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Abstract

Stem cell therapy has shown promise in treating a variety of pathologies, such as myocardial

infarction, ischaemic stroke and organ transplantation. The stromal cell-derived factor-1 (SDF-1)/

CXC chemokine receptor-4 (CXCR4) axis plays a key role in stem cell mobilization. This review

describes the important role of SDF-1 in tissue injury and how it works in tissue revascularization

and regeneration via CXCR4. Furthermore, factors influencing the SDF-1/CXCR4 axis and its

clinical potential in ischaemia reperfusion injury, such as renal transplantation, are discussed.

Exploring signalling pathways of the SDF-1/CXCR4 axis will contribute to the development of

stem cell therapy so that more clinical problems can be solved. Controlling directional homing

of stem cells through the SDF-1/CXCR4 axis is key to improving the efficacy of stem cell therapy

for tissue injury. CXCR4 antagonists may also be effective in increasing circulating levels of adult

stem cells, thereby exerting beneficial effects on damaged or inflamed tissues in diseases that are

currently not treated by standard approaches.
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Introduction

Stromal cell-derived factor-1 (SDF-1), also
known as CXC motif chemokine 12
(CXCL12), is a member of the chemokine
family. The SDF1 gene has a coding region
of 267 bp that encodes an 89 amino-acid
polypeptide residue, with the N-terminus
of SDF-1 thought to be essential for recep-
tor anchoring and activation. One of the
currently recognized SDF-1 receptors is
CXC chemokine receptor 4 (CXCR4),
which consists of 352 amino acids.1 Upon
activation, CXCR4 conveys various signals
to control a variety of biological functions,
such as cell chemotaxis, proliferation, apo-
ptosis, survival, and differentiation.2 SDF-1
was originally thought to be one of the
growth factors of B-lineage progenitor
cells. Unlike chemokines induced by tradi-
tional inflammation, however, SDF-1 is
continuously expressed in bone marrow
stromal cells and bone marrow endotheli-
al cells.3

The chemotaxis function of SDF-1 is
mediated through interaction with its recep-
tor, CXCR4, which initiates downstream
signalling pathways. The CXCR4 receptor
is expressed in several cell types, including
blood cells (lymphocytes and monocytes),
platelets, haematopoietic stem cells, embry-
onic stem cells, and mesenchymal stem
cells.4 CXCR4 expression on the surface of
mesenchymal and haematopoietic stem cells
is of great clinical value due to the potential
application in cell transplantation, and
thus, CXCR4 has become a focus for schol-
ars worldwide. CXCR4 is a seven trans-
membrane receptor that signals through
the G protein cascade-mediated signal
transduction pathway, and the activated
receptor has been shown to increase intra-
cellular calcium ion concentration and
possess strong lymphocyte chemotaxis
activity.5 The SDF-1/CXCR4 axis regulates
the transport and chemotaxis of progenitor
cells during embryonic development,

playing an important role in embryonic

development prior to birth. For example,

studies in SDF-1 or CXCR4 knockout

mice have shown impaired embryonic

tissue development. After birth, the SDF-

1/CXCR4 axis recruits postnatal cells to

sites of injury, and is the regulatory centre

for stem cell mobilization, migration,

and homing.6

Factors influencing function of

the SDF-1/CXCR4 axis

The CXCR4 blocker, AMD3100, has been

shown to enhance the mobilization of bone

marrow cells through SDF-1/CXCR4,

resulting in a reliable source of haemato-

poietic stem cells for the treatment of

haematological diseases.6 However, repair

mechanisms involving mesenchymal stem

cells are different from that of haemato-

poietic stem cells in the treatment of

haematological diseases. Mesenchymal

stem cells in peripheral blood circulation

must reach the site of injury to exert their

abilities, but only about 3–5% of the cells

get to the injured region, where they repair

the tissues through the vascular endotheli-

um.7–9 Difficulty in reaching the injury site

severely limits the efficacy of mesenchymal

stem cells in the treatment of solid organ

injuries, such as acute kidney injury.10–16

Therefore, improvement of the function of

stem cells, especially mesenchymal stem

cells, has become a main focus of stem cell

research, summarised in Table 1.10–16

Several studies have shown that treating

endothelial progenitor cells, mesenchymal

stem cells and smooth muscle cells with

exogenous SDF-1, a hypoxic environment,

or an acidosis environment, enhances the

SDF-1/CXCR4 axis function and improves

the therapeutic effect. SDF-1 overexpres-

sion enhances stem cell homing and produ-

ces more molecules to directly participate

in the neogenesis of vascularization.
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At present, hypoxia and acidosis treatment

are mainly used to enhance stem cell surviv-

al and adhesion.10–16

In animal models of different degrees of

ischaemia, Ceradini et al., (2004)17 found

that the densities of bone marrow cells are

higher in tissues with more severe ischaemia

and that neovascularization is also signifi-

cantly increased in the ischaemic sites.

When endothelial cells are cultured in 1%

oxygen for 12 hours, the expression of

SDF-1 is increased 9-fold, and the hypoxia

condition promotes adhesion of endothelial

progenitor cells to endothelial cells.14

Expression of SDF-1 has been shown to

increase in kidney tissues during renal

ischaemia, but decrease in bone marrow,

leading to reduced adhesion of certain

stem cells to bone marrow tissue, but

increased adhesion to ischaemic tissue.2

Regulation of SDF-1 expression directs

the migration of stem cells to ischaemic

Table 1. A summary of studies investigating stromal cell-derived factor-1 (SDF-1)/CXC chemokine
receptor 4 (CXCR4) axis in stem cell preconditioning.

Publication Cell type Preconditioning Protocol

Effect (increase or

upregulation)

Zemani et al.,

200810
EPC SDF-1 100 ng/ml SDF-1

for 30 min

Angiogenic capacity

Regenerative potential

in ischaemic hind

limb (CXCR4-mediated)

Pasha et al.,

200811
MSC SDF-1 50 ng/ml SDF-1

for 60 min

CXCR4-mediated survival

Regenerative potential

in ischaemic myocardium

(CXCR4-mediated)

Hung et al.,

200712
MSC Hypoxaemia 1% O2 for 24 h CXCR4 expression

SDF-1-induced migration

Engraftment into

developing embryos

Liu et al.,

201013
MSC Hypoxaemia 3% O2 for 24 h CXCR4 and CXCR7

expression

SDF-1-induced migration,

adhesion, survival

Kubo et al.,

200914
PBMNC Hypoxaemia 2% O2 for 24 h CXCR4 expression

Adhesion

Retention in ischaemic

limb

Tang et al.,

200915
CLK Hypoxaemia 0.1% O2 for 6 h CXCR4 expression

Regenerative potential

in ischaemic myocardium

(CXCR4-mediated)

Cencioni et al.,

201316
BM-c-kitþ

cells

Acidic

preconditioning

pH 7.0 for 24 h CXCR4 expression

SDF-1-induced migration,

differentiation

(CXCR4-mediated)

Regenerative potential

in ischaemic limb

EPC, endothelial progenitor cells; MSC, mesenchymal stem cell; CLK, cardiosphere-derived Lin–/c-kitþ progenitor cells;

PBMNC, peripheral blood mononuclear cells; BM, bone marrow.
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kidney tissues to initiate repair.18 Ceradini
et al.17 also found that because SDF-1a is
highly expressed in ischaemic tissue,
CXCR4-positive cells always migrate
against the concentration gradient of
oxygen, suggesting that SDF-1 is an endo-
crine regulator that mediates the migration
of endothelial progenitor cells to the ischae-
mic region.

In addition to AMD3100, other drugs
also affect the SDF-1/CXCR4 axis func-
tion. Cobalt chloride treatment increases
the number of haematopoietic stem cells
in peripheral blood while upregulating
SDF-1 expression to promote the transfer
of stem cells to the ischaemic site.19 Both
in vivo and in vitro animal studies have
confirmed that cobalt chloride stimulates
the production of erythropoietin, which
promotes mitosis in cultured cells, and facil-
itates endothelial progenitor cell prolifera-
tion in bone marrow and endothelial
progenitor cell migration to peripheral
blood.19 In rat models of hindlimb ischae-
mia, increased erythropoietin is associated
with increased blood flow in the ischaemic
area compared with controls.20 In clinical
trials, patients with acute coronary syn-
drome have significantly elevated erythro-
poietin levels compared with patients with
stable angina. Multivariate analysis has
revealed that erythropoietin levels are an
independent predictor of endothelial pro-
genitor cell number.2,17

Ceradini et al.21 found that hydralazine
stabilizes hypoxia-inducible factor (HIF)-1
and mimics hypoxia in organisms, i.e., it
creates chemical hypoxia. HIF-1 is a tran-
scription factor that is widely involved in
hypoxia-induced specific responses in mam-
malian cells and plays a key role in the reg-
ulation of hypoxia-induced gene expression.
HIF-1 participates in regulating a series of
genes by interacting with hypoxia response
elements in target genes that are induced by
hypoxia, namely, angiogenin and platelet-
derived growth factor. Although chemical

hypoxia does not cause direct tissue
damage, it stabilizes hypoxia-related fac-
tors, such as HIF-1. Elevated concentra-
tions of HIF-1 in tissues further increase
the expression of SDF-1 and numerous
cytokines.22 The SDF-1 enhancer contains
a responsive element for hypoxia, suggest-
ing that SDF-1 may be a gene located
downstream of HIF-1.13 Therefore, the
injury site-specific application of hydral-
azine establishes a localized chemical
hypoxia condition and promotes the
recruitment of endothelial progenitor cells
to that location. Furthermore, systemic
administration of hydralazine increases the
total number and function of endothelial
progenitor cells, thereby improving the
health of the entire cardiovascular system.
If the effect of hydralazine on the SDF-1/
CXCR4 axis is specific and precise, the
clinician would only need to manage the
location of drug application to achieve
directional control of the movement of
endothelial progenitor cells. HIF-1a binds
to the 30 enhancer sequence of the erythro-
poietin loci and promotes its transcription,
suggesting that the increase in erythropoie-
tin expression is regulated by elevation of
HIF-1a.23 All of the above data suggest
that these drugs influence the SDF-1/
CXCR4 axis through the regulation of
HIF-1a.

Si et al. (2015)24 reported that transform-
ing growth factor (TGF)-b1 antibody
affected surface expression of CXCR4 in
mesenchymal stem cells from tissue homog-
enate of a rat model of renal ischaemia-
reperfusion injury, and reduced its tendency
to bind with SDF-1. TGF-b1 antibody was
also shown to inhibit CXCR4 expression
in the renal tissues of rats, suggesting
that TGF-b1 may promote the homing of
mesenchymal stem cells by influencing
CXCR4 expression.

Cytokines (such as vascular endothelial
growth factor [VEGF]), hypoxia, drugs,
and many other conditions effectively
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regulate the SDF-1/CXCR4 axis.

Therefore, hypoxia preconditioning com-

bined with cytokine/drug treatment has

become an important part of many cell

transplantation therapies.

Adverse functions of the

SDF-1/CXCR4 axis

Many types of tumours secrete SDF-1 to

promote tumour growth and metastasis.

The intrinsic levels of SDF-1 in several tis-

sues, such as lung, liver, and lymph nodes,

are relatively high, which may explain why

these tissues are common sites for tumour

metastasis.25 In addition to regulating cell

proliferation and apoptosis, SDF-1 pro-

motes cancerous growth by stimulating

angiogenesis, which establishes tumour

blood supply.26,27

Although the positive roles of the SDF-

1/CXCR4 axis in injury repair have been

recognized, there is evidence to suggest

that the SDF-1/CXCR4 axis can play a

negative role in ischaemic repair of certain

tissues. In animal models of ischaemic

reperfusion, the SDF-1/CXCR4 axis may

cause increased infarct size and extended

scar length in cardiac ischaemia, leading

to left ventricular dysfunction.28 This phe-

nomenon may be a result of infiltration of

inflammatory cells and aggregation of fibre

cells mediated by the CXCR4 signalling

pathway, and concurs with results from

a model of pulmonary fibrosis.29 These

data suggest that the therapeutic potential

of the SDF-1/CXCR4 axis in ischaemia-

reperfusion injury remains unclear and

requires further investigation.

SDF-1/CXCR4 axis in ischaemic

injury response

The SDF-1/CXCR4 axis is the initiating

factor controlling the migration of stem

cells, although SDF-1 was originally

described as a cytokine released by plasma

cells that maintains stem cells in a ‘hibernat-

ing state’ in bone marrow.30

Ischaemic injuries in tissues and organs

are often accompanied by many other

events, including cellular hypoxia, low

pH/acidic cellular environment, inflamma-

tory reactions and insufficient supply of

nutrients, all of which initiate the process

of revascularization and tissue regenera-

tion. VEGF, fibroblast growth factor

(FGF)-2, platelet-derived growth factor,

and angiogenin all participate in tissue

remodelling, whereas cytokines, such as

SDF-1, interleukin (IL)-8, and monocyte

chemoattractant protein-1, promote stem

cell homing, enhance progenitor cell prolif-

eration and activate the repair of mature

endothelial cells and smooth muscle cells.31

Tissue ischaemia results in the formation

of neovascular structures and vascular

remodelling to ensure maximum tissue

perfusion. Immediately after vascular

remodelling, tissue regeneration initiates.

The injured tissue releases VEGF, SDF-1,

and granulocyte-colony stimulating factor

(G-CSF) to promote the proliferation of

endothelial cells and their migration along

new capillaries. These factors also stimulate

the recruitment of stem cells mobilized from

bone marrow towards the damaged sites

and promote stem cell differentiation into

tissue cells.32,33 The SDF-1/CXCR4 axis

plays a critical role in the revascularization

process and in the regulation of endothelial/

progenitor cell activities.
Once activated, CXCR4 induces several

signalling cascades and initiates blood

vessel formation. Through launching calcium

mobilization and activating protein kinases,

including protein kinase C, phosphatidylino-

sitol 3-kinase, tyrosine kinase 2, and nuclear

factor-kappa B, CXCR4 regulates cell

migration, cytoskeletal reorganization,

extracellular stromal cell adhesion, extracel-

lular signal-regulated kinase-1/2 activation,
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AKT serine/threonine kinase activation,
and cell growth, survival, and apoptosis.32

The core issue in ischaemic tissue
damage is tissue hypoperfusion and cell
hypoxia, which disrupts the cellular oxida-
tive respiratory chain, ultimately causing
metabolic and functional impairment in
cells. Under hypoxic conditions, SDF-1
expression is upregulated in endothelial
cells through HIF, and the degree of upre-
gulation is proportional to the degree of
hypoxia. In addition, hypoxia-ischaemia
induces HIF-1-mediated upregulation and
activation of CXCR4 expression, thereby
further enhancing the chemotaxis effects
of SDF-1.33 SDF-1 overexpression in
plasma is an important prerequisite for
bone marrow mobilization. SDF-1 regu-
lates the adhesion of stem cells to endothe-
lial cells and promotes stem cell
transendothelial movement by activating
integrin protein, which causes progenitor
cells to be disseminated into ischaemic
tissue after extravasation.34 Consequently,
under the action of cytokines and mechan-
ical stress at the injured site, progenitor cells
begin to differentiate into damaged tissue
cells and exert paracrine signalling effects
to reduce tissue damage and accelerate
repair. However, many high-quality studies
indicate that progenitor cells rarely differ-
entiate and mainly have paracrine effects on
tissue repair.17,35,36

Cytokines, such as VEGF and FGF,
have been confirmed to upregulate SDF-1
expression levels, and neutralizing these fac-
tors has been shown to block the angiogenic
response induced by VEGF and FGF.12

A study involving a rat model of myocardi-
al infarction revealed that two months after
myocardial infarction, transplantation of
SDF-1-overexpressing fibroblasts improved
cardiac function and ventricular remodel-
ling, providing evidence that regulating
cytokines and the SDF-1/CXCR4 axis
affects the number of stem cells in circula-
tion and achieves better repair of tissue

damage.37 The importance of SDF-1 in clin-

ical diagnosis of ischaemic cardiovascular

diseases has become increasingly prominent.

In patients with myocardial infarction, the

SDF-1 level is the only factor that can pre-

dict if CD34þ cells will increase after the use

of cytokines.36 Moreover, the level of SDF-1

is notably higher in patients with unstable

angina than in patients with stable angina.

AMD3100 and mechanism

of activation

The role of AMD3100 in stem cell mobili-

zation has generated strong interest among

researchers. The major ligand-binding sites

in the CXCR4 receptor are Aspl71 and

Asp262 in the IV and VI transmembrane

regions, as well as Glu288 in the VII trans-

membrane region. Among these sites,

Glu288 is the principle site of action for

AMD3100 where it blocks SDF-1 binding

to CXCR4.38

CXCR4 is highly expressed in haemato-

poietic and mesenchymal stem cells, and

SDF-1, which is continuously secreted by

bone marrow stromal cells and endothelial

cells, exerts a strong chemotactic pull on

these cells. This interaction is the operating

basis of the SDF-1/CXCR4 axis in the

migration and homing of stem cells.

During the stem cell homing process, trans-

location of vascular endothelial cells and

extracellular matrix into the marrow pods

is a prerequisite for further interaction with

stromal cells.16 Adhesion molecules,

SDF-1, and growth stimulatory factors all

participate in this step to complete the

entire process of homing and planting.

First, E-selectin and P-selectin mediate the

rolling of stem cells in the endothelial cell

layer. Subsequent secretion of SDF-1 by

endothelial cells activates CXCR4þ stem

cells and induces the interaction between

lymphocyte function antigen (LFA)-1/

intercellular adhesion molecule (ICAM)
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and very late activation antigen (VLA)-4/
vascular cell adhesion molecule (VCAM)-1
to initiate the attachment of stem cells to
endothelial cells. VLA-4 and VLA-5 then
interact with extracellular matrix fibronec-
tin to allow stem cells to pass through the
extracellular matrix and move to the bone
marrow ridge by following the concentra-
tion gradient of SDF-1, thereby completing
the homing process.33,39 In contrast, mobi-
lization is the opposite process of homing.
Under the action of cytokines and chemo-
kines, the adhesion molecules that mediate
haematopoietic stem cell anchoring in bone
marrow stromal cells are destroyed, thereby
releasing stem cells to mobilize into periph-
eral blood.

As a specific antagonist of CXCR4,
AMD3100 has no activation effect on
CXCR4 itself but can effectively block the
interaction between SDF-1 and CXCR4.
Thus, AMD3100 has great potential to
be utilized as a stem cell mobilizer and a
resourceful tool to provide a large amount
of stem cells to treat certain related diseases.
In December 2008, the US Food and
Drug Administration approved the use of
AMD3100 by injection (produced by
Genzyme) as an atypical drug for diseases
that require stem cell transplantation,
such as multiple myeloma and non-
Hodgkin’s lymphoma.40

In addition to the above effects,
AMD3100 synergistically downregulates
the expression of adhesion molecules and
prevents the chemotaxis effect of SDF-1 on
stem cells, despite high SDF-1 expression
levels in the bone marrow milieu. This
effect further inhibits stem cell homing and
promotes stem cells to enter the peripheral
blood circulation. Subcutaneous injection of
AMD3100 increases CD34þ cells in periph-
eral blood by more than 10-fold.41 Although
AMD3100 blocks the SDF-1/CXCR4 axis,
however, the homing ability of stem cells is
reduced, and the cells lack proper tissue
repair function.

In summary, AMD3100 is safe and effec-

tive in mobilizing stem cells and has great

potential for application in the repair of

damaged tissues.

Mechanism of injury repair with

stem cells

Stem cell technology has improved consid-

erably since the 1990s, and has become

increasingly popular among scholars world-

wide. In normal mouse models, the number

of stem cells in the peripheral blood is low,

and their functions are unnoticeable.

However, in mouse models with various

injuries, both the numbers and functions

of stem cells in peripheral blood are signif-

icantly increased.42

To determine whether the SDF-1/

CXCR4-axis is the driving force for recruit-

ment of haematopoietic stem cells to the

injured kidney, migration of exogenous

haematopoietic stem cells was followed in

a model of unilateral renal ischaemia/reper-

fusion. This model gives an opportunity to

compare the migration of haematopoietic

stem cells in injured and normal tissue

within one mouse, and showed that injury

is necessary for haematopoietic stem-cell

migration and that SDF-1 alone is not suf-

ficient for migration.43,44

At present, stem-cell repair of injury sites

is commonly believed to consist mainly of

the following two pathways:45–51 (1) direct

differentiation of stem cells into damaged

tissue cell types; and (2) acceleration of

the repair process through paracrine

actions that produce anti-inflammatory

and anti-apoptotic molecules, and angio-

genic factors, to reduce the apoptotic and

inflammatory response of damaged cells.

When damage to the body occurs, the activ-

ities of the above two pathways are signifi-

cantly elevated.
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Ischaemia-reperfusion injury and

kidney transplantation

Ischaemia-reperfusion injury is a common
pathophysiological process, and is generally
found in key organs, such as the heart,
brain, and kidney. For example, kidney
transplantation, which involves kidney
extraction, transplantation surgery, and
transplantation of renal arteriovenous fistu-
la, is the most typical ischaemia-reperfusion
injury observed in the clinic.

In renal ischaemia-reperfusion injury,
mitochondria-mediated oxidative burst is
believed to be the primary cause of cell
damage. Ischaemia-reperfusion injury is
primarily caused by increased oxygen free
radicals in kidney tissue cells, intracellular
calcium overload, and disorders in energy
and hormone metabolism.52 In this compli-
cated pathophysiological process, the
damage to renal tissues caused by reactive
oxygen species is the main mechanism of
producing renal tissue lesions, and is also
the ultimate path for many factors to inflict
damage to the kidney tissue. During ischae-
mia and hypoxia, the enzymatic scavenging
system of free radicals is supressed, ATP
consumption is elevated, and hypoxanthine
and xanthine accumulate. When reperfu-
sion begins to restore the oxygenated
blood supply, the catalytic activities of xan-
thine and hypoxanthine oxidase increase,
and leakage of univalent oxygen free radi-
cals from the mitochondria also increases.53

Moreover, neutrophils are activated by
complements, and metabolites are derived
from arachidic acrylic acid.54 These result-
ing effects all cause an exponential increase
in the production of oxygen free radicals.

In China, kidneys donated by the general
public are gradually replacing the tradition-
al kidney collections from death-row
inmates,55 and the quality of donor kidneys
is simultaneously reducing. The incidence
of post-transplant delayed graft function
has increased notably, which has a serious

negative impact on the rate of graft surviv-

al. The physiological basis of delayed graft

function is mostly a result of acute tubular

necrosis caused by ischaemia-reperfusion

injury.56 Although researchers have tried

to improve ischaemia-reperfusion, using

early biomarkers, new organ preservation

technology and effective drugs, none can

solve the problem completely. If renal

ischaemia-reperfusion injury can be proper-

ly treated or prevented, the prognosis of

patients will significantly improve. Thus,

ischaemia-reperfusion injury remains an

important topic in the field of organ

transplantation.
With improvements in transplant sur-

gery and immunosuppressive drugs, acute

rejection is being well-controlled in most

medical transplant centres, however,

chronic rejection and chronic allograft

nephropathy still threaten long-term graft

survival, and are a major reason for graft

loss. In 2014, Chen et al.57 reported that

SDF-1/CXCR4 signalling could preserve

microvascular integrity and decrease

kidney fibrosis in chronic kidney disease,

including renal transplant recipients.

Through in vitro and in vivo evidence, they

showed that augmentation of the SDF-1/

CXCR4 axis, either purposefully or seren-

dipitously with novel or existing therapies,

may attenuate renal decline in chronic

kidney disease so that renal transplant

recipients may have a new way to prevent

graft loss.57

Unfortunately, stem cell therapy has not

yet proved effective in clinical practice, and

barriers to effective kidney transplantation

remain, however, stem cell therapy still

shows great potential for the future.

Research progress in graft repair

by stem cells

In a US study from Johns Hopkins, using

rat models of skin-grafts, rats were divided
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into five groups as follows: normal saline
group, FK506 group, AMD3100 group,
AMD3100 plus FK506 (AF) group (7-day
dosing regimen) and AF prolonged treat-
ment group (7 day regimen repeated at the
1st, 2nd, and 3rd month). FK506, a calci-
neurin inhibitor, is an immunosuppressive
agent widely used in kidney transplant
recipients. The concentration used for low
dose FK506 was 0.05 mg/kg/day, and the
concentration used for AMD3100 was
1mg/kg. Skin graft survival time in
AF-group rats was found to be consider-
ably longer than in the single-drug treated
group or control group. Pathological
immunohistochemistry showed that in the
AF group, CD34þ and CD133þ cells
increased significantly in the transplanted
kidney tissues. However, in the AMD3100
single-drug group, CD34þ and CD133þ
cells in the peripheral blood significantly
increased, but these cells did not show sig-
nificant changes in the transplanted kidney.
These results suggest that AMD3100 mobi-
lizes stem cells into the peripheral blood cir-
culation, but these stem cells are retained in
the liver, spleen, lung, and other organs.
Only 3% of the mobilized cells will eventu-
ally pass through the vascular endothelium
and reach the targeted recruitment site of
the lesion. Nonetheless, after adding a
small dose of FK506, the survival rate
and pathological appearance of the rat
skin grafts were significantly improved, sug-
gesting that low dose FK506 plays an
important protective role in ischaemia-
reperfusion injury. The mechanism of
action of FK506 on stem cell recruitment
is currently unclear, but low dose FK506
may upregulate SDF-1 levels in the graft
via FK-binding protein 12 and not through
the traditional calcineurin pathway.58

Direct differentiation of stem cells

After performing bone marrow transplanta-
tion and AMD3100 plus FK506

pretreatment, a group of American
researchers transplanted green fluorescent
protein (GFP)-labelled Lewis rat bone
marrow into Dark Agouti (DA) mice.
The mice then received kidney transplants
using organs from non-transgenic DA
mouse donors. Immunofluorescence stain-
ing revealed that even though these donor
kidneys should have not express fluorescent
protein, green fluorescence signal was
detected in the transplanted kidneys of
DA mice at 30 days following transplant,
demonstrating that the recipient bone
marrow stem cells were involved in repair
of the transplanted kidneys. GFP-positive
cells were localized in the peritubular area
of the graft, and CD34þ cells were from
the recipient. To determine the extent of
host-derived stem cell repair in the grafts,
the researchers performed another set of
experiments using female (XX) donors and
male (XY) Lewis recipients for renal trans-
plantation, followed by PCR to detect the
Y chromosomal DNA. The results indicat-
ed the presence of Y chromosomal DNA in
renal tubules, glomeruli, and around the
capillaries of renal tubules from the trans-
plant. After calculation, 20–30% of the cells
were Y-positive at 1-month postsurgery,
and 30–50% of the cells were positive for
Y chromosome at 4 months following sur-
gery, suggesting that recipient bone marrow
stem cells contribute to the repair of the
donor kidney.58 The same result is also
shown in swine models.59 Importantly,
stem cell mobilization driven by AF drugs
appears to promote the formation of
donor-recipient chimeras.

Paracrine effects of stem cells

In addition to the theory that stem cells
directly differentiate into renal tubular epi-
thelial cells for repair, some scholars believe
that paracrine signalling of stem cells plays
a major role during the injury repair
process. Mesenchymal stem cells secrete
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anti-inflammatory molecules and inhibit the
production of oxygen free radicals, restor-
ing the enzymatic removal system for free
radicals, resulting in equilibrium between
free-radical generation and elimination.60

Thus, mesenchymal stem cells play an indi-
rect role in anti-oxidation, suggesting that
the inhibition of oxygen free radical pro-
duction by bone marrow mesenchymal
stem cells may be one of the protective
mechanisms of bone marrow-derived stem
cells for renal injury. It has been found that
at 6 months following application of
AMD3100 plus low dose FK506, the
degree of nephritic cell infiltration and
fibrosis is significantly lower versus con-
trols. In addition, inflammatory factors,
such as interferon-c, IL-17, IL-10, and
IL-6, are significantly reduced, while the
CD8þ/CD25þ/Foxp3þ regulatory T cells
increase.61,62 This observation may be relat-
ed to a paracrine effect exerted by stem cells
after migrating to the injured site.

Furthermore, mesenchymal stem cells
promote the production of regulatory
CD4þ/CD25þ T cells to inhibit the prolif-
eration of T lymphocytes and reduce
inflammatory infiltration and kidney
damage, thereby establishing a local
immune-tolerant environment for trans-
planted kidneys.63

In summary, stem cells not only partici-
pate in the repair of transplanted kidneys,
but also reduce apoptosis and tissue inflam-
mation, prevent future fibrosis, and protect
renal function. Infusion of bone marrow
mesenchymal stem cells reduces ischaemia-
reperfusion injury, and the mechanism may
include mesenchymal stem cells secreting
protective cytokines, such as mitogenic fac-
tors and the pro-survival factor insulin-like
growth factor (IGF)-1, in a paracrine
manner.64 These factors participate in reg-
ulating the production and clearance of free
radicals and improving the balance of oxi-
dative and antioxidant systems in the body.
A microenvironment conducive to the

repair of renal tubular epithelial cells is
created, by inhibiting apoptosis of renal
tubular epithelial cells and reducing the
degree of tissue damage, as well as prevent-
ing kidney fibrosis and improving
kidney function.

In renal ischaemia-reperfusion injury,
the loss and dysfunction of renal tubular
epithelial cells are the main changes that
promote the regeneration and repair of
renal tubular epithelial cells. Thus, main-
taining the structural integrity of renal
tubules has become a central focus in treat-
ing this type of injury. When acute tubular
necrosis occurs, intrarenal cells provide the
main source for cellular regeneration. Bone
marrow mesenchymal stem cells can differ-
entiate into intrinsic renal cells, such as
mesangial cells, renal tubular epithelial
cells, and podocytes.65,66

In stem-cell treatment of injuries in
kidney transplants, bone marrow stem
cells not only differentiate into renal tissue
cells but also secrete growth factors to stim-
ulate proliferation of renal tubular epitheli-
al cells. The SDF-1/CXCR4 axis plays a
key role in kidney ischaemia/reperfusion
injury (summarised in Figure 1). Bone
marrow stem cells secrete various substan-
ces, such as epidermal growth factor,
IGF-1, and hepatocyte growth factor.
These growth factors promote cell prolifer-
ation and upregulate HIF-1a expression.
Under natural conditions, HIF-1a and its
downstream gene products protect the
kidney through many mechanisms, includ-
ing increasing oxygen supply, improving
energy metabolism, promoting angiogenesis
and tissue remodelling, preventing free
radical damage, reducing inflammatory
damage, and preventing apoptosis.
Moreover, HIF-1a expression also pro-
motes the migration of bone marrow stem
cells and facilitates tissue repair by enhanc-
ing activity of the SDF-1/CXCR4 axis.
Both elevated local metabolism and inten-
sified local oxygen supply and demand
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conflict increase HIF-1a expression.66,67

Some studies have shown that the bone

marrow inducer, G-CSF, induces HIF-1a
expression, even under normal conditions.67

Conclusions

With the application of immunosuppressive

agents in clinical practice, the incidence of

postoperative acute rejection has been dras-

tically reduced, and the 1-year survival rate

of kidney transplants has reached over 90%.

However, delayed graft function and chronic

rejection are still challenging issues for most

clinicians. Studies on the application of stem

cell technology in related fields have a broad

perspective and significance. Once stem cells

are successfully mobilized and recruited to

the injured site, the ischaemic-reperfusion

environment may promote formation of a

chimeric kidney.68,69 Some scholars suggest

that evidence of >40% recipient repopula-

tion may be a starting point for weaning of

conventional immunosuppression,59 but this

is only a result based on basic research, and

far removed from clinical practice. This

treatment method not only protects the

graft through bone marrow mobilization

and repair, but also helps to establish

immune tolerance in the recipient by induc-

ing the formation of a graft chimera and

increasing the number of local regulatory T

cells. The detailed mechanism of the SDF-1/

CXCR4 axis in kidney transplantation and

its related signalling pathways in various

types of injury repair will become the key

point in stem cell therapy studies.
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ischaemia/reperfusion injury. MSCs, mesenchymal stem cells; VEGF, vascular endothelial growth factor;
B-FGF, fibroblast growth factor; IGF-1, insulin-like growth factor-1; HGF, hepatocyte growth factor.
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