Brain Res Rev 
2005; 49: 22-47.

[9]	 Lin L, Rao Y, Isacson O. Netrin-1 and slit-2 reg-
ulate and direct neurite growth of ventral mid-
brain dopaminergic nerons. Mol Cell Neurosci 
2005; 28: 547-555. 

[10]	 Alcántara S, Ruiz M, De Castro F, Soriano E, So-
telo C. Netrin 1 acts as an attrative or as a re-
pulsive cue for distinct migrating neurons dur-
ing the development of the cerebellar system. 
Development 2000; 127: 1359-1372. 

[11]	 Mehlen P, Furne C. Netrin-1: when a neuronal 
guidance cue turns out to be a regulator of tu-
morigenesis. Cell Mol Life Sci 2005; 62: 2599-
2616. 

[12]	 Arakawa H. Netrin-1 and its receptors in tumor-
igenesis. Nat Rev Cancer 2004; 4: 978-87. 

[13]	 Ramesh G, Berg A, Jayakumar C. Plasma ne-
trin-1 is a diagnostic biomarker of human can-
cers. Biomarkers 2011; 16: 172-180. 

[14]	 Lu X, Le Noble F, Yuan L, Jiang Q, De Lafarge B, 
Sugiyama D, Bréant C, Claes F, De Smet F, 
Thomas JL, Autiero M, Carmeliet P, Tessier-
Lavigne M, Eichmann A. The netrin receptor 
UNC5B mediates guidance events controlling 
morphogenesis of the vascular system. Nature 
2004; 432: 179-186. 

mailto:pengdq@hotmail.com
mailto:josephbbongo@yahoo.com


Netrin-1 protein in cardiovascular disease

133	 Am J Cardiovasc Dis 2013;3(3):129-134

[15]	 Park KW, Crouse D, Lee M, Karnik SK, So-
rensen LK, Murphy KJ, Kuo CJ, Li DY. The axo-
nal attractant Netrin-1 is an angiogenic factor. 
Proc Natl Acad Sci U S A 2004; 101: 16210-
16215. 

[16]	 Wang W, Reeves WB, Pays L, Mehlen P, Ra-
mesh G. Netrin-1 Overexpression Protects Kid-
ney from Ischemia Reperfusion Injury by Sup-
pressing Apoptosis. Am J Pathol 2009; 175: 
1010-1018. 

[17]	 Ramesh G. Role of Netrin-1 Beyond the Brain: 
From Biomarker of Tissue Injury to Therapy for 
Inflammatory Diseases. Recent Pat Biomark 
2012; 2: 202-208. 

[18]	 Castets M, Mehlen P. Netrin-1 role in angiogen-
esis: to be or not to be a pro-angiogenic factor? 
Cell Cycle 2010; 9: 1466-1471. 

[19]	 Nguyen A, Cai H. Netrin-1 induces angiogene-
sis via a DCC-dependent ERK1/2-eNOS feed-
forward mechanism. Proc Natl Acad Sci U S A 
2006; 103: 6530-6535.

[20]	 Durrani S, Haider KH, Ahmed RP, Jiang S, 
Ashraf M. Cytoprotective and pro-angiogenic 
activity of ex-vivo netrin-1 transgene overex-
pression protects the heart against ischemia-
reperfusion injury. Stem Cells Dev 2012; 21: 
1769-1778.

[21]	 Lu H, Wang Y, He X, Yuan F, Lin X, Xie B, Tang G, 
Huang J, Tang Y,  Jin K, Chen S, Yang GY. Ne-
trin-1 hyperexpression in mouse brain pro-
motes angiogenesis and long-term neurologi-
cal recovery after transient focal ischemia. 
Stroke 2012; 43: 838-843.

[22]	 Xie H, Zou L, Zhu J, Yang Y. Effects of netrin-1 
and netrin-1  knockdown on human umbilical 
vein endothelial cells and angiogenesis of rat 
placenta. Placenta 2011; 32: 546-553. 

[23]	 Larrivée B,  Freitas C,  Trombe M,  Lv X, Dela-
farge B, Yuan L, Bouvrée K, Bréant C, Del Toro 
R, Bréchot N, Germain S, Bono F, Dol F, Claes F, 
Fischer C, Autiero M, Thomas JL, Carmeliet P, 
Tessier-Lavigne M, Eichmann A. Activation of 
the UNC5B receptor by Netrin-1 inhibits sprout-
ing angiogenesis. Genes Dev 2007; 21: 2433-
2447.

[24]	 Bouvrée K, Larrivée B, Lv X, Yuan L, DeLafarge 
B, Freitas C, Mathivet T, Bréant C, Tessier-Lavi-
gne M, Bikfalvi A, Eichmann A, Pardanaud L. 
Netrin-1 inhibits sprouting angiogenesis in de-
veloping avian embryos. Dev Biol 2008; 318: 
172-183. 

[25]	 Russell R. Atherosclerosis: An Inflammatory 
Disease. N Engl J Med 1999; 340: 115-126. 

[26]	 Moore KJ, Tabas I. Macrophage in the patho-
genesis of atherosclerosis. Cell 2011; 145: 
341-355. 

[27]	 Libby P, Aikawa M. Stabilization of atheroscle-
rotic plaques: new mecha-nisms and clinical 
targets. Nat Med 2002; 8: 1257-1262.

[28]	 Bellingan GJ, Caldwell H, Howie SE, Dransfield 
I, Haslett C. In vivo fate of the inflammatory 
macrophage during the resolution of inflam-
mation: inflammatory macrophages do not die 
locally, but emigrate to the draining lymph 
nodes. J Immunol 1996; 157: 2577-2585. 

[29]	 Randolph GJ. Emigration of monocyte-derived 
cells to lymph nodes during resolution of in-
flammation and its failure in atherosclerosis. 
Curr Opin Lipidol 2008; 19: 462-468.

[30]	 Rong JX, Li J, Reis ED, Choudhury RP, Dansky 
HM, Elmalem VI, Fallon JT, Breslow JL, Fisher 
EA. Elevating high-density lipoprotein choles-
terol in apolipoprotein E-deficient mice remod-
els advanced atherosclerotic lesions by de-
creasing macrophage and increasing smooth 
muscle cell content.  Circulation 2001; 104: 
2447-2452. 

[31]	 Llodrá J, Angeli V, Liu JH, Trogan E, Fisher EA, 
Randolph GJ. Emigration of monocyte-derived 
cells from atherosclerotic lesions characteriz-
es regressive, but not progressive, plaques. 
Proc Natl Acad Sci U S A 2004; 101: 11779-
11784. 

[32]	 Feig JE, Parathath S, Rong JX, Mick SL, Vengre-
nyuk Y, Grauer L, Young SG, Fisher EA. Rever-
sal of hyperlipidemia with a genetic switch fa-
vorably affects the content and inflammatory 
state of macrophages in atherosclerotic 
plaques. Circulation 2011; 123: 989-998. 

[33]	 Ly NP, Komatsuzaki K,  Fraser IP, Tseng AA, 
Prodhan P, Moore KJ, Kinane TB. Netrin-1 in-
hibits leukocyte migration in vitro and in vivo. 
Proc Natl Acad Sci U S A 2005; 102: 14729-
14734.

[34]	 Mirakaj V,  Thix CA,  Laucher S,  Mielke C, Mo-
rote-Garcia JC, Schmit MA, Henes J, Unertl KE, 
Köhler D, Rosenberger P. Netrin-1 dampens 
pulmonary inflammation during acu-te lung in-
jury.  Am J Respir Crit Care Med 2010; 181: 
815-824.

[35]	 Rosenberger P,  Schwab JM,  Mirakaj V, 
Masekowsky E, Mager A, Morote-Garcia JC, Un-
ertl K,  Eltzschig HK. Hypoxia-inducible factor-
dependent induction of netrin-1 dampens in-
flammation caused by hypoxia.  Nat Immunol 
2009; 10: 195-202.

[36]	 Van Gils JM,  Derby MC,  Fernandes LR, Ram-
khelawon B, Ray TD, Rayner KJ, Parathath S, 
Distel E, Feig JL, Alvarez-Leite JI, Rayner AJ, Mc-
Donald TO, O’Brien KD, Stuart LM, Fisher EA, 
Lacy-Hulbert A,  Moore KJ. The neuroimmune 
guidance cue netrin-1 promotes atherosclero-
sis by inhibiting the emigration of macro-
phages from plaques. Nat Immunol 2012; 13: 
136-143. 

[37]	 Ramkhelawon B, Yang Y, Van Gils JM, Hewing 
B, Rayner KJ, Parathath S, Guo L, Oldebeken S, 
Feig JL, Fisher EA, Moore KJ. Hypoxia Induces 



Netrin-1 protein in cardiovascular disease

134	 Am J Cardiovasc Dis 2013;3(3):129-134

Netrin-1 and Unc5b in Atherosclerotic Plaques: 
Mechanism for Macrophage Retention and 
Survival. Arterioscler Thromb Vasc Biol 2013; 
33: 180-1188. 

[38]	 Prasad A, Stone GW, Holmes DR, Gersh B. Re-
perfusion injury, microvascular dysfunction, 
and cardioprotection: the “dark side” of reper-
fusion. Circulation 2009; 120: 2105-2112.

[39]	 Yellon DM, Hausenloy DJ. Myocardial reperfu-
sion injury. New Engl J Med 2007; 357: 1121-
1135. 

[40]	 Thuny F, Lairez O, Roubille F, Mewton N, Rioufol 
G, Sportouch C, Sanchez I, Bergerot C, Thibault 
H, Cung TT, Finet G,  Argaud L,  Revel D, De-
rumeaux G, Bonnefoy-Cudraz E, Elbaz M, Piot 
C, Ovize M, Croisille P. Post-Conditioning Re-
duces Infarct Size and Edema in Patients With 
ST-Segment Elevation Myocardial Infarction. J 
Am Coll Cadiol 2012; 59: 2175-2181. 

[41]	 Zhang J, Cai HL. Netrin-1 Prevents Ischemia/
Reperfusion-induced Myocardial Infarction via 
a DCC/ERK1/2/eNOSs1177/NO/DCC Feed-for-
ward Mechanism. J Mol Cell Cardiol 2010; 48: 
1060-1070. 

[42]	 Siu KL, Zhang J, Lotz C, Ping PP, Cai HL. Ne-
trin-1 Abrogates Ischemia-Reperfusion In-

duced Cardiac Mitoch-ondrial Dysfunction via 
Attenuation Of NOX4 And NOS Uncoupling. Cir-
culation 2011; 124: A16331. 

[43]	 Ovize M,  Baxter GF,  Di Lisa F, Ferdinandy P, 
Garcia-Dorado D, Hausen-loy DJ, Heusch G, 
Vinten-Johansen J, Yellon DM, Schulz R. Post-
condi-tioning and protection from reperfusion 
injury: where do we stand? Position paper from 
the Working Group of Cellular Biology of the 
Heart of the European Society of Cardiology. 
Cardiovasc Res 2010; 87: 406-23.

[44]	 Marzilli M, Morrone D, Guarini G. Post-condi-
tioning. Heart and Metabolism 2012; 54: 20-
24. 

[45]	 Hofmann U, Hu K, Walter F, Burkard N, Ertl G, 
Bauersachs J, Ritter O, Frantz S, Bonz A. Phar-
macological pre- and post-conditioning with 
the sphingosine-1-phosphate receptor modu-
lator FTY720 after myocardial ischemia-reper-
fusion. Br J Pharmacol 2010; 160: 1243-1251. 

[46]	 Bouhidel OJ, Cai LH. Postconditioning with Ne-
trin-1 Protects Against Myocardial Ischemia-
Reperfusion Injury Via a DCC/ERK½/eNOS 
Mechanism. Circulation 2011; 124: A17337.


