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New Cell Therapy Using Bone Marrow-Derived Stem Cells/Endothelial Progenitor
Cells to Accelerate Neovascularization in Healing of Experimental Ulcerative Colitis
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Abstract: Inflammatory bowel disease (IBD): ulcerative colitis (UC) and Crohn disease (CD) are characterized by recurrent inflamma-
tion and ulceration of intestinal and/or colonic mucosa and an inappropriate and delayed healing. Current therapies with, e.g., anti-TNFo.
antibody (infliximab) and other anti-inflammatory drugs (e.g., mesalamine) do not induce sustained remission, complete healing or pre-
vent recurrence of UC. Although the pathogenesis of UC is not fully understood, pathologic angiogenesis has been postulated as a critical
pathogenic component in UC. Recent studies demonstrated that the poor healing, chronic inflammation in colon of UC could be the result
of microvascular dysfunction and endothelial barrier defect, resulting in sustained tissue hypoperfusion and ischemia in the colon. Previ-
ously, regeneration of injured endothelium and neovascularization were believed to rely solely on the migration and proliferation of
neighboring endothelial cells from existing blood vessels. However, accumulating evidence shows that additional mechanisms may exist,
and may be mediated by the circulating pool of bone marrow-derived endothelial progenitor cells (BMD-EPC). Furthermore, stromal
cell-derived factor-1 (SDF-1) and its receptor CXCR4 have been demonstrated to play an important role in the “homing” of BMD-EPC to
injured sites and neovascularization in tissue repair. Recent studies by others and us showed reduced BMD-EPC levels in the circulation
of IBD patients and rats with experimental UC. However, the potential therapeutic effect of BMD-EPC on neovascularization and colonic
mucosal repair in UC has not been elucidated. In this review, we discussed the possibility that impaired contribution of BMD-EPC (i.e.,
decreased release of BMD-EPC from bone marrow to circulation and/or blocked/impaired homing of BMD-EPC to colonic lesions) may
be a critical component of mechanisms in the incomplete/delayed healing of UC, and may offer a novel form of cell therapy for IBD.
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INTRODUCTION

In 1960, seminal studies by James Till and Ernest McCulloch
demonstrated that bone marrow contains a subset of cells which
upon transplantation into the spleens of lethally irradiated recipient
animals can form macroscopic colonies, termed colony-forming
unit spleen (CFU-S), which contain differentiated progeny of mul-
tiple blood lineages [1]. The subset of these colonies could reform
CFU-S when transplanted into secondary hosts [2]. This work led to
the recognition that stem cells are responsible for the maintenance
and functional integrity of tissues under steady-state conditions and
their repair following injury. These processes are accomplished
through self-renewal, differentiation and extensive proliferation,
controlled by internal genetic events and conditions extrinsic to
stem cells [3]. The finding that adult mammalian stem cells differ-
entiate across the boundaries of tissue lineage has generated much
enthusiasm for their potential therapeutic use in targeted tissue re-
generation and potentially in wound/ulcer healing. Although pro-
genitor cells that reside within injured tissue normally drive tissue
regeneration, recent data indicate that precursor cells originating
from the bone marrow replenish these stem-like progenitor cells.
Following injury, bone marrow-derived cells engraft as differenti-
ated cells into multiple tissues, enhancing healing [4] by three dis-
tinct mechanisms. First, due to the cells’ pluripotent nature, they are
able to differentiate (in response to tissue-specific signals) into cell
types comprising the tissue they have engrafted. Second, these cells
may have the capacity to express and secrete several types of
growth factors that increase the survival and proliferation of en-
dogenous cells populating the engrafted tissue. Third, these cells
can fuse with endogenous cells of the engrafted tissue, increasing
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their capacity to survive and proliferate. In addition to bone mar-
row, other sources of adult stem cells with pluripotent or multipo-
tent differentiation capacity have been proposed, including the skin
[5], adipose tissue [6], and liver [7]. In this review, we focus on the
potential therapeutic role of bone marrow-derived stem
cells/endothelial progenitor cells (BMD-EPC) in UC healing.

BMD-EPC

Two groups independently demonstrated in 1997 and 1998 that
purified CD34+ hematopoietic progenitor cells from adult bone
marrow can differentiate ex-vivo into cells having an endothelial
phenotype [8,9]. These cells named “endothelial progenitor cells”
express various endothelial markers and are incorporated into
neovessels at sites of ischemic hypoxia and injury. Although each
of these early investigations utilized cells that were not truly pluri-
potent stem cells, but rather lineage-committed progenitor cells,
subsequent studies utilizing uncommitted, immature stem cells have
verified the concept that bone marrow-derived stem cells (BMD-
SC) can differentiate into endothelial cells. Several independent
studies demonstrated that BMD-SC and BMD-EPC can engraft
sites of injury and significantly contribute to and enhance neovascu-
larization and healing [10-13], making BMD-SC and BMD-EPC a
potential therapeutic modality for ulcer/wound and tissue injury
healing. A major focus has been on BMD-SC and BMD-EPC abil-
ity to form new vessels in injured tissues, and another has been on
their ability to repair endothelial damage and restore both mono-
layer integrity and endothelial function in denuded vessels. Several
studies have attempted to improve BMD-EPC isolation and purifi-
cation, optimize techniques for cell expansion both in vivo and in
vitro, and identify factors to enhance stem/progenitor cell mobiliza-
tion to and from the bone marrow and direct their “homing” to the
desired sites of engraftment [14-20]. These studies involved eluci-
dation of the chemokine/growth factor receptor signaling pathways
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that regulate BMD-EPC self-renewal, niche retention, mobilization,
colonization and differentiation. Stromal-derived growth factor-1
(SDF-1), which acts through its CXCR4 receptor to modulate sev-
eral diverse stem cell functions including proliferation, niche reten-
tion, homing and colonization, is the most fully characterized factor
acting on BMD-EPC [21]. BMD-EPC are mobilized and released
out of the bone marrow in response to peripheral tissue hypoxia
and/or trauma, through increased production and release of BMD-
EPC-activation factors, such as hypoxia-inducible factor-1 o (HIF-
1a), vascular endothelial growth factor (VEGF), or SDF-1 with a
concentration gradient greater than that in the bone marrow [22-24].
These growth factors attract BMD-EPC to the site of injury.

After release from the bone marrow, BMD-EPC follow cyto-
kine gradients to activated tissues, and then act in one of three
ways: paracrine, integration or new-vessel formation. When reduc-
tion of SDF-1 levels in the bone marrow niche occurs, increased
numbers of hemotopoietic stem cells are released into the peripheral
circulation [25]. After release of BMD-EPC into the peripheral
circulation, SDF-1 continues to play a crucial role in directing them
to the site of injury (Fig. 1). The chemotactic response stimulated
by SDF-1 causes changes in cell adhesion and cell secretion, in turn
guiding them to migrate across the basement membrane of the en-
dothelium towards a high SDF-1 concentration gradient. Several
other chemokines and growth factors such as granulocyte colony-
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stimulating factor, granulocyte monocyte-colony stimulating factor,
stem cell factor, erythropoietin, basic fibroblast growth factor and
VEGF have also been demonstrated to modulate/direct stem cell
function [26,27]. Growth factors in particular can trigger commit-
ment towards a given cell type. For example, VEGF can induce a
non-committed stem cell or partially committed progenitor cell
towards an endothelial phenotype. Combinations of chemokines
and growth factors can produce a synergistic enhancement of stem
cell proliferation and migration [28].

NEOVASCULARIZATION IN WOUND/ULCER HEALING

Growing evidence indicates that new blood vessel formation
(neovascularization) in wound/ulcer healing occurs by two events:
A) Sprouting angiogenesis - formation of new blood vessels from
pre-existing vessels. B) Mobilization of BMD-EPC and other pro-
genitor/stem cells from bone marrow to circulation and their hom-
ing to wound/ulcer area for angiogenesis and vasculogenesis, re-
spectively (Fig. 1). Namely, angiogenesis is the formation of new
blood vessels, either from existing endothelial cells of the
wound/ulcer vascular network that are migrating to and proliferat-
ing in the wound substrate [29] or through the process of intussus-
ceptions [30], where the capillary wall extends into the lumen to
split a single vessel in two. Vasculogenesis is the generation of new
blood vessels by recruitment of undifferentiated BMD-EPC to the
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Fig. (1). A diagram of BMD-EPC mobilization and homing to granulation tissue for neovascularization in gastrointestinal ulcer healing.
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granulations of wound area. They differentiate into endothelial cells
and form capillaries, arterioles and venules in vivo [31]. The newly
formed blood vessels are stabilized by smooth muscle cells, peri-
cytes and the extracellular matrix. The use of cytokines and growth
factors such as SDF-1 and VEGF to stimulate the bone marrow
release of progenitor stem cells for purposes of wound healing or
therapeutic neovascularization has been considered [32-34]. Normal
wound/ulcer healing proceeds through an orderly sequence of steps
that require the control of contamination and infection, resolution of
inflammation, regeneration of the connective tissue matrix, angio-
genesis/vasculogenesis, wound constriction and reepithelialization.
Chronic wounds/ulcers are those that have failed to follow this
sequence and do not achieve a sustained anatomic and functional
regeneration [35]. The hypoxic nature of all wounds/ulcers has been
demonstrated, but when hypoxia is pathologically increased
wound/ulcer healing is impaired [36-38]. Local oxygen tensions in
the vicinity of the wound/ulcer are approximately half the values
observed in normal, non-wounded tissue [39]. Angiogenesis and
vasculogenesis, fibroblast preliferation, and collagen deposition in
granulation tissue are oxygen-sensitive responses essential for
wound/ulcer healing [40-42]. Granulation tissue is an important
component of wound/ulcer healing process because it supplies
blood microvessels and connective tissue cells for the mucosal re-
generation [43-45]. For these reasons, a number of investigators
have focused on the role of hypoxia and neovascularization in
wound/ulcer healing [46-48]. Until now, this area remains an open
field for investigation because the healing of chronic wounds/ulcers
constitutes a major clinical problem.

MUCOSAL HYPOXIA, ABNORMAL MICROVASCULA-
TURE, AND IMPAIRED HEALING IN UC PATIENTS AND
ANIMAL MODELS

Although it is generally assumed that macroscopically “normal”
appearing colonic mucosa in patients with UC in remission (or the
“healed” lesions in experimental animals) has restored mucosal
structures and functions, several studies demonstrate that “healed”
colonic mucosa in UC has structural abnormalities [49,50]. The
colonic mucosa has prominent vascular network that is separated
from the anaerobic and nonsterile lumen of the gut by an epithelial
cell layer. As such, intestinal epithelial cells, which line the mu-
cosa, experience a uniquely steep physiologic oxygen gradient.
During UC, increased tissue metabolism and vascular injury renders
the chronically inflamed mucosa and particularly the epithelium
hypoxic, giving rise to the activation of the hypoxia-responsive
transcription factor HIF.

Recent studies using confocal laser endomicroscopy (CLE)
indicate that normal regular pattern of crypt distribution is distorted
and disorganized, and the lamina propria is expanded in chronic UC
[51]. CLE also showed increase in number, size and tortuosity of
capillary blood microvessels in vivo reflecting increased pathologic
neovascularization in patients with UC in remission [52,53]. These
findings in human UC were also seen by CLE in experimental UC
induced by dextran sulfate sodium in rat and mouse [54,55]. It was
postulated that the poor healing, refractory inflammation, recurrent
ulceration and damage in colonic mucosa of UC could depend on
microvascular dysfunction and endothelial barrier defect, resulting
in sustained tissue hypoperfusion and ischemia in the colon [56].
One of the consequences of vascular ischemia is the development
of tissue hypoxia, which, in turn, may induce intestinal endothelial
and epithelial cell injury due to increased levels of oxygen-derived
toxic free radicals and the production of inflammatory mediators.
Hypoxia is a key regulatory factor in activating neovascularization,
glycolysis and cell migration [57].

ACTIVATION OF HIF-1a IN UC DEVELOPMENT AND
HEALING

HIF-1a is a hypoxia-regulated transcriptional factor, which
controls the expression of a variety of genes responsible for angio-
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genesis, glycolysis and the inhibition of apoptosis. A number of
studies have demonstrated mucosal hypoxia in UC [57]. Consistent
with the presence of hypoxia, the expression of HIF-1a in the colo-
nic mucosa of UC is significantly up-regulated, focally in epithelial
cells, stromal fibroblasts, and myocytes. Our recent study demon-
strated both increased hypoxia of colonic surface epithelial cells as
well as increased HIF-1a prior to epithelial damage in experimental
UC [58]. HIF-1a accumulation and its transcriptional activity in
response to hypoxia lead to increased mRNA expression of VEGF.
Surgical specimens from patients with UC have revealed prominent
HIF-1a activation associated with increased vascular density in
diseased areas [59]. Other studies in humans demonstrated that a
number of microvascular endothelial abnormalities may contribute
to diminished blood flow to the intestine in UC, including the loss
of endothelial nitric oxide generation and enhanced tissue vasocon-
strictor production [60]. Recent studies utilizing conditional intesti-
nal epithelial HIF-1a null mice showed a protective role for epithe-
lial HIF-1a in these murine models of UC. Such protection occurs,
at least in part, through HIF-dependent induction of barrier-
protective genes in the epithelium. More recently, studies employ-
ing pharmacologic activation of HIF-1a via inhibition of HIF prolyl
hydroxylases revealed a significantly protective effect of these
agents in murine models of UC. HIF-1a is also a master regulator
for neovascularization via regulation of the expression of VEGF,
and SDF-1 as well as their receptors Flk-1 and CXCR4 [57].

EXPRESSION OF VEGF AND ITS RECEPTOR
VEGFR2/FLK-1 IN HUMAN AND EXPERIMENTAL UC

VEGF is a fundamental regulator of neovascularization and an
endothelial cell specific mitogen because its receptor 2
(VEGFR2/FIk-1) is primarily restricted to endothelial cells [61].
The loss of a single VEGF allele results in defective vascularization
and an early embryonic death [62]. Binding of VEGF to its specific
receptors (VEGF-R1/FlIt-1 and VEGF-R2/FIk-1) on endothelial
cells, initiates phosphorylation of numerous cytosolic proteins in-
volved in the signal transduction that triggers endothelial cell pro-
liferation, migration and microvascular tube formation [63]. VEGF
has been implicated in the stimulation of pathologic angiogenesis
that underlies proliferative diabetic retinopathy, tumor growth and
metastasis [64,65]. Since neovascularization and tissue regeneration
are integral components of the inflammatory process, the role of
VEGF in IBD has been broadly studied [66-68]. Both serum and
tissue levels of VEGF were significantly higher in active UC pa-
tients [69]. Griga et al. reported increased serum VEGF level in
patients with active UC but not in patients with inactive UC [70]. In
a subsequent study the same group identified the colonic mucosa as
the source of the increased serum level of VEGF [71]. Kanazawa
reported increased VEGF level in the serum and colonic tissue of
patients with active UC [72]. A recent study by Konno et al.
showed an elevated VEGF level in UC [73]. Although a number of
studies have demonstrated that VEGF is associated with pathologic
angiogenesis and inflammation [74,75], however, there is no evi-
dence indicating that VEGF plays a beneficial role in UC, similar to
its established role in healing of other ulcer diseases such as upper
gastrointestinal ulcers and diabetic skin ulcer [76-78]. Our recent
study demonstrated that gene and protein expressions of both
VEGF and VEGFR@ (Flk-1) were increased in UC development
but decreased in healing stage in iodoacetamide-induced UC in rats
(Fig. 2). This may implicate that VEGF plays a dual role and the
low levels of VEGF in healing period may lead to impaired healing
of UC.

Recent findings indicate a novel role for VEGF that is analo-
gous to that described for hemotopoietic stem cells-modulating
cytokines in the regulation of postnatal neovascularization. Previ-
ous reports of endogenous VEGF expression in the bone marrow
environment [79] or bone marrow stromal cell lines are consistent
with the concept of a physiologic regulatory function for VEGF in
BMD-EPC mobilization, similar to the role established for other
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Fig. (2). Expression of VEGF and its receptor 2 (VEGFR2/Flk-1) in colonic mucosa during development (1-48 hr after iodoacetamide) and healing (7-14 days
after iodoacetamide) of experimental UC induced by iodoacetamide in rats. A: Increased levels of VEGF mRNA in initial developmental stage of UC and
decreased levels in healing period measured by Real-time PCR; B&C: Increased levels of VEGF protein and decreased VEGF levels during UC measured by
ELISA (B) and Western blotting (C); D: Increased expression of VEGFR2 mRNA measured by Real-time PCR and E: Increased levels of VEGFR2 protein

measured by Western blotting. Ctrl: control. * p < 0.05; ** p < 0.01.

bone marrow cytokines expressed locally in the bone marrow mi-
croenvironment on hemotopoietic stem cell mobilization. Similar to
other BMD-EPC homing factor, e.g., SDF-1, VEGF also has a
chemoatractive effect on a fraction of bone marrow mononuclear
cells and cultured BMD-EPC, as well as on adhesive mononuclear
cells [80] and monocytes in peripheral blood [81]. Enhanced BMD-
EPC differentiation in culture as early as 4 h following recombinant
human VEGF injection reflects the immediate effect of VEGF on
BMD-EPC mobilization. In addition to these direct effects, indirect
effects of VEGF may help in regulating BMD-EPC mobilization.
Permeabilization of the bone marrow vasculature and mobilization
of adhesive molecule expression on bone marrow endothelium by
VEGF may contribute to recruitment of BMD-EPC into circulation.
BMD-EPC mobilized by VEGF from bone marrow enter into pe-
ripheral blood and serve as source of BMD-EPC that might facili-
tate neovascularization, previously attributed exclusively to angio-
genesis.

EXPRESSION OF SDF-1 AND ITS RECEPTOR CXCR4 IN
HUMAN AND EXPERIMENTAL UC

SDF-1, also known as CXCL12, is firstly characterized as a
pre-B cell growth stimulating factor whose specific receptor is
CXCR4. The SDF-1/CXCR4 chemokine axis has an important role
in the development of cardiovascular, hematopoietic, and central
nervous systems, and is also involved in inflammatory diseases
such as UC. The SDF-1/CXCR4 axis is a crucial regulator of BMD-
EPC function and homing. Recent studies have shown that SDF-1
plays an important role in the regulation of migration, proliferation,
and survival of BMD-EPC. SDF-1 regulates the trafficking of
CXCR4(+) BMD-EPC, their homing/retention in major BMD-EPC
organs and accumulation of CXCR4(+) BMD-EPC in tissues af-

fected by inflammation. Despite the apparently important role of
SDF-1/CXCR4 in BMD-EPC migration, proliferation, survival, and
neovascularization, it is not known what precise role of SDF-
1/CXCR4 plays in mediating mobilization and homing of BMD-
EPC to colonic lesions in UC [82,83]. Recent studies demonstrated
that SDF-1 and CXCR4 are constitutively expressed on intestinal
epithelial cells, lamina propria T cells, and peripheral blood T cells
and their expressions are significantly increased during active or
developing phase of UC but decreased during healing of UC in
patients and experimental animal models [84,85]. Tissue repair and
regeneration after injury is thought to involve the selective recruit-
ment of circulating or resident stem cell populations. The impor-
tance of SDF-1 in BMD-EPC recruitment has been established by
observations that selective expression in injured tissue correlates
with adult stem cell recruitment and tissue regeneration [86]. How-
ever, the pathophysiologic mechanisms underlying localized ex-
pression of SDF-1 and its precise role in UC are still unclear.

REDUCED NUMBER OF CIRCULATING BMD-EPC IN UC

There is strong evidence that BMD-EPC play a significant role
in neovascularization and subsequent tissue repair in some disease
conditions such as acute myocardial infarction, acute lung injury,
and chronic renal disease [87]. However, to date, little is known on
the role of BMD-EPC in healing of UC patients and experimental
UC. Recently, Masuda et al. [88] and Garolla et al. [89] reported a
reduction in the number and function of circulating BMD-EPC in
patients with UC. In contrast, patients with infectious colitis were
found to show higher numbers of circulating BMD-EPC, suggesting
that prolonged response to chronic inflammation is necessary for
UC. Although no direct correlation between the circulating number
of BMD-EPC and the degree of clinical disease activity has been
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observed in UC, it should be noted that the reduced number of cir-
culating BMC-EPC could induce decreased homing of BMD-EPC
to lesions in colon, resulting in defective neovascularization and
delayed healing of UC. There are several possible explanations for
the reduction in the number of circulating BMD-EPC in patients
with UC. Taking into consideration the contention that hema-
topoietic cells (HPCs) are one putative precursor of BMD-EPC, the
ability of HPCs to differentiate into BMD-EPC may be impaired in
patients with UC. If this is true, the factor responsible for this re-
duced ability of the HPCs to differentiate this event may play a
crucial role in the pathophysiology of UC [90].

An alternative explanation for the reduction in the number of
BMD-EPC in the peripheral blood might be due to the consumption
of circulating BMD-EPC at the site of disease. Garolla et al. [89]
reported that an increased apoptotic BMD-EPC population was
found in blood circulation in UC patients and that the isolated
BMD-EPC from peripheral blood of UC patients lost the ability to
proliferate in vitro. The reduction in the number of circulating
BMD-EPC was consistently observed in UC regardless of steroid
and/or 5-aminosalicylate treatment [91]. However, to date, there are
no reports showing whether and to what degree BMD-EPC are
involved in the neovascularization and regeneration of colonic mu-
cosa or what molecules are involved in regulating BMD-EPC mobi-
lization and homing to colonic tissue for repair in UC. Thus, further
studies are needed to define the mechanisms that underlie the re-
duction in the circulating number of EPCs and to better understand
the pathophysiologic consequences of this event in cases of UC.

ABNORMAL AND/OR IMPAIRED NEOVASCULARIZA-
TION INUC

Recent evidence shows that pathologic angiogenesis plays a
crucial role in pathogenesis of experimental UC [92]. Examination
of the relationship between angiogenesis and inflammation in ex-
perimental UC shows that initiating factors for these responses
simultaneously increase as disease progresses. Recent data provide
evidence that differential regulation of the angiogenic mediators
involved in UC-associated chronic inflammation is the basis of this
pathologic angiogenesis. Many factors are involved in this phe-
nomenon, including growth factors/cytokines, chemokines, adhe-
sion molecules, integrins, matrix-associated molecules, and signal-
ing targets. These factors are produced by various vascular, in-
flammatory, and immune cell types that are involved in UC pathol-
ogy. Until recently, the microvascular changes that occur during
UC have not been closely investigated, and we are only beginning
to understand their involvement in the disease process. Our recent
studies demonstrated that differential expression of pro- vs. anti-
angiogenic factors regulates pathologic angiogenesis by creating
imbalances between these regulatory factors (i.e., up-regulation of
pro- over anti-angiogenic factors or relative down-regulation of
anti-angiogenic factors) [93,94]. Evidence indicates that some of
the up-regulated angiogenic factors in UC may prevent the matura-
tion of vessels, contributing to the pathologic nature of this angio-
genesis. Recent studies have shown that VEGF links pathologic
angiogenesis and refractory inflammation in UC, and that it is in-
volved in prevention of vessel maturation and ulcer healing [67].
For example, HIF-1a-induced VEGF production has been shown to
inhibit vessel maturation and pericyte stabilization, resulting in
endothelial cell hyperplasia and abnormal neovascularization
[95,96]. These processes could contribute to a pathologic phenotype
of neovascularization during UC. The assumption that wound heal-
ing related angiogenesis can occur in the form of ulcer repair during
remission of UC suggests a role for physiologic angiogenesis in UC
and may also represent a return to normal regulation of angiogenic
mediators during disease remission and may be the basis for ulcera-
tion recurrence. However, the majority of colonic tissue alterations
that occur during UC are not fully normalized during remission.
Thus, the role of the BMD-EPC in neovascularization may be criti-
cal to the process of UC healing, and understanding the regulation
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of SDF-1 and its receptor CCXCR4 in UC will provide new insight
into healing of UC.

THERAPEUTIC POTENTIAL OF BMD-EPC IN HEALING
OF UC

UC is the most prevalent form of inflammatory bowel disease
with a major clinical and economic impact. The incidence of UC in
the U.S. is 205/100,000 persons, which is the second highest in the
world and steadily increasing. The current anti-inflammatory ther-
apy does not cure the disease and results in long-term remission
only in fewer than 34% of patients [97]. This means that more than
60% of patients are always symptomatic or have frequent disease
recurrence, resulting in decreased quality of life and economic loss
due to inability to work. Recent studies in animal models of UC
indicate that abnormal “pathologic” angiogenesis in colonic mucosa
seem to play a critical role in the development and recurrence of
UC [74, 98,99]. It was demonstrated that the poorly healing, refrac-
tory inflammatory ulceration and damage in colonic mucosa could
depend on the microvascular dysfunction and defect, resulting in
sustained tissue hypoperfusion and ischemia in the colon with UC
[100]. Other studies have demonstrated that stimulation of BMD-
EPC release from bone marrow and their homing to injured tissue
significantly enhances ventricular function after myocardial infarc-
tion by inducing neovasculogenesis [101,102]. However, there is no
study showing whether increased mobilization of BMD-EPC im-
proves UC healing.

We recently tested the roles of SDF-1 and its receptor CXCR4
on homing of BMD-EPC to colonic lesions in UC, as well as the
therapeutic potential of BMD-SC for improving neovascularization
in the healing of UC [103]. Since it has been demonstrated that
inhibition of CXCR4 by its antagonist AMD3100 increases BMD-
EPC mobilization from bone marrow to blood circulation [104], we
tested a hypothesis that increased mobilization of BMD-EPC by
CXCR4 antagonist AMD3100 may accelerate healing of experi-
mental UC induced by iodoacetamide. The results showed that
colonic lesions were significantly reduced in the rats treated with a
single dose of 0.5 mg AMD3100 at 6 hr after iodoacetamide ad-
ministration compared to saline-treated rats (Fig. 3). These findings
demonstrated that SDF-1/CXCR4 axis plays an important role on
healing of UC by regulating mobilization and homing of BMD-EPC
to colonic lesions in rats with UC. Although there is no report indi-
cating BMD-EPC application in healing of UC in human and ani-
mal models, BMD-SC transplantation has been reported to induce
long-term remission in some patients with inflammatory bowel
disease in clinical trials [105]. We also demonstrated that intracolo-
nic administration of BMD-SC significantly reduced colonic le-
sions, while intracolonic administration of IEC-6 cells (normal rat
intestinal epithelial cells) had slightly increased colonic lesions
when compared to the control (Table 1). We concluded that this
beneficial effect is specific to the stem cells, since IEC-6 had no
effect. Thus, BMD-SC therapy seems to achieve a rapid healing of
experimental UC, possibly by promoting neovascularization and
mucosal regeneration. Taken together, these studies provide new
insight into the therapeutic strategies for UC.

In summary, UC is characterized by recurrent inflammation,
ulcerations, and impaired healing and regeneration of the colonic
mucosa. Therapeutic agents currently used are only able to induce
temporary remission but do not cure the disease. Although the
pathogenesis of UC is not fully understood, the poor healing, re-
fractory inflammatory lesions in colon of UC could be due to ab-
normal “pathologic” neovascularization, resulting in sustained tis-
sue hypoperfusion and ischemia of colonic mucosa. Previously,
regeneration of injured endothelium was assumed to rely solely on
the migration and proliferation of endothelial cells from existing
blood vessels at the mucosal bordering necrosis. However, accumu-
lating evidence shows that additional mechanisms may exist, and
may be mediated by the circulating pool of BMD-EPC, resulting in
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Fig. (3). Effects of CXCR4 on healing of experimental UC induced by iodoacetamide in rats. Transitory inhibition of CXCR4 by its antagonist AMD 3100

(0.5mg/rat) significantly reduced lesions in rats with iodoacetamide-induced UC.

Table 1. Effect of Intracolonic Treatment with BMD-SC on Healing of UC Induced by lodoacetamide

Colonic Colon Adhesion Colon wet

Group lesions thickness weight
(mm?) (Scale: 0-3) (Scale: 0-3) (g/100g BW)

IA +saline 152.9 47.7 2.1 0.2 2.1 0.3 2.1 0.3
IA+ IEC-6 224.8 38.5 25 0.2 2.6 0.3 2.3 0.2
IA+ BMD-SC 87.7 40.1* 0.8 0.2* 0.9 0.3* 1.1 0.3*

1A: iodoacetamide; IEC-6: normal intestinal epithelial cells;
BMD-SC: bone marrow-derived stem cells. * p < 0.05 compared to IA + saline;

vasculogenesis. Recent studies demonstrated abnormal neovascu-
larization in the colonic mucosa of patients with UC and experi-
mental UC. Reduced BMD-EPC number was found in UC patients.
The decreased expression of SDF-1 may be associated with reduced
BMD-EPC homing to UC lesions, reduced contribution of BMD-
EPC to neovascularization in granulation tissue of UC, leading to
abnormal microvasculature in mucosa, and impaired mucosal re-
generation and reduction in the quality of healing of UC. Thus, it is
likely BMD-EPC may play an important role in UC healing and
stimulation of BMD-EPC may be a new therapeutic target for im-
proving the neovascularization and quality of mucosal healing in
ucC.
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