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Clinical Application of Stem Cells for Therapeutic Angiogenesis
in Patients with Peripheral Arterial Disease
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Peripheral arterial disease (PAD) may ultimately cause to the loss of the affected limb due to gangrene or infection.
Some patients with PAD may have severe coexisting diseases and diffuse involvement of their distal arteries, and so
they are poor candidates for revascularization procedures. Angiogenesis has recently been suggested to be a new emerg-
ing treatment strategy for patients with PAD. Angiogenesis is defined as the sprouting of new capillaries from pre-exist-
ing vascular structures; this process plays a major role in the development of collateral vessels in an ischemic limb.
Yet, the exact mechanism of angiogenesis is currently poorly understood. It has been established that angiogenesis
is initiated by hypoxia and it requires various pro-angiogenic factors such as vascular endothelial growth factor.
Therapeutic angiogenesis is aimed at enhancing natural angiogenesis by the administration of the cells or genes that
can trigger angiogenesis and this can lead to pain relief and wound healing by the development of collateral vessels.
Most of the recent clinical trials have reported that stem cell therapy for promoting angiogenesis in patients with
PAD improves the ischemic symptoms and enhances wound healing. However, there are several limitations to approve
a standard treatment for PAD such as small sample size in several prevous studies, their diverse inclusion criteria
and the lack of standard assessment methods for the safety and outcome. Therefore, multicenter, large-scale and
randomized controlled studies are needed to prove the safety and efficacy of the clinically applying stem cells for
therapeutic angiogenesis in patients with PAD.
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in the general population and its incidence rises with age

Peripheral arterial disease

Peripheral arterial disease (PAD) is defined as a dis-
order caused by stenosis or occlusion in the aorta or the
larger arteries of the arms and legs, and it is the result
of atherosclerosis, inflammatory processes, embolism or
thrombus. It is a progressive disease that leads to hemody-
namic compromise of the affected limb and it may finally
result in limb amputation due to gangrene or infection
(Fig. 1).

The prevalence of PAD has been estimated to be 3~12%
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(1-7). For people more than 65 years old, the annual in-
cidence is 10-fold higher as compared to 61 cased per
10,000 person-years for males and 54 cases per 10,000 per-
son-years for females (8). According to the third National
Health and Nutrition Examination Survey (9), the ad-
justed odds ratio for the prevalence of PAD was sig-
nificantly greater with tobacco use and the risk of pro-
gression for critical limb ischemia was increased by the
coexistence with diabetes mellitus, tobacco use, a an-
Kkle-brachial index less than 0.5, an age greater than 65
years and hypercholesterolemia (10, 11).

A number of risk factors for PAD have been established:
atherosclerosis involved in the lower extremity is the most
common and important risk factor for asymptomatic or
symptomatic PAD. In addition, the presence of PAD
strongly suggests that coronary artery disease and/or cere-
brovascular disease coexist with PAD because they may
share the same risk factors and pathogenesis.
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The patients with PAD complaints a variety of clinical
manifestations such as intermittent claudication, critical
limb ischemia that is defined as ischemic rest pain, ulcer
or gangrene, although some asymptomatic patients do
exist. PAD is objectively diagnosed by measuring the an-
kle-brachial index (ABI) and PAD defined as less than a
0.9 of ABI value. However, patients with diabetes mellitus
or severe chronic kidney disease show calcification in the
same arteries that have PAD involvement, so ABI meas-
urement doesn’t reflect the presence or severity of PAD.
In that case, the toe-brachial pressure index should be
measured and this is more predictive of substantial arte-
rial disease (12). Once PAD is diagnosed, further evalua-
tion must be done for determining the presence of coexist-
ing atherosclerotic diseases such as coronary artery disease
or cerebrovascular disease.

Fist of all, the management for PAD must include risk
factor modification and medical therapy, and then the
PAD patients can be considered for surgical or endovas-
cular revascularization based on the degree of ischemic
symptoms and the extent of PAD. The revascularization
procedures as a treatment for PAD may be indicated for
1) life-style limiting claudication despite that risk factor
modification, medical treatment and an appropriate ex-
ercise program have been done, 2) pain at rest due to is-
chemia and 3) non-healing ischemic ulceration or gan-
grene (13). However, in spite of optimal treatment, a third
of PAD patients continue to suffer typical intermittent
claudication that profoundly impairs their quality of life
(14). Approximately 40% of the patients with critical limb
ischemia will lose their legs within 6 months and 20% will
die (10), and this mortality is mostly caused by coexisting
coronary artery or cerebrovascular disease. In addition,
some PAD patients often have severe coexisting morbid-
ities such as old age, coronary artery disease, cere-
brovascular disease, complicated diabetes mellitus or se-
vere pulmonary disease, and so they are poor candidates
for surgical or endovascular revascularization.

Fig. 1. Gangrenous change in pa-
tient with peripheral arterial disease.

In addition to atherosclerotic PAD, another cause of
PAD is thromboangiitis obliterans (or Buerger’s disease),
which is a non-atherosclerotic, inflammatory disease in-
volving the small and medium-sized arteries and veins in
the limbs. The underlying pathogenesis of Buerger’s dis-
ease is unknown, but it is thought to be strongly asso-
ciated with tobacco use. It typically occurs in young male
smokers and 75 to 80% of these patients present with is-
chemic rest pain and/or ulceration (15). In most patients
with critical limb ischemia caused by Buerger’s disease,
surgical or endovascular revascularizations may not be in-
dicated because of the diffuse disease involvement of the
distal nature and there are no available distal target ves-
sels for revascularization (16).

For these reasons reasons, angiogenesis has recently
been suggested as a new emerging treatment strategy for
patients with PAD.

Therapeutic angiogenesis

Under normal circumstance, the circulating endothelial
progenitor cells (EPCs) are quiescent, yet under ischemic
situation such as limb ischemia, the EPCs may be mobi-
lized and they proliferate and angiogenesis is then in-
itiated.

Angiogenesis, arteriogenesis and vasculogenesis contrib-
ute to new vessel formation and each term shares or has
separate mechanisms (Fig. 2). This review summarized
the definition and mechanism of angiogenesis because it
mainly serves to form new vessels under various ischemic
conditions.

Definitions

Angiogenesis is defined as the sprouting of new capil-
laries from pre-existing vascular structures and this proc-
ess Is initiated by the migration and proliferation of endo-
thelial cells. As a result, new capillary networks are
formed and these consist of tubes made of endothelial
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Fig. 2. Stages in angiogenesis.

Table 1. Factors/cytokines affecting angiogenesis

Stimulation

Inhibition

Hypoxia

Nitric oxide

Hypoxia inducible factor-1 (HIF-1)

Vascular endothelial growth factor (VEGF)
Acid and basic fibroblast growth factor (FGF)
Angiopoietin 1 (ANG-1)

Platelet derived growth factor (PDGF)
Hepatocyte growth factor (HGF)

Granulocyte macrophage-colony stimulating factor (GM-CSF)
Monocyte chemotactic protein-1 (MCP-1)
Transforming growth factor (TGF) @ &5
Tumor necrosis factor (TNF) @

Angiostatin

Endostatin

Troponin-l

Thromboplastin

Tissue inhibitors of matrix metalloproteinase (TIMPs)
Suramin

cells that lack additional wall structures, including smooth
muscle cells or adventitial stabilizing structures and cells
(17). So, remodeling of the extracellular matrix and ad-
jacent tissue plays an important role in angiogenesis.
Angiogenesis has recently becomes a term to indicate the
growth and remodeling of primitive vessels into a complex
network (18).

Arteriogenesis refers to the growth of pre-existing arte-
riolar collateral vessels and their caliber and wall thick-
ness being increased during arteriogenesis. In comparison
with angiogenesis, sheer stress rather than hypoxia is like-
ly to be the important factor that stimulates arteriogenesis
(19).

In contrast, vasculogenesis describes in situ differ-
entiation from bone marrow-derived EPCs that differ-
entiate into endothelial cells and they fuse into luminal
structures (20). Vasculogenesis leads to new vessel for-
mation in the embryo. In adult, new vessel formation oc-

curs mainly through angiogenesis rather than vasculoge-
nesis.

Mechanisms of angiogenesis

Hypoxia is the most important triggering factor that af-
fects the initiation of angiogenesis. Oxygen tension plays
a major role in the expression of numerous genes such as
the vascular endothelial growth factor (VEGF) family and
pro-angiogenic growth factor (20). In addition, hypoxia
stimulates the transcription of promoter genes and this is
mediated by the activation of hypoxia-inducible farctor-1
(HIF-1) and it leads to increased VEGF.

The key steps during angiogenesis are summarized as
endothelial activation, migration, proliferation and re-
organization (20). These steps are strictly regulated by
pro- and anti-angiogenic factors.

VEGF is derived from platelets and it is a specific mi-
togen for endothelial cells and it is induced by hypoxia
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via HIF-1. It binds with tryrosine-kinase receptors, and
then it stimulates not only endothelial proliferation and
differentiation, but also increased endothelial permeabili-
ty. Other growth factors such as TGF-B, FGF or PDGF
also increase the expression of VEGF, and inhibitory fac-
tors such as angiostatin decrease the VEGF expression
(Table 1).

Although the initiation of angiogenesis is caused by hy-
poxia and several growth factors, vascular endothelial cells
may also be activated. This triggers cell-to-cell contacts to
break and adjacent supporting cells to loosen and it leads
to the migration of endothelial cells into distant sites.
Angiopoietin 2 is an inhibitor of Tie2 signaling, and it
may detach smooth muscle cells and loosen the ex-
tracellular matrix (21, 22). The release of matrix metal-
loproteinase, plasminogen, chymase or heparanase de-
grades the extracellular matrix and leads to the induction
of growth factors (b-FGF, VEGF and IGF-1) (23). The fu-
sion of endothelial cells into the pre-existing vessels forms
the lumen of a collateral vessel. The molecules associated
with lumen formation are integrins (@, 83 and as) and
myocyte enhancer binding factor 2C (MEF2C) tran-
scription factor; in contrast, thrombospondin (TSP)-1 in-
hibits lumen formation (18).

The migration of endothelial cells makes up the loops
in the distal aspect of the occluded or stenotic site and this
consequently forms the endothelial lining of the new ves-
sel’s lumen. In this manner, a new collateral vessel is cre-
ated by the connection of endothelial cells, and then this
becomes a mature network by the recruitment of vascular
smooth muscle cells and the extracellular matrix (Fig. 2).

Clinically, it has been reported that some conditions
such as old age, diabetes mellitus and hypercholester-
olemia reduce the activity of angiogenesis (24); in contrast,
a well-designed program of exercise training stimulates
angiogenesis and improves the ischemic symptoms in pa-
tients with PAD.

Therapeutic angiogenesis aims to enhance natural an-
giogenesis by administering the cells or genes that can
trigger the initiation of angiogenesis and the release of
pro-angiogenic growth factors. Thus, therapeutic angio-
genesis has become an alternative therapeutic strategy for
various kinds of ischemic disease.

Stem cells as a source of angiogenesis

Stem cells are defined as undifferentiated cells that are
capable of self-renewal and differentiation into the speci-
alized cells through their replication (25). In order for any
of the cells that are isolated from peripheral blood, bone

marrow etc. to be defined as stem cells, it must be proved
that the cells differentiate or transform into specific cells
or tissue under specific conditions.

There are three recent revolutionary discoveries for stem
cells that have demonstrates stem cells’ clinical potential
in a variety of diseases (26). First, stem cells have been
discovered in organs that were previously thought to lack
regenerative potential. Second, organ-specific adult stem
cells exhibit much more plasticity than we originally
thought. This fact means that stem cells derived from one
type of cell or tissue can differentiate into unrelated types
of tissue. So, it had been proposed that the use of adult
stem cells should be considered as a treatment strategy for
diseases that require vascular regeneration. Third, embry-
onic stem cells can be isolated and differentiated into a
variety of cell types in vitro. So, their differentiation abil-
ity may hold promise for the treatment of many types of
disease that require tissue repair, such as stroke, neuro-
degenerative disease and myocardial infarction.

Stem cells can be divided into two types, that is, embry-
onic and adult stem cells. Embryonic stem cells are de-
rived from the fetus that is in the blastocyst stage and
these cells have various abilities to differentiate into mul-
tiple cellular lineages. However, there are some problems
with using embryonic stem cells in the clinical field be-
cause these cells tend to develop into tumors such as ter-
atoma, and most of all, the ethical controversies for their
procurement and use remain to be solved. In contrast,
adult stem cells are distributed throughout the body and
they have the potential to differentiate into specific tissue
under certain circumstances, but this potential is quies-
cent under normal physiologic conditions.

Although adult stem cells are distributed throughout the
body, there are tissue-specific locations for each type of
stem cell. For example, hematopoietic and mesenchymal
stem cells are primarily located in bone marrow and pe-
ripheral blood (27), neural stem cells are located in epen-
dymal cells and astrocytes (28), and skeletal-muscle stem
cells are located in muscle fiber (29).

In most clinical trials, peripheral blood, bone marrow,
cord blood or placenta have been used as the sources of
stem cells because these tissues have a rich content of
stem cells and the cells are easily and safely harvested for
isolation (30).

Several experimental studies have reported that purified
stem cells are able to generate cardiomyocytes and vas-
cular structures (31, 32).

The exact mechanisms of angiogenesis by stem cells in
various ischemic vascular diseases are poorly understood.
It is thought that stem cells may cause the release of a
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Table 2. Critical trials of stem cell therapy in peripheral arterial disease (=10 patients)

Authors Disease Stem cell source ROUte. of.cell Results
application
Tateishi-Yuyama ASO* Bone marrow-derived Intramuscular Improvement: Pain free walking time,
E, et al. 2002 mononuclear cells and rest pain, ABlf, TcPO2®
peripheral blood mononuclear
cells (as a control)

Miyamoto K, ASO*+TAO"  Bone marrow-derived Intramuscular Improvement: Pain free walking time,
et al. (37) 2004 mononuclear cells VAS ”, and ABIT
Kawamura A, ASO* Peripheral blood stem cells Intramuscular Prevention of limb amputation:
et al. (38) 2005 (CD34 positive cells) 22 limbs of 30 limbs (73%)
Huang P, ASO* Peripheral blood mononuclear Intramuscular Improvement: Pain, wound healing, ABIT
et al. 2005 (39) cells
Kawamura A, ASO* Peripheral blood stem cells Intramuscular Improvement: subjective symptoms,
et al. (40) 2006 (CD34 positive cells) temperature

Visualization of arteries on CT
Bartsch T, ASO* Bone marrow-derived Combined Improvement: walking distance,
et al. (41) 2006 mononuclear cells intramuscular ABIT, perfusion

and intraarterial

Kim DI, TAOT Whole bone marrow Fenestration through Improvement: Ischemic symptoms
et al. (42) 2006 tibia bone and wound healing

Development of collateral vessels

on angiography
Durdu S, TAO Bone marrow-derived Intramuscular Improvement: Rest pain, peak walking
et al. (43) 2006 mononuclear cells time, QOL%, ABIT

Development of collateral
vessels (angiography)

ASO*: Atherosclerosis obliterans, TAO™: Thromboangiitis obliterans, ABIT: Ankle-brachial index, TcPO2%: Transcutaneous oxygen pressure,

VAS': Visual analog scale, QOL": Quality of life.

variety of angiogenic factors such as VEGF and bFGF,
and these factors mediate a paracrine effect into the ische-
mic lesion, and as a result, angiogenesis is triggered.

For PAD, most trials have reported that peripheral
blood or bone marrow-derived stem cell transplantation
improved the ischemic symptoms, such as claudication, is-
chemic rest pain and enhance wound healing in patients
with ulceration (Table 2).

However, most of the clinical trials and treatments have
shown several limitations so that they cannot yet be ap-
proved as a standard treatment for PAD. These limitations
are 1) too small a sample size, 2) the lack of data for athe-
rosclerotic PAD, 3) diverse inclusion criteria, 4) the ab-
sence of standard methods for assessing the safety and out-
come and 5) the lack of the reports with long-term fol-
low-up after using stem cells for treating PAD. Most of
all, a great portion of clinical trials for PAD have not had
a control group, and this is a weakness to prove the effec-
tiveness of stem cells therapy.

In addition, some studies have reported serous adverse
events, including myocardial infarctions, in-stent stenosis
(33, 34) and arteriovenous fistula (35). There are several

possible mechanisms for these adverse events (36). First,
controlling the migration of stem cells into lesion sites
may modify the risk and benefit of stem cell therapy.
Second, the differentiation of stem cells may not be as di-
rected as we have desired. As a result, acceleration of new
arterial plaque or plaque instability has been demonstra-
ted.

Conclusions

In conclusion, most of the previous clinical trials have
reported that stem cell therapy could serve as a novel ther-
apeutic modality for patients with PAD. However, there
are several limitations to directly apply stem cell therapy
in the clinical field. First, the mechanisms of angiogenesis
by administration of stem cells have not been yet proven.
Second, most of the trials have had a small number of sub-
jects, a variety of inclusion criteria and they were non-
randomized trials. Third, there has been the lack of stand-
ard reporting for the outcomes, adverse events and safety.
Fourth, the most effective type of stem cells, the timing
of administration, the amount and the route of admin-



16 International Journal of Stem Cells 2009;2:11-17

istration that causes angiogenesis in patients with PAD
have not been established.

Therefore, multicenter, large-scale and randomized con-
trolled clinical trials may be fundamental and mandatory
to prove the safety and efficacy of promoting angiogenesis
by the administration of stem cells and for this therapy
to become a standard treatment strategy for the patients
suffering with PAD.
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