
 

 

Introduction 
 
SDF-1α is a cytokine of the CXC chemokine fam-
ily, initially cloned from the murine bone marrow 
stromal cell lines ST-2 and PA6 [1] and purified 
from supernatant from the murine MS-5 cell line 
[2]. Its signaling effects are mediated through 
CXCR4, its G-protein linked receptor, through 
which it carries out many downstream signaling 
cascades and cellular responses. Both SDF-1α 
and CXCR4 are constitutively expressed in a 
variety of tissues and cell types and play a piv-
otal role in cell mobilization, migration, prolifera-
tion, and survival [3]. In addition to its role in 
proper organogenesis and the normal homeo-
stasis of bone marrow stem cell environment, 
SDF-1α/CXCR4 axis is also important in many 
pathological conditions of tissue injury and 
stress. For example, in the case of cardiovascu-
lar disease and myocardial infarction, this sig-
naling axis is implicated in the recruitment of 
CXCR4 positive progenitor cells to the ischemic 
area, which serves to provide the injured tissue 
with a source of progenitor/stem cells and 
paracrine factors for tissue repair [4].  

 
Research from the past several years has con-
tributed to our knowledge of the many functions 
of SDF-1α/CXCR4 in many endogenous cellular 
processes. In addition, manipulation of this sig-
naling axis so that it is overexpressed or abol-
ished in different cells and tissue types has pro-
vided insight into its associations with cellular 
response to pathology, and ways in which cell 
therapies can be used to enhance beneficial 
effects and diminish harmful ones. Here we will 
discuss the many ways in which the SDF-1α/
CXCR4 signaling axis is crucial to both normal 
tissues as well as in response to cell injury and 
death, with a focus on its importance in cardio-
vascular disease. We will also provide perspec-
tive on the current and future applications of 
stem cell therapies that take advantage this 
signaling axis, and the implications of these 
promising treatment alternatives. 
 
Function and significance of SDF-1α and CXCR4 
 
As a chemokine and receptor pair, SDF-1α and 
CXCR4 are unique because of the lack of redun-
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dancy in their ligand-receptor interaction; many 
other signaling pairs exhibit pleiotropism and 
cross react with multiple different factors [5]. 
Additionally, rather than being genetically clus-
tered with the other CXC subfamily chemokines, 
SDF-1α has a unique chromosomal location and 
is highly conserved between species [6-8]. This 
knowledge suggests the functional importance 
of the SDF-1α/CXCR4 signaling axis, as has 
been confirmed by multiple studies. 
 
Interference with SDF-1α/CXCR4 leads to defi-
ciencies in embryogenesis, organogenesis, he-
matopoiesis, as well as maintenance of other 
homeostatic functions. A functional role of SDF-
1α and CXCR4 in embryonic development is 
supported by the fact that SDF-1-/- and CXCR4-/- 
mice exhibit a cardiac ventricular septal defects, 
abnormal formation of the large vessels supply-
ing the gastrointestinal tract and suppressed 
hematopoiesis in the bone marrow [9, 10]. 
Proper delivery of hematopoietic stem cells to 
the marrow is impaired [11, 12], and B-cell lym-
phopoiesis and myelopoiesis are both severely 
affected. These are most often lethal to the em-
bryo, and accordingly no known pathologies 
involve complete SDF-1/CXCR4 deficiencies. 
Furthermore, SDF-1α is expressed by several 
different types of tissues and organ systems, 
particularly bone marrow, lymph nodes, liver, 
kidney, and the central nervous system [13-15], 
and has been linked to GC-rich binding sites of 
transcription factors that control the expression 
of housekeeping genes [6] suggesting its signifi-
cance in very fundamental processes.  
 
Cell homing and trafficking 
 
A key function of SDF-1α and CXCR4 signaling is 
progenitor/stem cell homing. This homing is 
heavily influenced by the hematopoietic stem 
cell “niche,” which is defined as the microenvi-
ronment in which bone marrow cells reside that 
is in turn responsible for their function and be-
havior, including homing to a particular site of 
need [16]. For example, stromal cells in the 
bone marrow secrete SDF-1α, which conse-
quently anchors progenitor/stem cells to en-
dosteal osteoblasts [16]. There is also evidence 
that hematopoietic stem cells respond specifi-
cally to SDF-1α/CXCR4 signaling [17] and the 
loss of this signaling results in the disassocia-
tion of stem cells from the bone marrow [18], 
which is consistent with its central role embry-
onic hematopoiesis. In this way, the SDF-1α /

CXCR4 axis is crucial for managing bone mar-
row homeostasis [19].  
 
It was first discovered that the secretion of SDF-
1α was involved in the signaling and trafficking 
of a small group of stem cells that included 
CD34+ cells and murine stem cells, and subse-
quently enhanced their survival and prolifera-
tion [20]. Studies in the last several years have 
also expanded CXCR4 expression to a variety of 
tissue specific stem cells including neural [21], 
liver [22], and skeletal muscle stem cells [23]. 
This expression of CXCR4 in a wide range of 
cells is also consistent with the widespread ex-
pression of SDF-1α and its control of several 
basic developmental processes.  
 
Injury and tissue repair 
 
Even more significantly, this signaling axis ap-
pears to be crucial for purposes of response to 
injury and tissue repair; cardiovascular injury is 
one prime example. SDF-1α expression is in-
creased in heart tissue following myocardial 
infarction [24]. The involvement of this signaling 
axis is also significant in other diseases, includ-
ing leukemia and other cancers [5], as well as 
rheumatoid arthritis [5]. SDF-1α expression is 
also increased in liver [25] and kidney disease 
[26] in animal models and was found to im-
prove the transplantation of stem cells express-
ing CXCR4. 
 
Additionally, CXCR4 expression is regulated by 
various factors, including cytokines, chemoki-
nes, stromal cells, adhesion molecules, and 
proteolytic enzymes [3]. Several transcription 
factors positively regulate CXCR4 expression, 
many of which are involved with hypoxia, tissue 
stress and damage: NF-κB, hypoxia-inducible 
factor-1α, glucocorticoids, lysophosphatidylcho-
line [4], TGF-β1 [27], VEGF [3], IFN-α [28], 
STAT3 [19], and several interleukins (IL-2, IL-3, 
and IL-7) [29]. In the case of myocardial infarc-
tion, SDF-1α expression is significantly in-
creased in heart tissue, particularly in the peri-
infarct zone [30, 31]. This release of SDF-1α is 
needed to create a suitable environment for the 
signaling and homing of circulating progenitor 
cells such that they are brought specifically to 
the injured tissue for the initiation of repair 
processes [4]. Additionally, SDF-1α is secreted 
by hematopoietic stem/progenitor cells and is 
involved in autocrine/paracrine regulation of 
their development and survival via activation of 
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calcium flux, focal adhesion components such 
as proline-rich kinase 2 (pyk-1), Crk-associated 
substrate (p130Cas), focal dhesion kinase 
(FAK), paxillin, Nck, Crk, Crk-L, protein kinase C, 
phospholipase C-γ (PKC γMPK ps42/44-ELK-1 
and PI-2K-Akt-NF-κB axes [3].  
 
Our current knowledge of the expression and 
function of the SDF-1α/CXCR4 axis suggests 
that, this signaling axis is a central component 
to many crucial processes and is also involved 
in endogenous responses to tissue damage. 
The clinical implications of SDF-1α/CXCR4 sig-
naling are significant, and future therapies that 
involve this axis are particularly promising in 
cardiovascular disease.  
 
SDF-1α/CXCR4 as a therapeutic target in 
cardiovascular disease 
 
Heart disease a leading cause of death globally. 
However, it is challenging from a clinical point of 
view because cardiac tissue does not have the 
capacity to regenerate. Since cardiomyocytes 
are considered terminally differentiated, thera-
pies have typically revolved around helping pa-
tients managed symptoms and prevent further 
stress or damage to the heart. However, recent 
evidence has demonstrated the ability of car-
diac tissue to activate endogenous repair 
mechanisms following injury like myocardial 
infarction, and thus have hinted at the potential 
for future therapies to effectively target and 
induce these reparative processes to regener-
ate infarcted tissue and recover normal func-
tion. Many such therapies have already been 
demonstrated in vivo and in vitro, and have also 
shown promise in clinical studies [32-37]. 
 
SDF-1α/CXCR4 expression in the ischemic 
heart 
 
Following coronary artery occlusion, SDF-1α is 
upregulated in heart tissue and acts to recruit 
various progenitor/stem cells to the infarcted 
area [24]. This increase in SDF-1α in the 
ischemic region and the border appears to be 
involved in the recruitment of progenitor cells to 
the damaged tissue, which is consistent with its 
role in cell homing and trafficking [4]. SDF-1α/
CXCR4 signaling can also be stimulated with 
hypoxic preconditioning [38]. Factors, including 
G-CSF [39] and hypoxia inducible factor-1α (HIF)
-1α [40] have also demonstrated the ability to 
mediate an increase in SDF-1α which leads to 
targeting of the CXCR4 expressing cells to the 

infarcted area in a rabbit ischemia model. The 
use of a CXCR4 receptor antagonist, AMD3100, 
removes the protective effects found with the 
increased levels of SDF-1α [39].  
 
Researchers have performed manipulations of 
this signaling axis to induce greater therapeutic 
responses and improve functional outcomes 
following in infarcted tissue. Direct injections of 
SDF-1α into peri-infarct regions improve cardiac 
function, as well as overexpression of SDF-1α 
with adenoviral delivery; AMD3100 abolishes 
these benefits [41]. It is also known that despite 
the increased levels of SDF-1α following MI, 
those levels are not sustained for more than 7 
days [30]. This is due to the result of inactiva-
tion by CD26/dipeptidyl peptidase IV (DPP-IV) 
[42, 43]. Consequently, efforts have also been 
made to prolong the effect of SDF-1α in the in-
farcted heart, thus stabilizing expression as a 
means of stimulating greater repair. One such 
technique utilized a cell patch engineered from 
mesenchymal stem cells (MSCs) overexpressing 
CXCR4 with concurrent treatment with DPP-IV; 
results demonstrated migration of the MSCs 
into the heart tissue with additional functional 
improvement in DPP-IV treated cells [44]. The 
overexpression of CXCR4 through adenoviral 
vector delivery into different stem cell types also 
enhances vascularization in the damaged myo-
cardium and thus SDF-1α/CXCR4 seems to be 
particularly important in progenitor cell chemo-
taxis, homing, engraftment, and retention in the 
damaged myocardium. SDF-1α has also been 
overexpressed via adenoviral transfection into 
MSCs, and has improved the rate of c-kit+ hom-
ing and improved LV function after MI [45]. This 
is significant because c-kit+ cells play an impor-
tant role in cardiac repair and restoration of 
heart function and produce high levels of VEGF, 
which in turn stimulates their differentiation into 
endothelial cells for angiogenesis [46]. 
 
SDF-1α/CXCR4 and downstream signaling path-
ways 
 
As for the direct effect of the interaction be-
tween SDF-1α and CXCR4, binding stimulates 
many signaling pathways, including those in-
volved in adhesion, migration, motility, and gene 
expression [3, 47]. SDF-1α binding leads to 
dimerization of the receptor, stimulating G-
protein signaling [48], which in turn activates 
various other signaling cascades [19]. Addition-
ally, while CXCR4 is generally considered the 
single receptor of SDF-1α, there is additional 
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binding to CXCR7, which appears to stimulate 
MAPK, PI3K, and Jak/STAT signaling [49]. MSCs 
overexpressing CXCR4 release anti-fibrotic en-
zymes (MMP-2 and-9) under hypoxic conditions 
[30], which can aid these cells in crossing the 
infarcted area, thus leading to reduced scar 
formation and improvement in cardiac function. 
SDF-1α is also thought to activate endothelial 
progenitor cell integrins involved in the extrava-
sation process. The binding of SDF-1α to CXCR4 
leading to the activation of several signaling 
pathways is important in cardiac repair as sum-
marized in Figure 1. SDF-1α also causes accu-
mulation of these endothelial progenitor cells 
(EPCs) in ischemic areas and promotes angio-
genesis [24]; this has also been confirmed in a 
hind-limb ischemic injury model [3].  
 
Mechanisms of ischemic tissue repair 
 
As seen thus far, adenoviral delivery of SDF-1α 
and CXCR4 into various stem cell types that are 
then transplanted into infarcted tissue have 
demonstrated efficacy in improving tissue repair 
and function. However, the exact mechanisms 
by which SDF-1α/CXCR4 signaling repairs in-
farcted myocardium remain unclear. While it is 
known that recruitment of progenitor/stem cells 
allows for the increased cardiomyocyte regen-
eration, evidence of differentiation is limited. 
Studies have shown that SDF-1α is able to re-
cruit endogenous cardiac stem cell-like cells 
that depolarize in vivo, which may contribute to 
increased contractile function even in the ab-
sence of maturation into a mature cardiac myo-
cytes [50-52]. Another separate mechanism is 
the function of SDF-1α as a strong chemoattrac-
tant for CXCR4+ endothelial progenitor cells 
which protect the ischemic area through what 
seems to be both paracrine factors [53] as well 
as regeneration [8, 54]. C-kit positive cells are 
also recruited, and participate in VEGF secretion 
to stimulate differentiation into endothelial cells 
[46].  
 
The link between SDF-1α/CXCR4 signaling and 
VEGF is important, and increased angiogenesis 
confirmed by measurement of capillary density 
plays a key role in improving function in an in-
farcted heart. It is also thought that stem cells 
expressing CXCR4 secrete certain factors that 
are likely involved in processes like angiogene-
sis and cardioprotection; for example, direct 
injection of SDF-1α activates anti-apoptotic 
pathways and angiogenesis [41]. CXCR4 activa-

tion in some cell types also results in Akt activa-
tion and stimulation of cell proliferation and 
survival, and cells overexpressing SDF-1α dis-
play an increased capacity for cellular growth 
and protection against interleukin-4-induced 
apoptosis [3]. Thus, SDF-1α/CXCR4 likely acts 
in multiple ways to produce positive effects, 
including stem cell homing for regeneration, 
cardioprotection, neoangiogenesis, as well as 
providing paracrine factors to facilitate all proc-
esses.  
 
Issues of clinical applications of SDF-1α/CXCR4 
 
Evidence of the benefit of SDF-1α/CXCR4 ma-
nipulation in the treatment of myocardial infarc-
tion has been expanding, and continuing re-
search has provided insight into the various 
ways in which future therapies can take advan-
tage of the processes regulated by SDF-1α/
CXCR4 signaling. Transplantation of stem cells 
into infarcted tissue has already been tested 
clinically. However, many important pieces of 
our knowledge remain to be discovered before 
we will be able to successfully implement these 
treatment alternatives. For example, the issue 
of the type of stem cell that should be used for 
transplantation purposes has yet to be officially 
determined. In addition, several studies have 
shown inconclusive results regarding the exact 
effects of signaling. For example, in 2006, Pyo 
et al. reported that SDF-1α signaling actually 
resulted in a decrease in cardiac contractility 
and function [55]; this was speculated to be the 
result of the direct effect off SDF-1α on cells 
immediately local to the site of expression [19]. 
Other studies have found no significant im-
provement in cardiac function [56] or even det-
rimental effects [57]. The aforementioned an-
tagonist of CXCR4, AMD3100, which is hypothe-
sized to decrease the positive effects of CXCR4 
was found to increase the amount of c-kit+ car-
diac progenitor cells, instead of impairing func-
tion as was expected [58]. This is thought to be 
due to the role of SDF-1α/CXCR4 in promoting 
the differentiation and commitment as a means 
of increasing tissue replacement [58]. Re-
searchers also recently engineered mice that 
were deficient only in cardiac CXCR4 expression 
so as to isolate its role in heart function without 
inducing other systemic deficiencies. Their re-
sults suggested no difference in CXCR4 defi-
cient mice with respect to baseline cardiac func-
tion or function following acute myocardial in-
farction [59]. Despite these surprising findings, 
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Figure 1. Schematic depiction of signaling transduction pathways activated by the SDF-1α/CXCR4 interaction for res-
toration of heart function after MI. In infarcted heart tissue, increased expression of SDF-1α, HIF-1α, and VEGF stimu-
late repair mechanisms. SDF- 1α and VEGF levels are also increased in the peripheral blood and enhance recruit-
ment of progenitor cells to the injured tissue. Binding of SDF-1α to CXCR4 activates G protein-coupled receptor 
kinases, which are responsible for many signaling transduction pathways in cells. The PI3-K-stimulated activation of 
extracellular signal-related kinase (ERK)-1/2 has been implicated in SDF-1α-induced chemotaxis, cell proliferation, 
and regulation of integrin activity. Increased nuclear translocation of NF-κB and DNA-binding activity also occurs. SDF-
1α promotes the association of CXCR4 with Janus kinases (JAK) followed by tyrosine phosphorylation. Phosphorylated 
JAKs induce the activation and nuclear translocation of signal transducers and transactivators of transcription (STAT). 
Activation of these pathways regulates mobilization via phosphorylation of focal adhesion proteins including focal 
adhesion kinase or paxilin by both PI-3K and PKC, chemotactic responses via the release of autocrine/paracrine fac-
tors, adhesion, secretion of anti-fibrotic enzymes (MMP-2, -9, and MT1-MMP) to enhance progenitor cell engraftment, 
and synthesis of angiopoietic factors by the progenitor cells. In addition, pretreatment of progenitor cells with hypoxic 
preconditioning or overexpression of pro-survival genes like Akt or HIF-1α can reduce ischemia-induced cell death. 
SDF-1α also contributes to mobilization of progenitor cells from the bone marrow, including mesenchymal stem cells 
and c-kit+ cells, as well as c-kit+/GATA4+ cells from the heart. SDF-1α/CXCR4 signaling enhances cell survival, prolif-
eration, and angiogenesis, thereby enhancing heart tissue repair following ischemic injury.  
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the study does not explore the effect of CXCR4 
deficiency in the presence of stem cell engraft-
ment, which may explain their findings. 
 
SDF-1α/CXCR4 in vascular damage 
 
SDF-1α/CXCR4 has also been studied with re-
spect to vascular physiology and atherosclero-
sis. Given the effects that signaling has on stem 
cell recruitment and homing to sites of injury, it 
is not difficult to imagine that this process might 
be overstimulated and have deleterious effects. 
It is known that damage to vessel walls will 
stimulate repair through neointimal thickening, 
and it is often smooth muscle cells (SMCs) 
which are derived from activated SMC precur-
sors that are responsible for this process [60]. 
SDF-1α levels appear to be important in re-
sponse to wire injury to vessels, which induces 
apoptosis of damaged SMCs in the intima and 
recruits SMC progenitors [61]. SDF-1α blockage 
was also associated with reduction of cell re-
cruitment and vessel wall thickness following 
injury [60]. A similarly diminished effect was 
exhibited in mice that did not express CXCR4 
[60]. However, long term overexpression of SDF-
1α has been reported to cause chronic allograft 
deterioration associated with development of 
transplant arteriosclerosis [24].  
 
In the example of transplant arteriosclerosis, 
vascular progenitor cells have been shown to be 
experimentally recruited to injured vessels [60, 
62], and this is thought to be an SDF-1α medi-
ated process [63]. Increased SDF-1α expression 
in injured vasculature may also accelerate 
neointima formation leading to obstructive vas-
cular disease, such as restenosis after percuta-
neous interventions in coronary or peripheral 
artery disease and transplant arteriosclerosis. 
Moreover, a study of single nucleotide polymor-
phisms demonstrated that a SDF-1α gene varia-
tion has an influence on SDF-1α levels and cir-
culating EPC number, and that plasma SDF-1α 
levels are a predictor of EPC number, which may 
help to understand the mechanism in the patho-
genesis of atherosclerosis and other cardiovas-
cular disease [64]. Alternatively, the use of both 
SDF-1α and CXCR4 may be operative in patients 
with cardiovascular diseases. Blocking the SDF-
1α/CXCR4 signaling axis using CXCR4 antago-
nists might be a valuable strategy to treat trans-
plant vasculopathy or re-stenosis. However, 
given that there is still much unknown regarding 
the role of SDF-1α in atherosclerosis, the actual 

effect of therapeutic administration is uncer-
tain. 
 
These various inconsistencies and gaps remain 
in our understanding of SDF-1α/CXCR4, and will 
need to be sufficiently explored before the de-
velopment of widespread cell based therapies 
that incorporate SDF-1α/CXCR4. 
 
Conclusion 
 
SDF-1α/CXCR4 signaling is crucial to normal 
homeostasis as well as response to injury. The 
many fundamental processes that are tied to 
this axis - hematopoiesis, organogenesis, em-
bryogenesis, cell mobilization, trafficking, ne-
ovascularization - are evidence in themselves of 
its important role. Both SDF-1α and CXCR4 are 
both potential targets that can be manipulated 
and incorporated into cell therapies to achieve a 
desired effect. Understanding the molecular 
mechanism regulating CXCR4 expression and 
activation in various CXCR4 positive cells is cru-
cial to developing therapeutic strategies.  
 
Despite the promise of such therapies, much 
work remains to be done before alternative 
treatments will be widely available to patients 
with cardiovascular disease. The challenge in 
future years will lie in identifying the exact 
mechanisms, most likely multiple, that are re-
sponsible for tissue response to SDF-1α/
CXCR4. Researchers will need to exercise cau-
tion in targeting this axis, given that it is a dou-
ble-edged sword, as seen in the example of 
transplant arteriosclerosis. While excess signal-
ing might be harmful, blockage of SDF-1α/
CXCR4 with antagonists [4] or inactivation of 
CXCR4 [65] might be a valuable strategy for 
treatment of vasculopathy or re-stenosis. Such 
is the balance that must be attained in future 
research. Continued investigation of SDF-1α 
and CXCR4 in the context of cardiovascular dis-
ease will be central to identifying ideal means of 
targeting this chemokine and its receptor to 
enhance cardiac tissue repair and functional 
recovery. 
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