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Abstract
Mesenchymal stem cell (MSC) transplantation is regarded as a promising candidate for the treatment of ischaemic heart 
disease. The major hurdles for successful clinical translation of MSC therapy are poor survival, retention, and engraftment in 
the infarcted heart. Stromal cell-derived factor-1/chemokine receptor 4 (SDF-1/CXCR4) constitutes one of the most efficient 
chemokine/chemokine receptor pairs regarding cell homing. In this review, we mainly focused on previous studies on how 
to regulate the SDF-1/CXCR4 interaction through various priming strategies to maximize the efficacy of mesenchymal stem 
cell transplantation on ischaemic hearts or to facilitate the required effects. The strengthened measures for enhancing the 
therapeutic efficacy of the SDF-1/CXCR4 interaction for mesenchymal stem cell transplantation included the combination 
of chemokines and cytokines, hormones and drugs, biomaterials, gene engineering, and hypoxia. The priming strategies on 
recipients for stem cell transplantation included ischaemic conditioning and device techniques.

Keywords  Mesenchymal stem cells · Cell transplantation · Myocardial infarction · Stromal cell-derived factor-1 · CXCR4 
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Mesenchymal stem cells (MSCs) are derived from multiple 
biological tissues, such as adult bone marrow, adipose tis-
sues, and neonatal tissues, such as the umbilical cord and 
placenta [1]. MSCs are promising for therapeutic applica-
tions given the ease of obtaining them, their genetic stability, 
their poor immunogenicity, and their curative properties for 
tissue repair and immunomodulation [2]. A number of clini-
cal trials using MSCs for therapeutic interventions have been 
carried out for cardiovascular diseases and severe degenera-
tive and/or inflammatory diseases, alone or in combination 
with other drugs [3]. Although the mechanisms by which 
stem cells take effect in injured tissue remain debated [4], 
a modest but consistent improvement in cardiac function 
in animal models has been obtained [5]. However, MSCs 
encounter hostile environments due to oxidative stress, 
severe hypoxia, and nutrient deficiency, and are thus more 
likely to undergo apoptosis during the early days posttrans-
plantation. This situation is further exacerbated by poor 
clearance of metabolic waste due to loss of functional vas-
cular networks at the injury site [6]. Various other prob-
lems, such as low transplanted cell viability, poor homing 
and engraftment into injured tissues, MSC heterogeneity, 
and lack of adequate information on optimum MSC doses, 
impede clinical applications [7]. In fact, the transplanted 
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efficacy of MSC retention on the heart after intravenous 
delivery (1%) was extremely low even at the maximum 
period of acute myocardial infarction (AMI) [8]. Systemic 
redistribution results in a large number of transplanted MSCs 
being frustrated and trapped in lung capillaries, preventing 
them from accessing target tissues [9]. MSCs express proco-
agulant activity due to the surface expression of tissue factor, 
which initiates coagulation when entering vessels. Simulta-
neous activation of both the coagulation and complement 
pathways is called an instant blood-mediated inflammatory 
reaction, which could also result in low engraftment rates 
and discouraging results in clinical trials [10].

The MSC-sourced secretome, defined as a series of 
MSC-derived bioactive factors (soluble proteins, nucleic 
acids, lipids, and extracellular vesicles), showed thera-
peutic effects similar to those of MSC transplantation. 
The MSC-derived secretome has an advantage over cells, 
because it bypasses many side effects of MSC-based ther-
apy, including unwanted differentiation of engrafted MSCs 
[11]. However, there are numerous limitations linked to the 
use of extracellular vesicles (EVs) as therapeutic vehicles, 
including the difficulty of efficiently loading therapeutics 
into EVs, preventing clearance of the EVs from circula-
tion, engrafting on the target tissue, and the insufficiency 
of internalization and functional transfer of the cargo [12].

It has been extensively demonstrated that MSC hom-
ing and engraftment are regulated by the interaction 
between stromal-derived factor 1 (SDF-1) and C-X-C 
motif receptor 4 (CXCR4). In addition, some studies have 
confirmed that the expression level of SDF-1 is signifi-
cantly increased after cardiac ischaemia, and the recruit-
ment of MSCs expressing CXCR4 towards the SDF-1 
gradient plays a crucial role in tissue recovery [13]. On 
the other hand, implantation of MSCs into the ischaemic 
myocardium could improve the expression levels of colla-
gen protein, SDF-1, and vascular endothelial growth factor 
(VEGF) in the infarcted borderline region [14]. SDF-1 
and CXCR4 are significantly upregulated in the heart in 
both animal and human studies of AMI [15]. The cardiac 
SDF-1α–CXCR4 interaction is also present and capable 
of providing protection against ischaemia/reperfusion-
induced injury [16]. However, the increase in SDF-1 
expression peaked at 1 week after AMI and gradually 
decreased later. The dynamic change is well documented 
by nucleic acid and protein detection technology [17] and 
reflected in ultrasound molecular imaging [18]. SDF-1 
delivery to the myocardium after AMI is associated with 
improvements in stem cell homing, angiogenesis, and left-
ventricular function in animal models and enhancements 
in heart function and quality of life in humans. Despite 
these potential pleiotropic effects, the SDF-1 protein is 
limited by its short plasma half-life due to the cleavage 
effect of dipeptidylpeptidase-4 (DPP-4) [19]. Moreover, 

SDF-1 did not significantly improve the proportion of cir-
culating cells that adopted cardiomyocyte fates [20].

Therefore, strengthening the important interaction by 
regulating SDF-1/CXCR4 expression in the ischaemic heart 
during MSC transplantation is a potential solution to the lim-
ited transplantation efficacy. To overcome this challenge, sci-
entists have established several strategies to generate highly 
functional MSCs or/and friendly homing environments [21]. 
In aggregate, based on the experimental observations that 
the effective homing of the exogenously transplanted cells 
greatly improves the efficacy of cells to integrate and func-
tion in the target tissues, this review discusses the success-
ful treatments for how to modify SDF-1/CXCR4 interaction 
in two main aspects: the factors that increase the ability of 
stem cells to respond to the migratory stimuli, including 
pre-conditioning of MSCs with various stimulants such as 
inflammatory agents and medication, genetic manipulation 
and modification of culture conditions with hypoxic culture 
(Fig. 1); and the methods for modulating the target sites 
to be more attractive for stem cell recruitment, including 
ischaemic conditioning and device technique (Fig. 2) [22].

Chemokines and cytokines

Chemokine preconditioning is a quick and simple way to 
enhance stem cell survival and regeneration of an infarcted 
myocardium. Preconditioning with the chemokine SDF-1 
suppresses MSC apoptosis, enhances MSC survival, 
engraftment, and vascular density, and improves myo-
cardial function by augmenting SDF/CXCR4 signalling 

Fig. 1   The strategies to strengthen CXCR4 during MSC transplanta-
tion for cardiac repair to increase the ability of stem cells to respond 
to the migratory stimuli, including pre-conditioning of MSCs with 
various stimulants such as chemokines agents, and medication, 
genetic manipulation, and modification of culture conditions with 
hypoxic culture
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[23]. Interleukin-3 (IL-3) preconditioning upregulates the 
expression of CXCR4 on MSCs, which leads to increased 
cell migration towards the gradient of SDF-1α [24]. TGF-
β1 induces increased CXCR4 expression and MSC homing 
in the repair process of rat myocardial injury by regulat-
ing the expression of CXCR4 on the cell membranes, and 
the inhibitory effect of the anti-CXCR4 antibody was more 
evident than that of the anti-TGF-β1 antibody in TGF-β1 
treatment in an in vivo homing experiment, which indicates 
that the SDF/CXCR4 interaction played a pivotal role [25]. 
Similarly, pre-exposure of human MSCs to TGF-β results in 
enhanced homing ability through increasing CXCR4 expres-
sion; diminishing homing capacity has been evidenced when 
the inhibitor of the TGF-β receptor and CXCR4 receptor is 
applied [26].

Medications

As a low-molecular-weight protein, SDF-1 can be degraded 
by proteases, including matrix DPP-4/CD26, which exists 
in the circulatory system and is activated in ischaemic tis-
sues. It appears to maintain the optimal endogenous SDF-1 
concentration by inhibiting degradation proteases and then 
enhancing the homing capacity of progenitor cells [27]. 
DPP4 cleaves and inactivates a wide variety of substrates, 
including SDF-1. DPP4 truncates enzymatically within the 
N-terminal amino acid of granulocyte colony-stimulating 
factors (G-CSF), granulocyte–macrophage colony-stimu-
lating factors (GM-CSF), erythropoietin, and human IL-3, 
and decreases their activity; such truncation is blocked by 
diprotin A [28].

In the course of experiments showing that inhibition 
of DPP4 potentiates SDF-1-mediated progenitor cell sur-
vival, the potential clinical utility of DPP4 inhibition by 

other similar molecular structures enhanced engraftment 
in the ischaemic myocardium by reducing SDF-1 degrada-
tion. Stem cell mobilization by G-CSF and stabilization of 
cardiac SDF-1 by genetic or pharmacological DPP4 inhi-
bition (i.e., the therapeutic concept of dual strengthening 
strategies on stem cell therapy) was shown to enhance heart 
function and survival after MI in mice [29]. In vitro and 
in vivo, parathyroid hormone inhibited the activity of DPP4, 
which reduced SDF-1 cleavage and inactivation. Parathyroid 
hormone-treated mice also showed significantly improved 
homing of CXCR4-positive stem cells associated with an 
increased protein level of the corresponding homing factor 
SDF-1 in the ischaemic heart [30]. Erythropoietin-treated 
animals had remarkably enhanced survival post-MI. The 
subpopulations (CD31 + , c-kit + , and Sca-1 + cells) were 
mobilized, and homing of Sca-1 + and CXCR4 + stem cells 
towards an SDF-1 gradient into the ischaemic myocardium 
was enhanced [31]. SDF-1 expression is compromised after 
AMI in diabetic mice, but overexpression of the SDF-1 
gene could mitigate the adverse effect [32]. Sitagliptin, as 
a DPP-4 inhibitor, is an antihyperglycaemic agent that pre-
vents N-terminal cleavage and inactivation of the incretin 
hormones glucagon-like peptide-1 and glucose-dependent 
insulinotropic peptide. It does not affect tubuloglomerular 
feedback or impair renal haemodynamic function, and find-
ings relevant to using DPP4 inhibitors for treating type 2 
diabetes mellitus are present with increased levels of intact 
SDF-1α1-67 [33].

Tadalafil treatment results in higher expression of SDF-1 
in MSCs, prolongs MSC survival via upregulation of miR-
21-dependent suppression of Fas, and increases stem cell 
mobilization and homing into the infarcted myocardium as 
a result of cardiac function improvement [34]. Atorvastatin-
pretreated MSCs with an adjunct of atorvastatin intragastric 
administration significantly facilitate targeted recruitment 

Fig. 2   The strategies to 
strengthen SDF-1 during MSC 
transplantation for cardiac 
repair with modulation of 
the target sites to be more 
attractive for stem cell recruit-
ment, including hormones, 
drug, ischemic conditioning, 
ultrasound, device technique, 
biomaterials, co-morbidity, and 
disease conditions
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to peri-infarct myocardium and result in further protection 
in cardiac apoptosis and inhibition of adverse ventricular 
remodelling after AMI via SDF-1/CXCR4 signalling [35].

Traditional Chinese medicines have been investigated for 
their ability to enhance stem cell homing in MI. Danhong 
injection, which is characteristic of ameliorating blood cir-
culation, can increase the expression of CXCR4 and SDF-1 
in MSCs and the myocardium, respectively. This effect can 
be prohibited by the SDF1/CXCR4 antagonist [36]. Guanxin 
Danshen formulation (the product mainly extracted from 
traditional Chinese medicine for ischaemic heart diseases) 
can further increase SDF-1 levels in the infarcted area and 
the number of injected MSCs in the infarct area compared 
with isolated cell transplantation [37]. Resveratrol (RSV), 
a plant polyphenol, has been identified in the root extract of 
white hellebore and Polygonum cuspidatum. RSV is a natu-
ral agent with powerful therapeutic potential for protecting 
against acute or chronic injury in multiple tissues due to its 
antioxidative, anti-inflammatory, and anticancer properties 
[38]. In accordance with its demonstrated properties, RSV 
may improve the therapeutic effects of MSCs by enhancing 
their engraftment, potentiating the paracrine mechanism, 
increasing lineage differentiation, and preventing senes-
cence and ageing. In AMI model, RSV enhanced cardiac 
SDF-1 excretion via SIRT1 normalization/p53 inactivation 
pathway [39].

To prevent the procoagulant activity of MSCs, using anti-
coagulant drugs is of potential value. In contrast to heparin, 
which mechanistically blocks the SDF-1/CXCR4 axis by 
binding to the receptor and the ligand, bivalirudin, a throm-
bin inhibitor, has not been shown to prevent MSCs from 
homing and migrating in vitro and in vivo and might be a 
candidate for cell storage and for intracoronary MSC therapy 
in clinical practice [40]. Treatment of MSCs with deferox-
amine, an iron chelator, increases the protein expression of 
HIF-1a and CXCR4, and MMP-2 and MMP-9 activity is sig-
nificantly increased. The migration ability and homing activ-
ity of deferoxamine-conditioned MSCs are also significantly 
elevated in vitro and in vivo, respectively [41]. Diazoxide, a 
mitochondrial ATP-sensitive potassium channel opener, is 
effective in promoting MSC survival under oxidative stress 
and therapeutic efficacy in MI, but whether the mechanism 
is linked to SDF-1/CXCR4 signalling is still uncertain [42].

Biomaterials

Biomaterials have been extensively investigated in terms 
of their ability to improve the therapeutic efficacy of MSC 
transplantation by providing suitable three-dimensional 
delivery carriers and sustaining cell viability and function 
[43]. The regeneration of chronically infarcted myocar-
dium has been tested with injectable biomimetic hydrogels 

containing two therapeutic factors, SDF-1 and angiogenic 
peptides, which were used to strengthen stem cell homing 
and angiogenesis, respectively. The research results indi-
cated that combined administration of SDF-1 and angio-
genic peptides can result in more stem cell recruitment to 
the microenvironment, enhancement of angiogenic gene 
expression, increase neovascularization, and improvement 
of cardiac function in chronic MI [44]. Another cardiovas-
cular active molecular nitric oxide (NO) release system has 
also been constructed with a hydrogel (NapFF-NO). The 
novel system was naphthalene covalently conjugated to a 
short peptide, FFGGG, and β-galactose caged nitric oxide 
(NO) donor, which can release NO molecules in response 
to β-galactosidase. The results showed that secretion of 
angiogenic factors VEGF and SDF-1 from MSCs was 
higher in the presence of NapFF-NO hydrogel, which can 
further enhance the therapeutic potential of MSCs for MI by 
increasing cell engraftment and paracrine action [45]. One 
novel SDF-1α transport device used coaxial electrospraying, 
which was incorporated into PLGA particles, presented a 
distinct core–shell structure reflected by transmission elec-
tron microscopy. The controlled delivery of SDF-1α from 
container PLGA and PLGA/bovine serum albumin parti-
cles maintained its chemotactic activity and increased the 
penetration capacity of MSCs into the injured myocardium 
[46]. The combination of CXCR-engineered MSC patches 
with diprotin A pretreatment inhibits myocardial ischaemia-
induced injury, promotes tissue regeneration, and improves 
cell migration and recruitment, resulting in enhanced left-
ventricular mechanical function after MI [47].

Using an artificial synthetic protein consisting of an 
SDF-1 domain and a glycoprotein VI (GPVI) domain, which 
have high binding affinity to CXCR4 and extracellular matrix 
proteins, respectively, has shown higher therapeutic efficacy 
in animal experiments. SDF-1–GPVI results in CXCR4-pos-
itive cell mobilization, enhances bone marrow cell survival 
and endothelial differentiation in vitro, and demonstrates 
proangiogenic effects in vivo. In a mouse MI model, admin-
istration of the structure domain-modified protein led to sig-
nificant enhancement in terms of cell recruitment, capillary 
density, and cardiac function [48]. The “death cell-chasing” 
protein AnxA5 was fused into SDF-1 protein to trace the 
injured myocardium. The receptor competition assay dem-
onstrated that SDF-1–AnxA5 had high binding affinity to 
the SDF-1 receptor CXCR4. SDF-1–AnxA5 administered 
by intravenous injection could accumulate at the infarcted 
myocardium in vivo. Treatment with SDF-1–AnxA5 amelio-
rated cardiac function because of its directional migration, 
which is characteristic of special binding to dead cells [49].

Since SDF-1 is highly expressed, lasting approximately 
48 h after MI, approaches to inducing CXCR4 expression 
in MSCs cultured over the long term are clinically meaning-
ful. To provide clinically effective homing, surface protein 



5General Thoracic and Cardiovascular Surgery (2022) 70:1–10	

1 3

modification to incorporate recombinant CXCR4 protein on 
MSCs for several minutes has been developed [50]. VEGF-
loaded layer-by-layer self-assembled encapsulated MSCs 
were able to release VEGF and SDF-1 continuously and 
result in MSC infiltration and inherent tropism to the MI 
zone, which was shown to be an effective and minimally 
invasive strategy for treating MI [51].

Genetic manipulation

Because of the dissatisfactory quantity of SDF-1 expres-
sion after MI, HIF-1α transfection in the myocardium is a 
feasible method to induce SDF-1 expression. As a common 
regulatory gene, HIF-1 can induce the gene expression of 
VEGF and SDF-1α. MSC transplantation combined with 
HIF-1α transfection in the peri-infarcted region was shown 
to improve cardiac function 4 weeks after MI. Correspond-
ingly, significant increases in VEGF and SDF-1α gene 
expression, angiogenesis, and MSC engraftment, as well as 
decreased cardiomyocyte apoptosis in peri-infarcted regions 
in the heart, were detected with adjuvant treatment [52].

Given that MSCs are minimally positive for CXCR4, 
transduction with a retroviral vector containing CXCR4 
is an effective and efficacious method to enhance CXCR4 
expression. MSCs modified with the CXCR4 gene have 
shown relatively increased migration towards SDF-1 but no 
negative effects on survival [53]. In another study, the upreg-
ulation of matrix metalloproteinases (MMPs) by CXCR4-
overexpressing MSCs was thought to help cell engraftment 
in the collagenous tissue of the infarcted area. Adenoviral 
transduction of the CXCR4 gene into MSCs enhanced cell 
mobilization and engraftment into the ischaemic area and 
then promoted neomyoangiogenesis and cardiac repair after 
MI [54, 55]. The expression of VEGF and HIF-1 was also 
higher in MSCs overexpressing CXCR4, which enhanced 
neovascularization and endothelial differentiation after MI 
in in vivo research [56].

Treatment of MSCs transduced with adenoviral vector 
containing human SDF-1alpha was also accompanied by 
less infarct size and fibrosis, greater vascular density, bet-
ter haemodynamic performance indexes, and thicker left-
ventricular wall after transplantation [57]. Combined trans-
fection of VEGF and SDF-1 in MSCs could have produced 
more VEGF and SDF-1 protein, which activated Akt expres-
sion and augmented the survival of the MSCs in vitro and 
in vivo. These results demonstrate that combination gene 
therapy including chemokines and angiogenic factors can 
enhance the therapeutic efficacy of MSC transplantation in 
terms of angiogenesis and cardiac repair after AMI [58].

Molecular studies have revealed that MSCs induce IGF-1 
activation of survival proteins, including Akt and Bcl-xL, 
and inhibit the apoptosis protein glycogen synthase kinase 

3beta; SDF-1 release from cells is also in parallel with IGF-1 
expression. Massive mobilization and homing of stem cells 
have been observed in the infarcted myocardium due to 
increased SDF-1 expression after IGF-1-overexpressing 
MSC transplantation [59]. Transplantation of human MSCs 
overexpressing VEGF promotes SDF-1α expression in 
infarcted hearts and induces massive mobilization and hom-
ing of stem cells, which have also been related to the SDF-1/
CXCR4 pathway in vitro and in vivo experiments [60]. Aug-
mentation of PKCɛ expression has been shown to increase 
the therapeutic efficacy of MI in MSCs, including cell sur-
vival and differentiation, through the SDF-1/CXCR4 and 
PI3K/AKT pathways, which was demonstrated by an inhibi-
tory experiment in which CXCR4 or PI3K partly attenuated 
the effects of PKCɛ-overexpressing MSCs [61]. Another 
gene has also been successfully modified in MSCs. Growth 
arrest-specific gene 6 (Gas6) encodes a protein that facili-
tates MSC treatment, including promoting cell chemotaxis, 
mitogenesis, and survival. The mechanism of Gas6-mod-
ified MSC therapy for postinfarcted heart failure involves 
enhanced HIF-1α-driven secretion of four major growth fac-
tors (VEGF, bFGF, SDF, and IGF-1) via enhanced Gas6/Axl 
autocrine prosurvival signalling and paracrine cytoprotec-
tive action [62]. Nestin, an intermediate filament protein, is 
regarded as a potential marker for MSCs. Nestin + BMSC 
transplantation had a higher chemotactic effect and repair 
efficacy in an AMI model by recruiting resident cardiac 
endothelial cells to the infarcted border region, which could 
also be accounted for by the SDF-1/CXCR4 pathway [63]. 
Nonviral transfection of the human SDF-1 gene into skeletal 
myoblasts was explored in an animal model, and transplant-
ing these cells to establish transient tropism to favour ext-
racardiac stem cell translocation to the infarcted zone was 
successful in optimizing chemotaxis [64].

Hypoxic conditioning

Hypoxia increases the gene expression of HIF-1α and SDF-
1. Knocking down the expression of HIF-1α reduces the 
expression of SDF-1 and terminates the migration of MSCs. 
The role of HIF-1α in hypoxia-induced MSC migration is 
mostly based on SDF-1-induced mobilization; therefore, 
hypoxia conditioning can be a reasonable strategy for the 
development of MSC-based therapeutics [65]. Precondition-
ing with the HIF-α prolyl hydroxylase inhibitor dimethyloxa-
lylglycine has improved the survival capability and paracrine 
effects of MSCs with increased angiogenesis in vivo [66]. 
Hypoxic preconditioning of MSCs evokes an increase in the 
expression of large intergenic noncoding RNA-p21, HIF-1α, 
and CXCR4/7[67]. The optimal preparation conditions for 
MI before delivery under certain hypoxic environments have 
been investigated. MSCs cultured under normoxia rather 
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than the cryopreserved state before 24-h hypoxia precon-
ditioning emerge in a better state in terms of the expression 
of prosurvival, proangiogenic, and functional proteins that 
facilitate survival and engraftment in the infarct zone [68]. 
Serum deprivation and hypoxia can induce mitochondrial 
fragmentation with evidence of mitochondrial fission and 
apoptosis of MSCs, which can be inhibited by pretreatment 
with haemin, one of the heme oxygenase 1 activators [69].

MSCs with ageing show senescent characteristics com-
pared with young counterparts. Preconditioning of aged 
MSCs with glucose depletion can enhance proliferation, 
delay senescence, and restore the ability of aged cells to 
repair senescent infarcted myocardium. Thus, precondition-
ing with glucose depletion is favourable to reduce the detri-
mental effect of ageing [70]. Under the same hypoxic condi-
tions, MSCs derived from different sources showed distinct 
functional mechanism changes. Human placenta-derived 
MSCs exhibit greater chemotaxis with regard to SDF-1α-
dependent cell migration and higher CXCR4 expression 
folds under CoCl2-induced hypoxia compared with human 
bone marrow-MSCs. The triggered mechanism pathways in 
human placenta-MSCs and human bone marrow-MSCs also 
differ under CoCl2-induced hypoxia [71]. Hypoxia in combi-
nation with laser treatments on human skeletal and cardiac 
muscle cells may recruit MSCs to migrate towards these 
treated cells; such a technique has therefore been applied as 
a potential technology for stem cell homing strategies [72].

Ischaemic conditioning

Ischaemic preconditioning results in differential mobiliza-
tion and recruitment of haematopoietic stem cells (HSCs) 
and MSCs in the early phase of cardioprotection. Ischae-
mic preconditioning in the early phase leads to a significant 
increase in circulating HSCs. In contrast, a rapid and pro-
longed decrease is accompanied by circulating MSC levels. 
The recruitment of HSCs and MSCs in the infarct and border 
zones is reversed by ischaemic preconditioning, and faster 
homing of MSCs than mobilization has also been observed 
[73].

In contrast to MSC priming on the CXCR4 receptor, the 
innovative research in our studies was devoted to determin-
ing how to modify the expression level of SDF-1 in the 
recipient. The systemic distribution of transplanted MSCs, 
regardless of their delivery route, was characteristic of lower 
engraftment in the heart but higher accumulation in the 
lungs. Although intramyocardial injection of MSCs into the 
ischaemic myocardium seemed to be more efficacious than 
other routes, such as intravenous and intracoronary deliv-
ery, there was still limited retention in the myocardium [74]. 
Ischaemic conditioning is a simple, safe, effective method 
to resist against ischaemic reperfusion injury through brief 

episodes of ischaemia. More importantly, remote tissue 
ischaemia can also induce the same cardioprotective effi-
cacy, which sheds light on widespread clinical application. 
Conditioning is defined as pre-, per-, or post- if the timing 
of resorting to the therapeutics occurs prior to, during or 
after the index ischaemia accident, respectively [75]. Most 
likely is that remote ischaemic postconditioning is applied 
in clinical practice after the ischaemic event. We found that 
the SDF-1 protein concentration level in myocardial tissue 
was significantly improved after ischaemic infarction but 
only over a transitory period. Interestingly, remote ischae-
mic postconditioning could temporarily interrupt SDF-1 
synthesis in the ischaemic myocardium [76]. Furthermore, 
synthesis could be restored after a lengthy interruption if 
remote ischaemic postconditioning was repeated periodi-
cally. Meanwhile, MSC retention in the myocardium was 
effectively enhanced after cell delivery. In contrast, the MSC 
distribution over the lungs and other peripheral solid organs 
was reversed [77]. Different operative access can give rise 
to different levels of inflammation and injury reactions, and 
minimally invasive access is associated with lower sys-
temic inflammatory reactions compared with the traditional 
incision approach [78]. It has also been found that remote 
ischaemic conditioning can attenuate the inflammatory 
reaction in the ischaemic myocardium in rat models and in 
clinical trials [79, 80], which could potentially endanger the 
therapeutic efficacy and critical indexes in clinical practice.

Device technique

During cardiac surgeries, manipulation of the procedure 
with cardioplegia and cardiopulmonary bypass results in 
an increase in circulating CXCR4-positive progenitor cells, 
which is also associated with increased myocardial SDF-1α 
expression in the atrial myocardium [81]. Transmyocardial 
revascularization (TMR) with a 10-channel needle which 
was used to improve the blood reperfusion from endocardial 
to epicardium in cardiac surgery performed in infarct rats 
subjected to left anterior descending coronary artery liga-
tion has been shown to induce more MSC engraftment. The 
SDF-1 and CXCR4 levels were upregulated in TMR hearts 
within 1 week but dropped dramatically later [82].

Technologies harnessing ultrasound energy to deliver tar-
get genes into the myocardium have also been successfully 
employed in animal models. Multiple ultrasound-targeted 
delivery of stem cell factor and SDF-1 genes via microbub-
ble destruction was shown to improve tissue perfusion and 
cardiac function after myocardial infarction [83]. Another 
study focused on determining the optimum ultrasound 
energy by vascular active factor expression, which was quan-
tified by real-time quantitative reverse transcription poly-
merase chain reaction. The results showed that myocardial 
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microenvironmental changes in terms of SDF-1 and VEGF 
in the 1.5  W/cm2 and 1  W/cm2 groups were markedly 
increased. Myocardial perfusion was markedly improved 
after synthetic therapy combined with MSC transplantation, 
based on the results of coronary angiography and 99 mTc-
tetrofosmin scintigraphy [84]. Another active molecular NO 
microbubble combined with ultrasound technology also 
enhanced the therapeutic efficiency of MSCs in myocardial 
infarction by enhancing the SDF-1 and CXCR4 interaction 
[85].

Intramyocardial cell delivery has been shown to result in 
a higher level of angiogenic factor release. In contrast, intra-
coronary MSC delivery decreased CXCR4 expression with 
lower myocardial blood flow in a porcine MI model [86]. 
Meanwhile, subcutaneously implanted injectable hydrogels 
releasing SDF-1α in vivo presented more chemotaxis and 
resulted in a higher migratory ability of pretreated MSCs 
compared with systemic delivery and local injection [87]. 
Intramyocardial administration by transcatheter techniques 
(through a small-caliber needle lumen at different flow rates) 
did not remarkably disturb functionality, including clono-
genicity, gene expression, and cytokine secretion, for cardiac 
tissue repair and regeneration [88]. Low-level shear stress 
can induce the secretion of SDF-1 and stimulate CXCR4 
expression in human MSCs until the cells cover the wound 
zone of the MSC monolayer [89]. The SDF-1 expression 
level is associated with aetiological catalogues. SDF-1 is 
lower in ischaemic heart patients than in valvular heart 
patients and healthy populations, and beta-blocker treat-
ment can significantly decrease SDF-1 levels [90]. Disease 
products, such as circulating HIV glycoprotein Gp120, can 
upregulate CXCR4 expression in MSCs [91].

Conclusions

The prospect of MSC therapy in cardiovascular and inflam-
matory diseases might depend on the robustness of the 
pleiotropic functions of MSCs, which should be linked to 
their therapeutic efficacy. MSC transplantation remains a 
promising or competitive approach for treating myocardial 
ischaemia due to its promising preclinical efficacy and good 
safety profile. Despite its outstanding benefits in preclinical 
settings, the practical potency of MSCs remains controver-
sial, since clinical trials with MSC application are feasible 
and largely safe but have not yet produced consistent benefits 
[92, 93]. Moreover, MSC recruitment into the heart induced 
by SDF-1 can possibly be followed by the transformation 
of these cells into fibroblasts rather than cardiomyocytes, 
which would exacerbate the pathophysiological conditions 
that worsen heart ejection function [94]. Consequently, an 
increasing number of studies have been conducted for a vari-
ety of clinical indications with novel paradigms rather than 

the classical concept of regeneration, suggesting that MSCs 
are still lagging in terms of their solid clinical translation. 
For this reason, our aim was to summarize priming methods 
available for still-promising cell types that, after more than 
half a century, have yet to reach their maturity [95]. Con-
textualizing these priming strategies with multiple dimen-
sion models emphasizes our ability to optimize this homing 
process and hinges on our understanding of its molecular 
characterization and biological mechanisms [96]. Most 
importantly, a deeper understanding of the innate mecha-
nisms that govern the complex phenomenon of regeneration 
is essential to repairing or regenerating cardiac tissue [97]. 
Moving forward, it is only with a combined effort of basic 
medicine and translational work that the potential of MSC-
based therapies can be realized [98].

Funding  This work was supported by the National Natural Science 
and Technology Foundation of China [81800274 to J.Q.], Sichuan Sci-
ence and Technology Program [2021JDJQ0041 to J.Q.], and Clinical 
Translation Research Grant of Sichuan Provincial People’s Hospital 
[2017LY07 to JQ].

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Prat-Vidal C, Roura S, Farré J, Gálvez C, Llach A, Molina 
CE, et  al. Umbilical cord blood-derived stem cells spon-
taneously express cardiomyogenic traits. Transplant Proc. 
2007;39(7):2434–7.

	 2.	 Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health 
and disease. Nat Rev Immunol. 2008;8(9):726–36.

	 3.	 Naji A, Eitoku M, Favier B, Deschaseaux F, Rouas-Freiss N, Sug-
anuma N. Biological functions of mesenchymal stem cells and 
clinical implications. Cell Mol Life Sci. 2019;76(17):3323–48.

	 4.	 Vagnozzi RJ, Maillet M, Sargent MA, Khalil H, Johansen 
AKZ, Schwanekamp JA, et  al. An acute immune response 
underlies the benefit of cardiac stem cell therapy. Nature. 
2020;577(7790):405–9.

	 5.	 Huynh K. Stem cell therapy improves heart function by triggering 
an acute immune response. Nat Rev Cardiol. 2020;17(2):69.

	 6.	 Salazar-Noratto GE, Luo G, Denoeud C, Padrona M, Moya A, 
Bensidhoum M, et al. Understanding and leveraging cell metabo-
lism to enhance mesenchymal stem cell transplantation survival in 
tissue engineering and regenerative medicine applications. Stem 
Cells. 2020;38(1):22–33.

http://creativecommons.org/licenses/by/4.0/


8	 General Thoracic and Cardiovascular Surgery (2022) 70:1–10

1 3

	 7.	 Regmi S, Pathak S, Kim JO, Yong CS, Jeong JH. Mesenchymal 
stem cell therapy for the treatment of inflammatory diseases: 
Challenges, opportunities, and future perspectives. Eur J Cell 
Biol. 2019;98(5–8):151041.

	 8.	 Abbott JD, Huang Y, Liu D, Hickey R, Krause DS, Giordano FJ. 
Stromal cell-derived factor-1alpha plays a critical role in stem 
cell recruitment to the heart after myocardial infarction but is not 
sufficient to induce homing in the absence of injury. Circulation. 
2004;110(21):3300–5.

	 9.	 Salvadori M, Cesari N, Murgia A, Puccini P, Riccardi B, Dominici 
M. Dissecting the pharmacodynamics and pharmacokinetics of 
MSCs to overcome limitations in their clinical translation. Mol 
Ther Methods Clin Dev. 2019;14:1–15.

	10.	 Coppin L, Sokal E, Stéphenne X. Thrombogenic risk induced by 
intravascular mesenchymal stem cell therapy: current status and 
future perspectives. Cells. 2019;8(10):1160.

	11.	 Harrell CR, Fellabaum C, Jovicic N, Djonov V, Arsenijevic N, 
Volarevic V. Molecular Mechanisms Responsible for Therapeutic 
Potential of Mesenchymal Stem Cell-Derived Secretome. Cells. 
2019;8(5): E467.

	12.	 Melling GE, Carollo E, Conlon R, Simpson JC, Carter DRF. The 
challenges and possibilities of extracellular vesicles as therapeutic 
vehicles. Eur J Pharm Biopharm. 2019;144:50–6.

	13.	 Fu X, Liu G, Halim A, Ju Y, Luo Q, Song AG. Mesenchymal stem 
cell migration and tissue repair. Cells. 2019;8(8):784.

	14.	 Hou M, Yang KM, Zhang H, Zhu WQ, Duan FJ, Wang H, et al. 
Transplantation of mesenchymal stem cells from human bone 
marrow improves damaged heart function in rats. Int J Cardiol. 
2007;115(2):220–8.

	15.	 Ziff OJ, Bromage DI, Yellon DM, Davidson SM. Therapeutic 
strategies utilizing SDF-1α in ischaemic cardiomyopathy. Car-
diovasc Res. 2018;114:358–67.

	16.	 Hu C, Li L. The application of resveratrol to mesenchymal 
stromal cell-based regenerative medicine. Stem Cell Res Ther. 
2019;10:307.

	17.	 Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F, Kied-
rowski M, et al. Effect of stromal-cell-derived factor 1 on stem-
cell homing and tissue regeneration in ischaemic cardiomyopathy. 
Lancet. 2003;362(9385):697–703.

	18.	 Wang M, Hu R, Yang Y, Xiang L, Mu Y. In Vivo Ultrasound 
molecular imaging of SDF-1 expression in a swine model of acute 
myocardial infarction. Front Pharmacol. 2019;10:899.

	19.	 Bromage DI, Davidson SM, Yellon DM. Stromal derived factor 
1α: a chemokine that delivers a two-pronged defence of the myo-
cardium. Pharmacol Ther. 2014;143(3):305–15.

	20.	 Goldstone AB, Burnett CE, Cohen JE, Paulsen MJ, Eskandari 
A, Edwards BE, et al. SDF 1-alpha attenuates myocardial injury 
without altering the direct contribution of circulating cells. J Car-
diovasc Transl Res. 2018;11(4):274–84.

	21.	 Noronha NC, Mizukami A, Caliári-Oliveira C, Cominal JG, Rocha 
JLM, Covas DT, et al. Priming approaches to improve the efficacy 
of mesenchymal stromal cell-based therapies. Stem Cell Res Ther. 
2019;10(1):131.

	22.	 Naderi-Meshkin H, Bahrami AR, Bidkhori HR, Mirahmadi M, 
Ahmadiankia N. Strategies to improve homing of mesenchymal 
stem cells for greater efficacy in stem cell therapy. Cell Biol Int. 
2015;39(1):23–34.

	23.	 Pasha Z, Wang Y, Sheikh R, Zhang D, Zhao T, Ashraf M. Precon-
ditioning enhances cell survival and differentiation of stem cells 
during transplantation in infarcted myocardium. Cardiovasc Res. 
2008;77(1):134–42.

	24.	 Barhanpurkar-Naik A, Mhaske ST, Pote ST, Singh K, Wani MR. 
Interleukin-3 enhances the migration of human mesenchymal stem 
cells by regulating expression of CXCR4. Stem Cell Res Ther. 
2017;8(1):168.

	25.	 Zhang SJ, Song XY, He M, Yu SB. Effect of TGF-β1/SDF-1/
CXCR4 signal on BM-MSCs homing in rat heart of ischemia/per-
fusion injury. Eur Rev Med Pharmacol Sci. 2016;20(5):899–905.

	26.	 Li M, Zeng L, Liu S, Dangelmajer S, Kahlert UD, Huang H, et al. 
Transforming growth factor-β promotes homing and therapeutic 
efficacy of human mesenchymal stem cells to glioblastoma. J Neu-
ropathol Exp Neurol. 2019;78(4):315–25.

	27.	 Anderluh M, Kocic G, Tomovic K, Kocic R, Deljanin-Ilic M, 
Smelcerovic A. Cross-talk between the dipeptidyl peptidase-4 and 
stromal cell-derived factor-1 in stem cell homing and myocardial 
repair: Potential impact of dipeptidyl peptidase-4 inhibitors. Phar-
macol Ther. 2016;167:100–7.

	28.	 Broxmeyer HE, Hoggatt J, O’Leary HA, Mantel C, Chitteti BR, 
Cooper S, et al. Dipeptidylpeptidase 4 negatively regulates colony 
stimulating factor activity and stress hematopoiesis. Nat Med. 
2012;18(12):1786–96.

	29.	 Zaruba MM, Theiss HD, Vallaster M, Mehl U, Brunner S, David 
R, et al. Synergy between CD26/DPP-IV inhibition and G-CSF 
improves cardiac function after acute myocardial infarction. Cell 
Stem Cell. 2009;4(4):313–23.

	30.	 Huber BC, Brunner S, Segeth A, Nathan P, Fischer R, Zaruba 
MM, et  al. Parathyroid hormone is a DPP-IV inhibitor and 
increases SDF-1-driven homing of CXCR4(+) stem cells into 
the ischaemic heart. Cardiovasc Res. 2011;90(3):529–37.

	31.	 Brunner S, Winogradow J, Huber BC, Zaruba MM, Fischer R, 
David R, et al. Erythropoietin administration after myocardial 
infarction in mice attenuates ischemic cardiomyopathy associated 
with enhanced homing of bone marrow-derived progenitor cells 
via the CXCR-4/ SDF-1 axis. FASEB J. 2009;23(2):351–61.

	32.	 Mayorga ME, Kiedrowski M, McCallinhart P, Forudi F, Ockun-
zzi J, Weber K, et al. Role of SDF-1:CXCR4 in impaired post-
myocardial infarction cardiac repair in diabetes. Stem Cells Transl 
Med. 2018;7:115–24.

	33.	 Lovshin JA, Rajasekeran H, Lytvyn Y, Lovblom LE, Khan S, 
Alemu R, et al. Dipeptidyl peptidase 4 inhibition stimulates distal 
tubular natriuresis and increases in circulating SDF-1α1-67 in 
patients with type 2 diabetes. Diabetes Care. 2017;40:1073–81.

	34.	 Elmadbouh I, Ashraf M. Tadalafil, a long acting phosphodiester-
ase inhibitor, promotes bone marrow stem cell survival and their 
homing into ischemic myocardium for cardiac repair. Physiol Rep. 
2017;5(21): e13480.

	35.	 Tian XQ, Yang YJ, Li Q, Xu J, Huang PS, Xiong YY, et al. Com-
bined therapy with atorvastatin and atorvastatin-pretreated mes-
enchymal stem cells enhances cardiac performance after acute 
myocardial infarction by activating SDF-1/CXCR4 axis. Am J 
Transl Res. 2019;11(7):4214–31.

	36.	 Chen J, Wei J, Huang Y, Ma Y, Ni J, Li M, et al. Danhong injec-
tion enhances the therapeutic efficacy of mesenchymal stem cells 
in myocardial infarction by promoting angiogenesis. Front Phys-
iol. 2018;9:991.

	37.	 Han XJ, Li H, Liu CB, Luo ZR, Wang QL, Mou FF, et  al. 
Guanxin Danshen Formulation improved the effect of mesen-
chymal stem cells transplantation for the treatment of myocar-
dial infarction probably via enhancing the engraftment. Life Sci. 
2019;233:116740.

	38.	 Hu C, Li L. The application of resveratrol to mesenchymal 
stromal cell-based regenerative medicine. Stem Cell Res Ther. 
2019;10(1):307.

	39.	 Hong W, Tatsuo S, Shou-Dong W, Qian Z, Jian-Feng H, Jue W, 
et al. Resveratrol upregulates cardiac SDF-1 in mice with acute 
myocardial infarction through the deacetylation of cardiac p53. 
PLoS One. 2015;10(6): e0128978.

	40.	 Seeger FH, Rasper T, Fischer A, Muhly-Reinholz M, Hergenrei-
der E, Leistner DM, et al. Heparin disrupts the CXCR4/SDF-1 
axis and impairs the functional capacity of bone marrow-derived 



9General Thoracic and Cardiovascular Surgery (2022) 70:1–10	

1 3

mononuclear cells used for cardiovascular repair. Circ Res. 
2012;111(7):854–62.

	41.	 Najafi R, Sharifi AM. Deferoxamine preconditioning potentiates 
mesenchymal stem cell homing in vitro and in streptozotocin-
diabetic rats. Expert Opin Biol Ther. 2013;13(7):959–72.

	42.	 Mehmood A, Ali M, Khan SN, Riazuddin S. Diazoxide pre-
conditioning of endothelial progenitor cells improves their 
ability to repair the infarcted myocardium. Cell Biol Int. 
2015;39(11):1251–63.

	43.	 Facklam AL, Volpatti LR, Anderson DG. Biomaterials for per-
sonalized cell therapy. Adv Mater. 2019;32(13):e1902005.

	44.	 Song M, Jang H, Lee J, Kim JH, Kim SH, Sun K, et al. Regen-
eration of chronic myocardial infarction by injectable hydrogels 
containing stem cell homing factor SDF-1 and angiogenic peptide 
Ac-SDKP. Biomaterials. 2014;35(8):2436–45.

	45.	 Yao X, Liu Y, Gao J, Yang L, Mao D, Stefanitsch C, et al. Nitric 
oxide releasing hydrogel enhances the therapeutic efficacy of 
mesenchymal stem cells for myocardial infarction. Biomaterials. 
2015;60:130–40.

	46.	 Zamani M, Prabhakaran MP, Thian ES, Ramakrishna S. Con-
trolled delivery of stromal derived factor-1α from poly lactic-
co-glycolic acid core-shell particles to recruit mesenchymal 
stem cells for cardiac regeneration. J Colloid Interface Sci. 
2015;451:144–52.

	47.	 Zhang D, Huang W, Dai B, Zhao T, Ashraf A, Millard RW, et al. 
Genetically manipulated progenitor cell sheet with diprotin A 
improves myocardial function and repair of infarcted hearts. Am 
J Physiol Heart Circ Physiol. 2010;299(5):H1339–47.

	48.	 Ziegler M, Elvers M, Baumer Y, Leder C, Ochmann C, Schön-
berger T, et al. The bispecific SDF1-GPVI fusion protein pre-
serves myocardial function after transient ischemia in mice. Cir-
culation. 2012;125(5):685–96.

	49.	 Huang FY, Xia TL, Li JL, Li CM, Zhao ZG, Lei WH, et al. 
The bifunctional SDF-1–AnxA5 fusion protein protects car-
diac function after myocardial infarction. J Cell Mol Med. 
2019;23(11):7673–84.

	50.	 Won YW, Patel AN, Bull DA. Cell surface engineering to enhance 
mesenchymal stem cell migration toward an SDF-1 gradient. Bio-
materials. 2014;35(21):5627–35.

	51.	 Liu G, Li L, Huo D, Li Y, Wu Y, Zeng L, et al. A VEGF delivery 
system targeting MI improves angiogenesis and cardiac function 
based on the tropism of MSCs and layer-by-layer self-assembly. 
Biomaterials. 2017;127:117–31.

	52.	 Huang B, Qian J, Ma J, Huang Z, Shen Y, Chen X, et al. Myo-
cardial transfection of hypoxia-inducible factor-1α and co-trans-
plantation of mesenchymal stem cells enhance cardiac repair in 
rats with experimental myocardial infarction. Stem Cell Res Ther. 
2014;5(1):22.

	53.	 Bhakta S, Hong P, Koc O. The surface adhesion molecule CXCR4 
stimulates mesenchymal stem cell migration to stromal cell-
derived factor-1 in vitro but does not decrease apoptosis under 
serum deprivation. Cardiovasc Revasc Med. 2006;7(1):19–24.

	54.	 Zhang D, Fan GC, Zhou X, Zhao T, Pasha Z, Xu M, et al. Over-
expression of CXCR4 on mesenchymal stem cells augments 
myoangiogenesis in the infarcted myocardium. J Mol Cell Cardiol. 
2008;44(2):281–92.

	55.	 Cheng Z, Ou L, Zhou X, Li F, Jia X, Zhang Y, et al. Targeted 
migration of mesenchymal stem cells modified with CXCR4 gene 
to infarcted myocardium improves cardiac performance. Mol 
Ther. 2008;16(3):571–9.

	56.	 Liang J, Huang W, Yu X, Ashraf A, Wary KK, Xu M, et al. Sui-
cide gene reveals the myocardial neovascularization role of mes-
enchymal stem cells overexpressing CXCR4 (MSC(CXCR4)). 
PLoS One. 2012;7(9): e46158.

	57.	 Tang J, Wang J, Yang J, Kong X, Zheng F, Guo L, et al. Mesen-
chymal stem cells over-expressing SDF-1 promote angiogenesis 

and improve heart function in experimental myocardial infarction 
in rats. Eur J Cardiothorac Surg. 2009;36(4):644–50.

	58.	 Tang J, Wang J, Zheng F, Kong X, Guo L, Yang J, et al. Combina-
tion of chemokine and angiogenic factor genes and mesenchymal 
stem cells could enhance angiogenesis and improve cardiac func-
tion after acute myocardial infarction in rats. Mol Cell Biochem. 
2010;339(1–2):107–18.

	59.	 Haider HKh, Jiang S, Idris NM, Ashraf M. IGF-1-overexpressing 
mesenchymal stem cells accelerate bone marrow stem cell mobi-
lization via paracrine activation of SDF-1alpha/CXCR4 signaling 
to promote myocardial repair. Circ Res. 2008;103(11):1300–8.

	60.	 Tang JM, Wang JN, Zhang L, Zheng F, Yang JY, Kong X, 
et  al. VEGF/SDF-1 promotes cardiac stem cell mobilization 
and myocardial repair in the infarcted heart. Cardiovasc Res. 
2011;91:402–11.

	61.	 He H, Zhao ZH, Han FS, Liu XH, Wang R, Zeng YJ. Overex-
pression of protein kinase C ɛ improves retention and survival 
of transplanted mesenchymal stem cells in rat acute myocardial 
infarction. Cell Death Dis. 2016;7: e2056.

	62.	 Shan S, Liu Z, Guo T, Liu C. Growth arrest-specific gene 6 trans-
fer promotes mesenchymal stem cell survival and cardiac repair 
under hypoxia and ischemia via enhanced autocrine signaling and 
paracrine action. Arch Biochem Biophys. 2018;660:108–20.

	63.	 Lu D, Liao Y, Zhu SH, Chen QC, Xie DM, Liao JJ, et al. Bone-
derived Nestin-positive mesenchymal stem cells improve cardiac 
function via recruiting cardiac endothelial cells after myocardial 
infarction. Stem Cell Res Ther. 2019;10(1):127.

	64.	 Elmadbouh I, Haider HKh, Jiang S, Idris NM, Lu G, Ashraf M. 
Ex vivo delivered stromal cell-derived factor-1alpha promotes 
stem cell homing and induces angiomyogenesis in the infarcted 
myocardium. J Mol Cell Cardiol. 2007;42(4):792–803.

	65.	 Xu W, Xu R, Li Z, Hu R. Hypoxia changes chemotaxis behaviour 
of mesenchymal stem cells via HIF-1α signalling. J Cell Mol Med. 
2019;23(3):1899–907.

	66.	 Liu XB, Wang JA, Ji XY, Yu SP, Wei L. Preconditioning of bone 
marrow mesenchymal stem cells by prolyl hydroxylase inhibition 
enhances cell survival and angiogenesis in vitro and after trans-
plantation into the ischemic heart of rats. Stem Cell Res Ther. 
2014;5(5):111.

	67.	 Meng SS, Xu XP, Chang W, Lu ZH, Huang LL, Xu JY, et al. 
LincRNA-p21 promotes mesenchymal stem cell migration capac-
ity and survival through hypoxic preconditioning. Stem Cell Res 
Ther. 2018;9(1):280.

	68.	 Chacko SM, Ahmed S, Selvendiran K, Kuppusamy ML, Khan M, 
Kuppusamy P. Hypoxic preconditioning induces the expression 
of prosurvival and proangiogenic markers in mesenchymal stem 
cells. Am J Physiol Cell Physiol. 2010;299(6):C1562–70.

	69.	 Deng R, Liu Y, He H, Zhang H, Zhao C, Cui Z, et al. Haemin pre-
treatment augments the cardiac protection of mesenchymal stem 
cells by inhibiting mitochondrial fission and improving survival. 
J Cell Mol Med. 2020;24(1):431–40.

	70.	 Choudhery MS, Khan M, Mahmood R, Mohsin S, Akhtar S, Ali F, 
et al. Mesenchymal stem cells conditioned with glucose depletion 
augments their ability to repair-infarcted myocardium. J Cell Mol 
Med. 2012;16(10):2518–29.

	71.	 Li L, Jaiswal PK, Makhoul G, Jurakhan R, Selvasandran K, Rid-
wan K, et al. Hypoxia modulates cell migration and proliferation 
in placenta-derived mesenchymal stem cells. J Thorac Cardiovasc 
Surg. 2017;154(2):543-52.e3.

	72.	 Mirahmadi M, Ahmadiankia N, Naderi-Meshkin H, Heirani-
Tabasi A, Bidkhori HR, et al. Hypoxia and laser enhance expres-
sion of SDF-1 in muscles cells. Cell Mol Biol (Noisy-le-grand). 
2016;62(5):31–7.

	73.	 Gyöngyösi M, Posa A, Pavo N, Hemetsberger R, Kvakan H, 
Steiner-Böker S, et al. Differential effect of ischaemic precondi-
tioning on mobilisation and recruitment of haematopoietic and 



10	 General Thoracic and Cardiovascular Surgery (2022) 70:1–10

1 3

mesenchymal stem cells in porcine myocardial ischaemia-reper-
fusion. Thromb Haemost. 2010;104(2):376–84.

	74.	 Wang W, Jiang Q, Zhang H, Jin P, Yuan X, Wei Y, et al. Intrave-
nous administration of bone marrow mesenchymal stromal cells is 
safe for the lung in a chronic myocardial infarction model. Regen 
Med. 2011;6(2):179–90.

	75.	 Heusch G, Bøtker HE, Przyklenk K, Redington A, Yel-
lon D. Remote ischemic conditioning. J Am Coll Cardiol. 
2015;65(2):177–95.

	76.	 Jiang Q, Song P, Wang E, Li J, Hu S, Zhang H. Remote ischemic 
postconditioning enhances cell retention in the myocardium after 
intravenous administration of bone marrow mesenchymal stromal 
cells. J Mol Cell Cardiol. 2013;56:1–7.

	77.	 Jiang Q, Yu T, Huang K, Zhang H, Zheng Z, Hu S. Systemic 
redistribution of the intramyocardially injected mesenchymal stem 
cells by repeated remote ischaemic post-conditioning. J Cell Mol 
Med. 2018;22(1):417–28.

	78.	 Jiang Q, Yu T, Huang K, Lu J, Zhang H, Hu S. Remote Ischemic 
Postconditioning Ameliorates the Mesenchymal Stem Cells 
Engraftment in Reperfused Myocardium. Plos one. 2016;11(1): 
e0146074.

	79.	 Jiang Q, Xiang B, Wang H, Huang K, Kong H, Hu S. Remote 
Ischemic Preconditioning Ameliorates Sinus Rhythm Restora-
tion rate through Cox Maze Radiofrequency Procedure associ-
ated with Inflammation Reaction Reduction. Basic Res Cardiol. 
2019;114(3):14.

	80.	 Jiang Q, Wang Z, Guo J, Yu T, Zhang X, Hu S. Retrospective 
comparison of endoscopic versus open procedure for mitral valve 
disease. J Invest Surg. 2020. https://​doi.​org/​10.​1080/​08941​939.​
2020.​17265​31.

	81.	 Mieno S, Ramlawi B, Boodhwani M, Clements RT, Minamimura 
K, Maki T, et al. Role of stromal-derived factor-1α in the induc-
tion of circulating CD34+CXCR4+progenitor cells after cardiac 
surgery. Circulation. 2006;114(1 Suppl):I186–92.

	82.	 Shahzad U, Li G, Zhang Y, Yau TM. Transmyocardial revascu-
larization induces mesenchymal stem cell engraftment in infarcted 
hearts. Ann Thorac Surg. 2012;94(2):556–62.

	83.	 Fujii H, Li SH, Wu J, Miyagi Y, Yau TM, Rakowski H, et al. 
Repeated and targeted transfer of angiogenic plasmids into the 
infarcted rat heart via ultrasound targeted microbubble destruction 
enhances cardiac repair. Eur Heart J. 2011;32(16):2075–84.

	84.	 Ling ZY, Shu SY, Zhong SG, Luo J, Su L, Liu ZZ, et al. Ultra-
sound targeted microbubble destruction promotes angiogenesis 
and heart function by inducing myocardial microenvironment 
change. Ultrasound Med Biol. 2013;39(11):2001–10.

	85.	 Tong J, Ding J, Shen X, Chen L, Bian Y, Ma G, et al. Mesen-
chymal stem cell transplantation enhancement in myocardial 
infarction rat model under ultrasound combined with nitric oxide 
microbubbles. PLoS One. 2013;8(11): e80186.

	86.	 Zlabinger K, Lukovic D, Hemetsberger R, Gugerell A, Winkler 
J, Mandic L, et al. Matrix metalloproteinase-2 impairs homing 
of intracoronary delivered mesenchymal stem cells in a porcine 

reperfused myocardial infarction: comparison with intramyocar-
dial cell delivery. Front Bioeng Biotechnol. 2018;6:35.

	87.	 Naderi-Meshkin H, Matin MM, Heirani-Tabasi A, Mirahmadi M, 
Irfan-Maqsood M, Edalatmanesh MA, et al. Injectable hydrogel 
delivery plus preconditioning of mesenchymal stem cells: exploi-
tation of SDF-1/CXCR4 axis toward enhancing the efficacy of 
stem cells’ homing. Cell Biol Int. 2016;40(7):730–41.

	88.	 Heng BC, Hsu SH, Cowan CM, Liu A, Tai J, Chan Y, et al. 
Transcatheter injection-induced changes in human bone 
marrow-derived mesenchymal stem cells. Cell Transplant. 
2009;18(10):1111–21.

	89.	 Yuan L, Sakamoto N, Song G, Sato M. Low-level shear stress 
induces human mesenchymal stem cell migration through the 
SDF-1/CXCR4 axis via MAPK signaling pathways. Stem Cells 
Dev. 2013;22(17):2384–93.

	90.	 Kristocheck M, Dias LD, Ghem C, Eibel B, Kalil RAK, Marko-
ski MM. The homing of bone marrow stem cells is differentially 
activated in ischemic and valvular heart diseases and influenced 
by beta-blockers. J Transl Med. 2018;16(1):133.

	91.	 Li L, Lim RZL, Lee LSU, Chew NSY. HIV glycoprotein 
gp120 enhances mesenchymal stem cell migration by upregu-
lating CXCR4 expression. Biochim Biophys Acta Gen Subj. 
2018;1862(8):1790–800.

	92.	 Seo Y, Shin TH, Kim HS. Current Strategies to Enhance Adi-
pose Stem Cell Function: An Update. Int J Mol Sci. 2019;20(15): 
E3827.

	93.	 Murry CE, MacLellan WR. Stem cells and the heart-the road 
ahead. Science. 2020;367:854–5.

	94.	 Packer M. The Alchemist’s nightmare: might mesenchymal 
stem cells that are recruited to repair the injured heart be trans-
formed into fibroblasts rather than cardiomyocytes? Circulation. 
2018;137:2068–73.

	95.	 Mastrolia I, Foppiani EM, Murgia A, Candini O, Samarelli AV, 
Grisendi G, et al. Challenges in clinical development of mesen-
chymal stromal/stem cells: concise review. Stem Cells Transl 
Med. 2019;8(11):1135–48.

	96.	 Li Z, Zhang C, Weiner LP, Zhang Y, Zhong JF. Molecular charac-
terization of heterogeneous mesenchymal stem cells with single-
cell transcriptomes. Biotechnol Adv. 2013;31(2):312–7.

	97.	 Grigorian Shamagian L, Madonna R, Taylor D, Climent AM, 
Prosper F, Bras-Rosario L, et al. Perspectives on directions and 
priorities for future preclinical studies in regenerative medicine. 
Circ Res. 2019;124:938–51.

	98.	 Ullah M, Liu DD, Thakor AS. Mesenchymal Stromal Cell Hom-
ing: Mechanisms and Strategies for Improvement. iScience. 
2019;15:421–38.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1080/08941939.2020.1726531
https://doi.org/10.1080/08941939.2020.1726531

	Modifying strategies for SDF-1CXCR4 interaction during mesenchymal stem cell transplantation
	Abstract
	Chemokines and cytokines
	Medications
	Biomaterials
	Genetic manipulation
	Hypoxic conditioning
	Ischaemic conditioning
	Device technique
	Conclusions
	References




