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1. ABSTRACT 2. CONTRIBUTION OF SMOOTH MUSCLE CELLS
TO VASCULAR LESIONS
Atherosclerosis is responsible for more than
half of all deaths in western countries. Numerous studies Exuberant accumulation of SMCs plays a
have reported that exuberant accumulation of smooth principal role in the pathogenesis of vascular diseases (1-6).
muscle cells (SMCs) plays a principal role in the In atherosclerotic plaques, SMCs proliferate and synthesize
pathogenesis of occlusive vascular diseases. It has been extracellular matrix, thereby contributing to lesion
assumed that SMCs derived from the adjacent medial layer formation. Percutaneous coronary interventions (PCls)
migrate towards the atherosclerotic lesion, proliferate and have been widely adopted for treatment of coronary
synthesize extracellular matrix, thus contributing to atherosclerosis. Although the increasing use of new
atheroma growth. Although much effort has been devoted devices, such as drug-eluting stents for dilatation of
to targeting the migration and proliferation of medial stenosed arteries has lowered the incidence of restenosis, it
SMCs, no effective therapy to prevent occlusive vascular still limits the long-term outcome of PCI (7). Furthermore,
remodeling has been established. By taking advantage of SMC hyperplasia is also a major cause of postcoronary
genetically-modified mice, we recently reported that bone bypass surgery occlusion (8, 9) and graft vasculopathy after
marrow cells substantially contribute to the pathogenesis of cardiac transplantation, a leading cause of graft failure and
vascular diseases. It was suggested that bone marrow cells retransplantation after the first postoperative year results
may have the potential to give rise to vascular progenitor (10). Therefore, much effort has been devoted to
cells that home in the damaged vessels and differentiate understanding the molecular pathways that regulate SMCs
into smooth muscle cells or endothelial cells, thereby hyperplasia in order to prevent vascular diseases (1-4).
contributing to vascular repair, remodeling, and lesion However, the pathogenesis remains largely unknown and,
formation. This article summarizes what we learned from consequently, effective therapy has not yet been established
genetically-modified animals regarding the origins and the (6). There is a widely accepted view that atherosclerotic
fates of vascular cells that contribute to lesion formation. lesions result from an excessive, inflammatory—
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fibroproliferative response to various forms of insult to the
endothelium and smooth muscle of the artery wall (1-4, 11-13).
In brief, after endothelial injury, inflammatory cells infiltrate
and secrete various cytokines, such as tumor necrosis factor
alpha, interleukin-1B, and interferon-y, which trigger
dedifferentiation of the medial contractile-SMCs that regulate
vascular tone and blood flow under normal physiological
conditions (4, 5). Dedifferentiated synthetic-SMCs are
characterized by a large cell body containing synthetic and
secretary organelles (4, 5, 14-23). Medial synthetic-SMCs are
believed to migrate into the subendothelial space, proliferate,
and synthesize extracellular matrix (2). It was hypothesized
that all of the neointimal cells in post-PCI restenosis and graft
vasculopathy derive from medical SMCs (2). Thus, numerous
pharmacological and gene therapies have been proposed to
target the dedifferentiation, migration and proliferation of
medial SMCs (24-35).

However, there are several phenomena that
could not be explained in accordance with the
aforementioned hypothesis. First, very few papers
documented that SMCs were migrating across the internal
elastic lamina from the media into the subendothelial layer,
as often illustrated in cartoon (2, 4). On the other hand,
many studies have shown that blood cells attach to the
luminal side of mechanically-injured arteries prior to the
development of neointimal hyperplasia that is composed
exclusively of SMCs (36, 37). Second, it was observed that
neointima could be formed in the absence of medial cells after
they underwent apoptosis induced by severe injury (36). In this
study, it was noted that neointimal cells were negative for
SMCs markers and appeared to be hematopoietic rather than
vascular cells at one week after injury. Third, many studies
reported that SMC hyperplasia could be prevented by blocking
chemokines or adhesion molecules (38, 39), which play a
crucial role in recruiting blood cells but have no effect on
migration and proliferation of differentiated SMCs (38).
Fourth, neointimal SMCs are quite distinct from medial SMCs
in phenotype and gene expression patterns (4, 40, 41). For
example, neointimal SMCs have been shown to express a
number of hematopoietic lineage markers, including FK506-
binding protein 12, interferon regulatory factor, and
proinflammatory proteins (40, 41). These findings suggest that
some of the neointimal SMCs might derive from blood cells
rather than from medial SMCs. Evidence in support of this
hypothesis was provided in several models of vascular diseases
(42-45).

3. BONE MARROW-DERIVED SMOOTH MUSCLE
LIKE CELLS IN VASCULAR LESIONS

By taking advantage of genetically-modified
mice, we and others recently suggested that some of the
SMCs in vascular lesions may derive from circulating cells.
Particularly, transgenic or knock-in mice that express
marker genes enabled us to investigate the origin and the
fate of vascular cells in vivo.

3.1. Bone marrow-derived smooth muscle like cells in
graft vasculopathy

The contribution of bone marrow cells (BMCs)
was firstly investigated in graft vasculopathy (Figure 1), a
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robust form of atherosclerosis that develops rapidly in
transplanted organs, leading to failure of the allograft (3,
10). Heterotopic cardiac transplantation was carried out
between wild-type mice and ROSA26 mice (42, 43), which
are transgenic mice expressing LacZ ubiquitously (LacZ-
mice) (46, 47). Four weeks after transplantation of wild-
type hearts into ROSA26 mice, the allografts were stained
with 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside
(X-gal) to identify LacZ-expressing cells. Recipient-
derived SMCs were defined as positive against both of X-
gal and anti-SMalpha-actin immunostaining. Similarly,
ECs and macrophages were identified by immunostaining
with anti-CD31 and MOMA? antibodies, respectively. The
lumens of the large epicardial coronary arteries, their
smaller branches and arterioles were found to have
narrowed because of concentric hyperplastic growth of
neointimal cells, the majority of which were recipient cells
expressing LacZ (42, 43). It was also observed that some of
the medial SMCs, as well as endothelial cells (ECs), had
been replaced by recipient cells. Immunofluorescence
studies revealed that the LacZ-positive cells in the
neointima expressed smooth muscle alpha- actin (SMalpha-
actin) (43). Conversely, when LacZ-positive hearts were
transplanted into wild-type mice, LacZ-negative neointima
developed on the LacZ-positive coronary arteries. These
results indicated that, in graft vasculopathy, the vast
majority of the neointimal cells were derived from the
recipient cells, but not from the medial cells of donor
origin. To identify the potential source of recipient cells,
bone marrow transplantation (BMT) was performed from
LacZ-mice to wild type mice (BMT"**" ! mice). After 4—
8 weeks, wild type hearts were transplanted into the
BMTY2>%d mice, and 4 weeks later, most of the
neointimal cells were found to be LacZ-positive. Similarly,
in studies of BMT followed by cardiac transplant using
transgenic mice that ubiquitously expressed enhanced green
fluorescent protein (GFP mice) (BMT "1 mice) (43), it
was observed that GFP positive cells accumulated on the
luminal side of the graft coronary arteries. The
immunofluorescence study revealed that some of the GFP-
positive neointimal cells in graft vasculopathy also
expressed SMalpha-actin. These results indicate that
recipient BMCs may substantially contribute to neointimal
formation in transplanted grafts.

Consistent with these observations, others
independently reported that recipient cells are a major
source of graft vasculopathy in the aortic transplantation
model (48-51). Moreover, it has been reported that in
human transplant-associated arteriosclerosis after renal
transplantation most of the neointimal cells and ECs are
derived from the recipient (52, 53).

3.2. Contribution of bone marrow-derived cells to
neointima hyperplasia after mechanical injury

We previously reported that BMCs can also contribute to
the pathogenesis of lesion formation after mechanical
vascular injury. (42, 43) (Figure 2). The bone marrow of
wild-type mice were replaced with that of LacZ-mice
(BMTH%>"4 mice) and it was found that transplanted
LacZ BMCs had settled in bone marrow, spleen, and
thymus, whereas LacZ-positive cells were not
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Figure 1. Recipient cells contribute to graft-vasculopathy. When wild-type hearts were transplanted into LacZ-expressing
ROSA26 mice, 90% of neointimal cells were LacZ-positive and thus originating form the recipient (Left; Bar, 50 micrometer).
Conversely, LacZ-negative recipient cells formed neointima on the LacZ-positive coronary arteries after cardiac transplantation
from LacZ-mice to wild-type mice (Right; Bar, 25 micrometer). Bone marrow-derived SMCs were defined as positive against
both of X-gal and anti-SMalpha-actin staining. Similarly, ECs and inflammatory cells were identified by immunostaining with
anti-CD31 and MOMAZ2 antibodies, respectively. Arrows in histological panels indicate internal lamina. Reproduced with

permission from Nature Publishing Company.

detected in the uninjured femoral arteries of the
BMTMZ%d mice. Four to 8 weeks after BMT, the
femoral artery of the BMT"*~%! mice was injured by
inserting a large wire, an excellent model of vascular injury
that resembles balloon angioplasty (36). This injury led to
complete denudation of the endothelium and marked
enlargement of the lumen (36, 45, 54) followed by a
decrease in cellularity in the medial layer caused by acute
onset of SMC apoptosis. One week after the injury, the
artery remained dilated and X-gal staining revealed that
LacZ-positive cells were attached to the luminal side of the
injured vessels. The LacZ-positive cells did not express
markers of neither SMCs (SMalpha-actin) nor ECs (CD31).
The dilated lumen gradually narrowed because of the
formation of neointimal lesions, which were primarily
composed of SMCs. A significant number of the neointimal
and medial cells were LacZ-positive on X-gal staining (43).
Immunofluorescence double-staining documented that
some bone marrow-derived LacZ positive cells in the
neointimal lesions expressed SMalpha-actin or CD31 (45).
These results indicate that BMCs may give rise to vascular
cells, thereby contributing to arterial remodeling after wire-
mediated endovascular injury.

Most of the bone marrow derived cells expressed
alpha-SMA, but not markers for highly differentiated
SMCs. Some CDA45-positive cells also expressed alpha-
SMA. These results indicate that bone marrow-derived
cells present in the neointima easily express alpha-SMA
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even when they remain positive for hematopoietic markers.
In contrast, it seems a rare event, if not at all, for bone
marrow-derived cells to express markers of highly
differentiated SMCs, at least within a few months after a
wire injury. Consistently, it was reported that most of the
bone marrow-derived cells detected in human
atherosclerotic plaques expressed alpha-SMA-positive
cells, but not calponin, a marker for differentiated SMCs
(55).

3.3. Potential mechanism by which bone marrow-
derived cells contribute to vascular lesion formation
Coronary angioplasty causes vessel wall injury
and induces SMC proliferation with subsequent abundant
production of extracellular matrix. Transplant-associated
arteriosclerosis is also considered a consequence of an
immunological attack against the allograft by the recipient.
(3, 10) Various atherogenic substances, such as oxidized
low density lipoprotein (56-58), homocysteine (59),
angiotensin II (60) and lipopolysaccharides (61), have been
reported to induce vascular cell apoptosis, presumably
initiating the earliest phase of lesion development in
atherosclerosis (62). Therefore, neointima formation
appears to be similar to the healing process in response to
vascular injuries (2). In addition to the conventional
assumption that damaged tissues are repaired by individual
parenchymal cells, an accumulating body of evidence
suggests the occurrence of somatic stem cell mobilization
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Figure 2. Contribution of bone marrow cells to healing and lesion formation after mechanical injury. A large wire was inserted
into the femoral artery of irradiated wild-type mice whose bone marrow had been reconstituted with that of LacZ-expressing
ROSA26 mice. Bone marrow-derived SMCs were defined as positive against both of X-gal and anti-SMalpha-actin staining.
Similarly, ECs and inflammatory cells were identified by immunostaining with anti-CD31 and MOMAZ2 antibodies, respectively.
At four weeks post-injury, we observed that about 60% of neointimal cells and 40% of medial cells were LacZ-positive, and thus
derived from the transplanted bone marrow. Arrows and arrowheads in histological panel indicate internal and external elastic
lamina, respectively. Scale bar, 50 micrometer. Reproduced with permission from Nature Publishing Company.

to remote organs, where they differentiate into required
lineages and participate in organ repair and regeneration
(63-67). Consistent with this notion, Minami et al. reported
that extracardiac progenitor cells repopulated into various
types of cells, including endothelial cells and VSMCs by
evaluating human specimen of sex-mismatched cardiac
transplantation (68). Bone marrow might be an additional
source of vascular cells that contribute to both vascular
repair and the pathological remodeling at least in models of
post-angioplasty  restenosis and transplant-associated
arteriosclerosis.

3.4. Fractions of bone marrow cells that contribute to
vascular remodeling

Pluripotent cells in bone marrow are classified as
hematopoietic stem cells (HSCs) and mesenchymal stem
cells. Although it was assumed that HSCs give rise only to
blood cells of hematopoietic lineage (69), recent reports
suggest that they may have the broader potential to
differentiate into various cell types, including epithelial
cells (70), hepatocytes (71), and cardiomyocytes (72). To
identify the bone marrow cells that have the potential to
generate vascular cells, a HSC-enriched fraction (c-Kit',
Sca-1%, Lin") was isolated from the bone marrow of LacZ-
mice by fluorescence-activated cell sorting (43) and 3000
cells were injected into lethally irradiated wild-type mice.
Four weeks after bone marrow reconstitution, the femoral
artery of the recipient mice was mechanically injured with
a large wire (36). At four weeks after the injury, both the

4160

neointima and the media contained many LacZ-positive
cells (43), some of which expressed SMalpha-actin. LacZ-
positive cells were also found to contribute to endothelial
regeneration (43). These findings suggest that the c-Kit",
Sca-1*, Lin™ fraction (KSL fraction) of bone marrow cells
may have the potential to differentiate into either SMCs or
ECs that participate in vascular remodeling.

In contrast, Wagers et al. extensively analyzed organs
of wild-type mice whose bone marrow had been
reconstituted with a single HSC (c-kit Thy1.1°Lin Sca-1").
The authors concluded that transdifferentiation of HSCs
into other lineages is an extremely rare event (73). This
apparent discrepancy could merely derive from the analysis
of non-injured vs. injured tissues in the two studies, or from
the contribution of other cell types in the c-Kit', Sca-1",
Lin" fraction. However, a recent study on ischemic
myocardium failed to detect a contribution of
hematopoietic cells to cardiac, smooth or endothelial
phenotype (74). Thus, we investigated the vascular lesion
induced by wire after the bone marrow was reconstituted
by a single HSC (“Tip”-SP CD34'KSL cell, a bone marrow
cell that had the strongest dye-efflux activity [“Tip”-side
population (SP) cells] with a phenotype of CD34 c-Kit"
Sca-1" Lin~ (CD34KSL))(75, 76). Although we noted
appreciable level of hematopoietic engraftment activity,
very few cells in the lesion were derived from this single
HSC fraction. Our result suggests that it is a rare property
for a highly-purified HSC to transdifferentiate into vascular
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cells, whereas the KSL fraction of bone marrow cells
contained a distinct population that could substantially
contribute to lesion formation. Although the KSL fraction
is considered to be enriched in HSCs (71), mesenchymal
stem cells or multipotent cells that are more primitive than
HSCs (77) could be included in this fraction. It is therefore
plausible that those non-hematopoietic cells in the KSL
fraction might be responsible for the KSL-derived
endothelial-like cells or smooth muscle-like cells observed
in the vascular lesion (43).

3.5. Controversy on the methods to detect “bone
marrow-derived smooth muscle-like cells”

Recently, there are great controversy on the
method to detect trans-differentiation of ectopic cells (73,
74, 78-80). In most of the studies, double
immunofluorescent method is used to detect bone marrow-
derived cells that express a marker of smooth muscle cells
after transplantation of bone marrow cells that had been
genetically labeled with LacZ or EGFP (43, 45, 76).
However, other investigators made a caution regarding the
specificity of co-localizing staining for the cell types and
the markers to detect the origin of the cells in bone marrow
chimeric animals and humans (80). Use of conventional
microscopies potentially increases false co-localization
signal by the overlap of two different cells. For example,
when a “GFP-positive alpha-SMA-negative” inflammatory
cell locates adjacent to a “GFP-negative alpha-SMA-
positive” media-derived SMC, a “GFP-positive alpha-
SMA-positive” pseudo-“bone marrow-derived SMCs”
could be imaged artificially. Thus, higher 3-dimensional
resolution with confocal/deconvolution microscopy is
required to identify colocalization of signal in tissue
sections (80). In this regard, we employed a high resolution
confocal microscopy to convincingly demonstrate that bone
marrow-derived cells did express alpha-SMA in neointima
after wire-mediated vascular injury (45, 76). To rigorously
identify GFP-positive cells, we used plastic embedding to
preserve GFP-fluorescence signal and avoided use of anti-
GFP antibodies that potential increase the risk of false
signalling by non-specific binding of the antibody.

Moreover, there is criticism for the markers to be
used to identify the SMC-like cells. In most of the studies,
alpha-smooth muscle actin (alpha-SMA) is used as a
marker of SMCs, because anti-alpha-SMA antibodies with
high specificity and sensitivity are commercially available
(81). It is well established that alpha-SMA is not a
definitive lineage marker to identify differentiated SMCs,
since alpha-SMA is reported to be expressed in a wide
variety of non-SMC cell types under certain circumstances
including 1) skeletal and cardiac muscle during normal
development, 2) in adult cardiomyocytes in association
with various cardiomyopathies, 3) in fibroblasts (or so-
called myofibroblasts) in a wide range of circumstances
including wound repair , in endothelial cells during
vascular remodeling and/or in response to transforming
growth factor (TGF)-beta stimulation, and 5) in numerous
tumor cells (82). In addition, it is known that some
macrophages are positive for alpha-SMA (82). It is
important to identify SMCs expressing only this differential
marker. Therefore, detailed lineage-tracing study of SMCs
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in atherosclerotic lesions comparing SMalpha-actin
expression with more specific SMC marker including
smooth muscle myosin heavy chain (SM-MHC), caponin,
SM-22 caldesmon and smoothelin (83) would be required
to further characterize bone marrow-derived SMC-like cells
that are positive for alpha-SMA. Moreover, transgenic
animals that express a marker gene only in SMC-lineage
cells under the transcriptional control of SMC-specific
promoter would be useful to avoid potential artificial co-
localizing signaling by overlapping of bone marrow-
derived cells and local residual cells (84, 85).

4. DIVERSE ORIGINS OF NEOINTIMAL CELLS IN
VASCULAR LESIONS

It is certain that bone marrow could not be the
only source of neointimal cells (44). Numerous reports
have shown that neointimal cells are heterogeneous and
that the SMCs in vascular lesions are composed of cells of
diverse origins (19, 45, 86). We also reported that the
cellular constituents in neointimal lesions differ according
to the type of vascular injury (45). Three distinct types
of mechanical injuries were induced in the same mouse
whose bone marrow had been reconstituted with that of
GFP- or LacZ-mice. After wire-mediated endovascular
injury (36), a significant number of the neointimal and
medial cells were found to be derived from bone
marrow. In contrast, marker-positive cells were seldom
detected in the lesion induced by perivascular cuff
placement. There were only a few bone marrow-derived
cells in the neointima following ligation of the common
carotid artery. These findings suggest that the mode of
injury is crucial for the recruitment of bone marrow-
derived cells to tissue remodeling.

There might be several reasons by which different
forms of vascular injuriy led to different contribution of
bone marrow-derived cells. After perivascular cuff-
placement or flow-restriction by ligation, endothelial
cells and medial cells remained relatively intact with
mild expression of MCP-1, SDF-1, and VEGF. Those
minimal changes in vessel wall were associated with
little contribution of bone marrow cells to neointimal
hyperplasia. In contrast, wire injury induced complete
endothelial denudation and medial cell loss due to
apoptosis (87). In this model, the cellularity of the
injured media remains very low until one or two weeks
after the injury (88). The injury induces expression of
MCP-1, SDF-1, and VEGF that may be important for
homing of bone marrow-derived cells. It was observed
that neointimal hyperplasia developed when the media
remained acellular (88). It is most likely that bone
marrow-derived cells must be recruited to repair the
injured artery, when there are not enough local
mesenchymal cells for the process.

Recent advances in  gene-manipulating
techniques have produced various genetically modified
mice to determine the role of specific molecules in vascular
remodeling, such as post-PCI restenosis. However, mouse
arteries, unlike those of larger animals, are too small for
transluminal injury with a balloon. Alternatively, several
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models of vascular injury (89-91) have been shown to
produce neointima-like hyperplasia and are used to
evaluate the susceptibility of transgenic/knock-out mice
to vascular lesion formation. Our findings suggest that
we should be cautious about the difference in the
mechanisms of neointimal hyperplasia when we
compare findings obtained in different experimental
systems.

Given the complexity of  human
atherosclerotic lesions, none of the aforementioned
experimental vascular injury models would represent the
exact human pathogenesis. It has been suggested that
BMCs would substantially contribute to lesion
formation when arteries are subjected to severe forms of
injury (45). Advanced human atherosclerotic lesions
exhibit a higher incidence of internal elastic rupture and
intimomedial interface damage (92), both of which are
associated with focal intra-plaque micro-hemorrhage
(93). Angioplasty markedly denudes the endothelium
and mechanically dilates atherosclerotic lesions with a
tear in the luminal surface (94). It is likely that
circulating progenitors substantially contribute to
vascular remodeling in humans when arteries are
subjected to severe injuries, such as PCI, transplantation
and plaque rupture (43, 45, 54, 95, 96). Consistent with
this notion, an analysis of sex-mismatched bone marrow
transplant subjects revealed that SMCs throughout the
atherosclerotic vessel wall are derived from the donor
bone marrow (97). Of interest is the finding that
recruitment of bone marrow-derived SMC-like cells was
more extensive in diseased compared with undiseased
arterial segments.

5. CELL FUSION AS A POSSIBLE MECHANISM OF
BMC ‘DIFFERENTIATION’

Recent evidence suggests that somatic stem
cells or adult stem cells remain in the adult organism (98).
Many animal studies have documented that adult stem cells
can transdifferentiate into other lineages (65, 70, 99, 100).
In gender-mismatched human BMT, it has been reported
that donor-derived HSCs participated in organ regeneration
(70, 71). On the other hand, the results of recent studies
suggest that adult stem cells adopt a tissue-specific
phenotype by cell fusion, in vitro (101, 102) and in vivo
(103, 104), but not by transdifferentiation. Alvarez-
Dolado et al. demonstrated that bone marrow-derived
cells fuse spontaneously with neural progenitors in vitro
using a simple method based on Cre/lox recombination
to detect cell fusion events (105). Furthermore, bone
marrow transplantation demonstrated that bone marrow-
derived cells fuse in vivo with hepatocyte in liver,
Purkinje neurons in the brain and cardiac muscle in the
heart, resulting in the formation of multinucleated cells
(105). The authors observed no evidence of
transdifferentiation of bone marrow-derived cells
without fusion in these tissues (105, 106). Consistent
with this notion, polyploidization of vascular SMCs in
response to mechanical and humoral stimuli has been
documented (107). Thus, it is possible that fusion
between BMCs and SMCs can account for the presence
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of at least some of the cells identified as bone marrow-
derived SMC-like cells in vascular lesions (43).

On the other hand, we seldom detected
neointimal cells that were positive for both LacZ and GFP,
when we performed heterotopic heart transplantation using
genetically modified mice that express LacZ or green
fluorescent protein (GFP) ubiquitously and constitutively
(108). It was suggested that spontaneous cell fusion
between recipient and donor-derived cells seems to be a
rare event, if it occurs at all, in a murine model of cardiac
transplantation (42). Furthermore, culture of mononuclear
cells can give rise to smooth muscle-like cells in the
absence of SMCs (109, 110), suggesting that circulating
cells can differentiate into adherent cells that express some
SMC-lineage markers. Consistently, it was reported that
bone marrow cells, when properly administrated in the
infarcted heart, efficiently differentiated into myocytes and
coronary vessels with no detectable differentiation into
hemopoietic lineages independently of cell fusion (111).
Here we show that vascular endothelial cells can
differentiate from common myeloid progenitors and
granulocyte/macrophage progenitors. Here we show that
vascular endothelial cells can differentiate from common
myeloid  progenitors and  granulocyte/macrophage
progenitors (112, 113). Thus, it is unlikely that cell fusion
accounts for all types of bone marrow-derived smooth
muscle-like cells.

6. THERAPEUTIC STRATEGIES TARGETING
CIRCULATING VASCULAR PROGENITOR CELLS

Although a lot of effort has been devoted to
targeting the migration and proliferation of medial SMCs
(5), effective therapies based on such strategies have not
yet been established to prevent vascular lesion formation.
Our findings indicate that bone marrow-derived vascular
progenitor cells might become additional targets for this
purpose (43). Consistent with this notion is a previous
observation that transient myelosuppression inhibited SMC
hyperplasia in balloon-injured coronary arteries (114).
Similar effects could be obtained by inhibition of a
chemokine (38) or an adhesion molecule (39), which may
play a crucial role in the recruitment and homing of
putative SMC progenitors. Recently, the sirolimus-eluting
stent has emerged as a promising strategy to inhibit post-
PCI restenosis (115, 116). In spite of clinical enthusiasm,
very little is known as yet about the mechanism by which
sirolimus-eluting stent effectively prevents neointimal
hyperplasia. It is possible that sirolimus effectively inhibits
accumulation of bone marrow-derived vascular precursors
when delivered locally at the site of progenitor cell
accumulation. We recently reported sirolimus potently
inhibits differentiation of human vascular progenitor cells
(110). The potent inhibitory effects of sirolimus on
circulating smooth muscle progenitor cells may, at least in
part, mediate the clinical efficacy of SES. On the other
hand, sirolimus potentially inhibited differentiation of
endothelial progenitor cells and retarded
reendothelialization. Influence on re-endothelialization
might be, at least in part, responsible for late thrombosis,
which could be observed occasionally in some patients
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treated with SES after interruption of anti-platelet therapy
(117).

7. PERSPECTIVE

Further studies are needed to identify and
characterize putative vascular progenitor cells. It has been
observed that bone marrow-derived cells were negative for
the markers of SMCs and ECs when they homed on the
luminal side of the artery at 1 week after mechanical injury
(43), so it is likely that plastic, immature cells may be
mobilized to the injured vessels, where they differentiate in
response to mechanical and humoral stimuli. Consistent
with this notion, it has been reported that blood cells
contain progenitors that have the potential to differentiate
into either ECs or SMCs in vitro according to the
composition of the culture medium under certain conditions
(95, 97, 109, 118). Experiments that dissect the molecular
mechanisms by which progenitors are recruited and
differentiate at the site of injury are required.

8. ACKNOWLEDGEMENTS

This study was supported in part by grants from
the Ministry of Education, Culture, Sports, Science and
Technology and the Ministry of Health, Labor and Welfare
of Japan.

9. REFERENCES

1. Ross, R.: Rous-Whipple Award Lecture. Atherosclerosis:
a defense mechanism gone awry. Am J Pathol 143, 987-
1002 (1993)

2. Ross, R.: The pathogenesis of atherosclerosis: a
perspective for the 1990s. Nature 362, 801-809 (1993)

3. Ross, R.: Genetically modified mice as models of
transplant atherosclerosis. Nat Med 2, 527-528 (1996)

4. Ross, R.: Atherosclerosis--an inflammatory disease. N
Engl J Med 340, 115-126 (1999)

5. Walsh, K. & H. Perlman: Molecular strategies to inhibit
restenosis: modulation of the vascular myocyte phenotype.
Semin Interv Cardiol 1, 173-179 (1996)

6. Walsh, K., R. C. Smith & H. S. Kim: Vascular cell
apoptosis in remodeling, restenosis, and plaque rupture.
Circ Res 87, 184-188 (2000)

7. Kearney, M., A. Pieczek, L. Haley, D. W. Losordo, V.
Andres, R. Schainfeld, K. Rosenfield & J. M. Isner:
Histopathology of in-stent restenosis in patients with
peripheral artery disease. Circulation 95, 1998-2002 (1997)
8. Callow, A. D.: Molecular biology of graft occlusion.
Curr Opin Cardiol 10, 569-576 (1995)

9. Sarjeant, J. M. & M. Rabinovitch: Understanding and
treating vein graft atherosclerosis. Cardiovasc Pathol 11,
263-271 (2002)

10. Billingham, M. E.: Cardiac transplant atherosclerosis.
Transplant Proc 19, 19-25 (1987)

11. Ross, R.: Cell biology of atherosclerosis. Annu Rev
Physiol 57, 791-804 (1995)

12. Ross, R. & J. A. Glomset: Atherosclerosis and the
arterial smooth muscle cell: Proliferation of smooth muscle
is a key event in the genesis of the lesions of
atherosclerosis. Science 180, 1332-1339 (1973)

4163

13. Ross, R. & J. A. Glomset: The pathogenesis of
atherosclerosis (first of two parts). N Engl J Med 295, 369-
377 (1976)

14. Barrett, T. B., P. Sampson, G. K. Owens, S. M.
Schwartz & E. P. Benditt: Polyploid nuclei in human artery
wall smooth muscle cells. Proc Natl Acad Sci U S A 80,
882-885 (1983)

15. Basson, C. T., O. Kocher, M. D. Basson, A. Asis & J.
A. Madri: Differential modulation of vascular cell integrin
and extracellular matrix expression in vitro by TGF-beta 1
correlates with reciprocal effects on cell migration. J Cell
Physiol 153, 118-128 (1992)

16. Campbell, G. R. & J. H. Campbell: The phenotypes of
smooth muscle expressed in human atheroma. Ann N Y
Acad Sci 598, 143-158 (1990)

17. Chamley-Campbell, J. H. & G. R. Campbell: What
controls smooth muscle phenotype? Atherosclerosis 40,
347-357 (1981)

18. Johnson, R. J., H. lida, C. E. Alpers, M. W. Majesky, S.
M. Schwartz, P. Pritzi, K. Gordon & A. M. Gown:
Expression of smooth muscle cell phenotype by rat
mesangial cells in immune complex nephritis. Alpha-
smooth muscle actin is a marker of mesangial cell
proliferation. J Clin Invest 87, 847-858 (1991)

19. Li, S., Y. S. Fan, L. H. Chow, C. Van Den Diepstraten,
E. van Der Veer, S. M. Sims & J. G. Pickering: Innate
diversity of adult human arterial smooth muscle cells:
cloning of distinct subtypes from the internal thoracic
artery. Circ Res 89, 517-525 (2001)

20. Majesky, M. W., C. M. Giachelli, M. A. Reidy & S. M.
Schwartz: Rat carotid neointimal smooth muscle cells
reexpress a developmentally regulated mRNA phenotype
during repair of arterial injury. Circ Res 71, 759-768 (1992)
21. Manderson, J. A., P. R. Mosse, J. A. Safstrom, S. B.
Young & G. R. Campbell: Balloon catheter injury to rabbit
carotid artery. I. Changes in smooth muscle phenotype.
Arteriosclerosis 9, 289-298 (1989)

22. Simonson, M. S., K. Walsh, C. C. Kumar, P. Bushel &
W. H. Herman: Two proximal CArG elements regulate SM
alpha-actin promoter, a genetic marker of activated
phenotype of mesangial cells. Am J Physiol 268, F760-769
(1995)

23. Sjolund, M., M. Rahm, L. Claesson-Welsh, T. Sejersen,
C. H. Heldin & J. Thyberg: Expression of PDGF alpha- and
beta-receptors in rat arterial smooth muscle cells is
phenotype and growth state dependent. Growth Factors 3,
191-203 (1990)

24. Chang, M. W., E. Barr, M. M. Lu, K. Barton & J. M.
Leiden: Adenovirus-mediated over-expression of the
cyclin/cyclin-dependent kinase inhibitor, p21 inhibits
vascular smooth muscle cell proliferation and neointima
formation in the rat carotid artery model of balloon
angioplasty. J Clin Invest 96, 2260-2268 (1995)

25. Chang, M. W, E. Barr, J. Seltzer, Y. Q. Jiang, G J.
Nabel, E. G. Nabel, M. S. Parmacek & J. M. Leiden:
Cytostatic gene therapy for vascular proliferative disorders
with a constitutively active form of the retinoblastoma gene
product. Science 267, 518-522 (1995)

26. Clausell, N., S. Molossi, S. Sett & M. Rabinovitch: In
vivo blockade of tumor necrosis factor-alpha in cholesterol-
fed rabbits after cardiac transplant inhibits acute coronary
artery neointimal formation. Circulation 89, 2768-2779



Circulating progenitors and vascular remodeling

(1994)

27. George, S. J., J. L. Johnson, G. D. Angelini, A. C.
Newby & A. H. Baker: Adenovirus-mediated gene transfer
of the human TIMP-1 gene inhibits smooth muscle cell
migration and neointimal formation in human saphenous
vein. Hum Gene Ther 9, 867-877 (1998)

28. Izawa, A., J. Suzuki, W. Takahashi, J. Amano & M.
Isobe: Tranilast inhibits cardiac allograft vasculopathy in
association with p21(Wafl/Cipl) expression on neointimal
cells in murine cardiac transplantation model. Arterioscler
Thromb Vasc Biol 21, 1172-1178 (2001)

29. Ohno, T., D. Gordon, H. San, V. J. Pompili, M. J.
Imperiale, G. J. Nabel & E. G. Nabel: Gene therapy for
vascular smooth muscle cell proliferation after arterial
injury. Science 265, 781-784 (1994)

30. Rebsamen, M. C., J. Sun, A. W. Norman & J. K. Liao:
lalpha,25-dihydroxyvitamin D3 induces vascular smooth
muscle cell migration via activation of phosphatidylinositol
3-kinase. Circ Res 91, 17-24 (2002)

31. Smith, R. C., K. N. Wills, D. Antelman, H. Perlman, L.
N. Truong, K. Krasinski & K. Walsh: Adenoviral constructs
encoding phosphorylation-competent ~ full-length  and
truncated forms of the human retinoblastoma protein inhibit
myocyte proliferation and neointima formation. Circulation
96, 1899-1905 (1997)

32. Yang, Z. Y., R. D. Simari, N. D. Perkins, H. San, D.
Gordon, G. J. Nabel & E. G. Nabel: Role of the p21 cyclin-
dependent kinase inhibitor in limiting intimal cell
proliferation in response to arterial injury. Proc Natl Acad
Sci US A 93, 7905-7910 (1996)

33. Chen, D., K. Krasinski, A. Sylvester, J. Chen, P. D.
Nisen & V. Andres: Downregulation of cyclin-dependent
kinase 2 activity and cyclin A promoter activity in vascular
smooth muscle cells by p27(KIP1), an inhibitor of
neointima formation in the rat carotid artery. J Clin Invest
99, 2334-2341 (1997)

34. Andres, V.: Control of vascular cell proliferation and
migration by cyclin-dependent kinase signalling: new
perspectives and therapeutic potential. Cardiovasc Res 63,
11-21 (2004)

35. Dzau, V. J., R. C. Braun-Dullacus & D. G. Sedding:
Vascular proliferation and atherosclerosis: new perspectives
and therapeutic strategies. Nat Med 8, 1249-1256 (2002)
36. Sata, M., Y. Maejima, F. Adachi, K. Fukino, A. Saiura,
S. Sugiura, T. Aoyagi, Y. Imai, H. Kurihara, K. Kimura, M.
Omata, M. Makuuchi, Y. Hirata & R. Nagai: A mouse
model of vascular injury that induces rapid onset of medial
cell apoptosis followed by reproducible neointimal
hyperplasia. J Mol Cell Cardiol 32,2097-2104 (2000)

37. Feldman, L. J., M. Mazighi, A. Scheuble, J. F. Deux, E.
De Benedetti, C. Badier-Commander, E. Brambilla, D.
Henin, P. G. Steg & M. P. Jacob: Differential expression of
matrix metalloproteinases after stent implantation and
balloon angioplasty in the hypercholesterolemic rabbit.
Circulation 103, 3117-3122 (2001)

38. Furukawa, Y., A. Matsumori, N. Ohashi, T. Shioi, K.
Ono, A. Harada, K. Matsushima & S. Sasayama: Anti-
monocyte chemoattractant protein-1/monocyte chemotactic
and activating factor antibody inhibits neointimal
hyperplasia in injured rat carotid arteries. Circ Res 84, 306-
314 (1999)

39. Hayashi, S., N. Watanabe, K. Nakazawa, J. Suzuki, K.

4164

Tsushima, T. Tamatani, S. Sakamoto & M. Isobe: Roles of
P-selectin in inflammation, neointimal formation, and
vascular remodeling in balloon-injured rat carotid arteries.
Circulation 102, 1710-1717 (2000)

40. Zohlnhofer, D., C. A. Klein, T. Richter, R. Brandl, A.
Murr, T. Nuhrenberg, A. Schomig, P. A. Baeuerle & F. J.
Neumann: Gene expression profiling of human stent-
induced neointima by cDNA array analysis of microscopic
specimens retrieved by helix cutter atherectomy: Detection
of FK506-binding protein 12 upregulation. Circulation 103,
1396-1402 (2001)

41. Zohlnhofer, D., T. Richter, F. Neumann, T. Nuhrenberg,
R. Wessely, R. Brandl, A. Murr, C. A. Klein & P. A.
Bacuerle: Transcriptome analysis reveals a role of
interferon-gamma in human neointima formation. Mol Cell
7, 1059-1069 (2001)

42. Saiura, A.,, M. Sata, Y. Hirata, R. Nagai & M.
Makuuchi: Circulating smooth muscle progenitor cells
contribute to atherosclerosis. Nat Med 7, 382-383 (2001)
43. Sata, M., A. Saiura, A. Kunisato, A. Tojo, S. Okada, T.
Tokuhisa, H. Hirai, M. Makuuchi, Y. Hirata & R. Nagai:
Hematopoietic stem cells differentiate into vascular cells
that participate in the pathogenesis of atherosclerosis. Nat
Med 8, 403-409 (2002)

44.  Sata, M.: Circulating vascular progenitor cells
contribute to vascular repair, remodeling, and lesion
formation. Trends Cardiovasc Med 13, 249-253 (2003)

45. Tanaka, K., M. Sata, Y. Hirata & R. Nagai: Diverse
contribution of bone marrow cells to neointimal
hyperplasia after mechanical vascular injuries. Circ Res 93,
783-790 (2003)

46.  Friedrich, G & P. Soriano: Promoter traps in
embryonic stem cells: a genetic screen to identify and
mutate developmental genes in mice. Genes Dev 5, 1513-
1523 (1991)

47. Zambrowicz, B. P., A. Imamoto, S. Fiering, L. A.
Herzenberg, W. G. Kerr & P. Soriano: Disruption of
overlapping transcripts in the ROSA beta geo 26 gene trap
strain leads to widespread expression of beta-galactosidase
in mouse embryos and hematopoietic cells. Proc Natl Acad
Sci US A 94, 3789-3794 (1997)

48. Hillebrands, J., B. M. van den Hurk, F. A. Klatter, E. R.
Popa, P. Nieuwenhuis & J. Rozing: Recipient origin of
neointimal vascular smooth muscle cells in cardiac
allografts with transplant arteriosclerosis. J Heart Lung
Transplant 19, 1183-1192 (2000)

49. Hillebrands, J. L., F. A. Klatter & J. Rozing: Origin of
vascular smooth muscle cells and the role of circulating
stem cells in transplant arteriosclerosis. Arterioscler
Thromb Vasc Biol 23, 380-387 (2003)

50. Hu, Y., F. Davison, B. Ludewig, M. Erdel, M. Mayr,
M. Url, H. Dietrich & Q. Xu: Smooth muscle cells in
transplant atherosclerotic lesions are originated from
recipients, but not bone marrow progenitor cells.
Circulation 106, 1834-1839 (2002)

51. Shimizu, K., S. Sugiyama, M. Aikawa, Y. Fukumoto,
E. Rabkin, P. Libby & R. N. Mitchell: Host bone-marrow
cells are a source of donor intimal smooth- muscle-like
cells in murine aortic transplant arteriopathy. Nat Med 7,
738-741 (2001)

52. Grimm, P. C., P. Nickerson, J. Jeffery, R. C. Savani, J.
Gough, R. M. McKenna, E. Stern & D. N. Rush:



Circulating progenitors and vascular remodeling

Neointimal and tubulointerstitial infiltration by recipient
mesenchymal cells in chronic renal-allograft rejection. N
Engl J Med 345, 93-97 (2001)

53. Lagaaij, E. L., G. F. Cramer-Knijnenburg, F. J. van
Kemenade, L. A. van Es, J. A. Bruijn & J. H. van Krieken:
Endothelial cell chimerism after renal transplantation and
vascular rejection. Lancet 357, 33-37 (2001)

54. Sata, M., K. Tanaka, N. Ishizaka, Y. Hirata & R. Nagai:
Absence of p53 leads to accelerated neointimal hyperplasia
after vascular injury. Arterioscler Thromb Vasc Biol 23,
1548-1552 (2003)

55. Caplice, N. M., T. J. Bunch, P. G. Stalboerger, S. Wang,
D. Simper, D. V. Miller, S. J. Russell, M. R. Litzow & W.
D. Edwards: Smooth muscle cells in human coronary
atherosclerosis can originate from cells administered at
marrow transplantation. Proc Natl Acad Sci U S A 100,
4754-4759 (2003)

56. Dimmeler, S., J. Haendeler, J. Galle & A. M. Zeiher:
Oxidized low-density lipoprotein induces apoptosis of
human endothelial cells by activation of CPP32-like
proteases. A mechanistic clue to the 'response to injury’
hypothesis. Circulation 95, 1760-1763 (1997)

57. Sata, M. & K. Walsh: Oxidized LDL activates fas-
mediated endothelial cell apoptosis. J Clin Invest 102,
1682-1689 (1998)

58. Sata, M. & K. Walsh: Endothelial cell apoptosis
induced by oxidized LDL is associated with the down-
regulation of the cellular caspase inhibitor FLIP. J Biol
Chem 273, 33103-33106 (1998)

59. Zhang, C., Y. Cai, M. T. Adachi, S. Oshiro, T. Aso, R.
J. Kaufman & S. Kitajima: Homocysteine induces
programmed cell death in human vascular endothelial cells
through activation of the unfolded protein response. J Biol
Chem 276, 35867-35874 (2001)

60. Dimmeler, S., V. Rippmann, U. Weiland, J. Haendeler
& A. M. Zeiher: Angiotensin II induces apoptosis of human
endothelial cells. Protective effect of nitric oxide. Circ Res
81, 970-976 (1997)

61. Choi, K. B., F. Wong, J. M. Harlan, P. M. Chaudhary,
L. Hood & A. Karsan: Lipopolysaccharide mediates
endothelial apoptosis by a FADD-dependent pathway. J
Biol Chem 273, 20185-20188 (1998)

62. Tricot, O., Z. Mallat, C. Heymes, J. Belmin, G. Leseche
& A. Tedgui: Relation between endothelial cell apoptosis
and blood flow direction in human atherosclerotic plaques.
Circulation 101, 2450-2453 (2000)

63. Asahara, T., T. Murohara, A. Sullivan, M. Silver, R.
van der Zee, T. Li, B. Witzenbichler, G. Schatteman & J. M.
Isner: Isolation of putative progenitor endothelial cells for
angiogenesis. Science 275, 964-967 (1997)

64. Hill, J. M., G. Zalos, J. P. Halcox, W. H. Schenke, M.
A. Waclawiw, A. A. Quyyumi & T. Finkel: Circulating
endothelial progenitor cells, vascular function, and
cardiovascular risk. N Engl J Med 348, 593-600 (2003)

65. Korbling, M., R. L. Katz, A. Khanna, A. C. Ruifrok, G.
Rondon, M. Albitar, R. E. Champlin & Z. Estrov:
Hepatocytes and epithelial cells of donor origin in
recipients of peripheral-blood stem cells. N Engl J Med
346, 738-746 (2002)

66. Orlic, D., J. Kajstura, S. Chimenti, F. Limana, I.
Jakoniuk, F. Quaini, B. Nadal-Ginard, D. M. Bodine, A.
Leri & P. Anversa: Mobilized bone marrow cells repair the

4165

infarcted heart, improving function and survival. Proc Natl
Acad Sci U S 4 98, 10344-10349 (2001)

67. Rafii, S. & D. Lyden: Therapeutic stem and progenitor
cell transplantation for organ vascularization and
regeneration. Nat Med 9, 702-712 (2003)

68. Minami, E., M. A. Laflamme, J. E. Saffitz & C. E.
Murry: Extracardiac progenitor cells repopulate most major
cell types in the transplanted human heart. Circulation 112,
2951-2958 (2005)

69. Jansen, J., S. Hanks, J. M. Thompson, M. J. Dugan &
L. P. Akard: Transplantation of hematopoietic stem cells
from the peripheral blood. J Cell Mol Med 9, 37-50 (2005)
70. Krause, D. S., N. D. Theise, M. I. Collector, O.
Henegariu, S. Hwang, R. Gardner, S. Neutzel & S. J.
Sharkis: Multi-organ, multi-lineage engraftment by a single
bone marrow-derived stem cell. Cel/ 105, 369-377 (2001)
71. Lagasse, E., H. Connors, M. Al-Dhalimy, M. Reitsma,
M. Dohse, L. Osborne, X. Wang, M. Finegold, I. L.
Weissman & M. Grompe: Purified hematopoietic stem cells
can differentiate into hepatocytes in vivo. Nat Med 6, 1229-
1234 (2000)

72. Orlic, D., J. Kajstura, S. Chimenti, 1. Jakoniuk, S. M.
Anderson, B. Li, J. Pickel, R. McKay, B. Nadal-Ginard, D.
M. Bodine, A. Leri & P. Anversa: Bone marrow cells
regenerate infarcted myocardium. Nature 410, 701-705
(2001)

73. Wagers, A. J., R. I. Sherwood, J. L. Christensen & I. L.
Weissman: Little evidence for developmental plasticity of
adult hematopoietic stem cells. Science 297, 2256-2259
(2002)

74. Balsam, L. B., A. J. Wagers, J. L. Christensen, T.
Kofidis, I. L. Weissman & R. C. Robbins: Haematopoietic
stem cells adopt mature haematopoietic fates in ischaemic
myocardium. Nature (2004)

75. Matsuzaki, Y., K. Kinjo, R. C. Mulligan & H. Okano:
Unexpectedly efficient homing capacity of purified murine
hematopoietic stem cells. Immunity 20, 87-93 (2004)

76. Sahara, M., M. Sata, Y. Matsuzaki, K. Tanaka, T.
Morita, Y. Hirata, H. Okano & R. Nagai: Comparison of
various bone marrow fractions in the ability to participate
in vascular remodeling after mechanical injury. Stem Cells
23, 874-878 (2005)

77. Jiang, Y., B. N. Jahagirdar, R. L. Reinhardt, R. E.
Schwartz, C. D. Keene, X. R. Ortiz-Gonzalez, M. Reyes, T.
Lenvik, T. Lund, M. Blackstad, J. Du, S. Aldrich, A.
Lisberg, W. C. Low, D. A. Largaespada & C. M. Verfaillie:
Pluripotency of mesenchymal stem cells derived from adult
marrow. Nature 418, 41-49 (2002)

78. Hoofnagle, M. H., B. R. Wamhoff & G. K. Owens:
Lost in transdifferentiation. J Clin Invest 113, 1249-1251
(2004)

79. Bentzon, J. F., C. Weile, C. S. Sondergaard, J.
Hindkjaer, M. Kassem & E. Falk: Smooth muscle cells in
atherosclerosis originate from the local vessel wall and not
circulating progenitor cells in ApoE knockout mice.
Arterioscler Thromb Vasc Biol 26, 2696-2702 (2006)

80. Hoofnagle, M. H., J. A. Thomas, B. R. Wamhoff & G.
K. Owens: Origin of neointimal smooth muscle: we've
come full circle. Arterioscler Thromb Vasc Biol 26, 2579-
2581 (2006)

81. Skalli, O., P. Ropraz, A. Trzeciak, G. Benzonana, D.
Gillessen & G. Gabbiani: A monoclonal antibody against



Circulating progenitors and vascular remodeling

alpha-smooth muscle actin: a new probe for smooth muscle
differentiation. J Cell Biol 103, 2787-2796 (1986)

82. Owens, G. K., M. S. Kumar & B. R. Wambhoff:
Molecular regulation of vascular smooth muscle cell
differentiation in development and disease. Physiol Rev 84,
767-801 (2004)

83. wvan der Loop, F. T., G Schaart, E. D. Timmer, F. C.
Ramaekers & G. J. van Eys: Smoothelin, a novel
cytoskeletal protein specific for smooth muscle cells. J Cell
Biol 134, 401-411 (1996)

84. Madsen, C. S., C. P. Regan, J. E. Hungerford, S. L.
White, 1. Manabe & G. K. Owens: Smooth muscle-specific
expression of the smooth muscle myosin heavy chain gene
in transgenic mice requires 5'-flanking and first intronic
DNA sequence. Circ Res 82, 908-917 (1998)

85. Li, L., J. M. Miano, B. Mercer & E. N. Olson:
Expression of the SM22alpha promoter in transgenic mice
provides evidence for distinct transcriptional regulatory
programs in vascular and visceral smooth muscle cells. J
Cell Biol 132, 849-859 (1996)

86. Zalewski, A., Y. Shi & A. G. Johnson: Diverse origin of
intimal cells: smooth muscle cells, myofibroblasts,
fibroblasts, and beyond? Circ Res 91, 652-655 (2002)

87. Sata, M., A. Saiura, A. Kunisato, A. Tojo, S. Okada, T.
Tokuhisa, H. Hirai, M. Makuuchi, Y. Hirata & R. Nagai:
Hematopoietic stem cells differentiate into vascular cells
that participate in the pathogenesis of atherosclerosis. Nat
Med 8, 403-409. (2002)

88. Sata, M., Y. Maejima, F. Adachi, K. Fukino, A. Saiura,
S. Sugiura, T. Aoyagi, Y. Imai, H. Kurihara, K. Kimura, M.
Omata, M. Makuuchi, Y. Hirata & R. Nagai: A mouse
model of vascular injury that induces rapid onset of medial
cell apoptosis followed by reproducible neointimal
hyperplasia. J Mol Cell Cardiol 32,2097-2104 (2000)

89. Carmeliet, P., L. Moons, J.-M. Stassen, M. D. Mol, A.
Bouche, J. J. van den Oord, M. Kockx & D. Collen:
Vascular wound healing and neointima formation induced
by perivascular electric injury in mice. Am. J. Pathol. 150,
761-776 (1997)

90. Kumar, A. & V. Lindner: Remodeling with neointima
formation in the mouse carotid artery after cessation of
blood flow. Arterioscler. Thromb. Vasc. Biol. 17, 2238-2244
(1997)

91. Moroi, M., L. Zhang, T. Yasuda, R. Virmani, H. K.
Gold, M. C. Fishman & P. L. Huang: Interaction of genetic
deficiency of endothelial nitric oxide, gender, and
pregnancy in vascular response to injury in mice. J. Clin.
Invest. 101, 1225-1232 (1998)

92. Moreno, P. R., K. R. Purushothaman, V. Fuster & W.
N. O'Connor: Intimomedial interface damage and
adventitial inflammation is increased beneath disrupted
atherosclerosis in the aorta: implications for plaque
vulnerability. Circulation 105, 2504-2511 (2002)

93. Kockx, M. M., K. M. Cromheeke, M. W. Knaapen, J.
M. Bosmans, G. R. De Meyer, A. G Herman & H. Bult:
Phagocytosis and macrophage activation associated with
hemorrhagic microvessels in human atherosclerosis.
Arterioscler Thromb Vasc Biol 23, 440-446 (2003)

94. Komatsu, R., M. Ueda, T. Naruko, A. Kojima & A. E.
Becker: Neointimal tissue response at sites of coronary
stenting in humans: macroscopic, histological, and
immunohistochemical analyses. Circulation 98, 224-233

4166

(1998)

95. Kaushal, S., G. E. Amiel, K. J. Guleserian, O. M.
Shapira, T. Perry, F. W. Sutherland, E. Rabkin, A. M.
Moran, F. J. Schoen, A. Atala, S. Soker, J. Bischoff & J. E.
Mayer, Jr.: Functional small-diameter neovessels created
using endothelial progenitor cells expanded ex vivo. Nat
Med 7,1035-1040 (2001)

96. Sata, M., S. Sugiura, M. Yoshizumi, Y. Ouchi, Y. Hirata
& R. Nagai: Acute and chronic smooth muscle cell
apoptosis after mechanical vascular injury can occur
independently of the Fas-death pathway. Arterioscler
Thromb Vasc Biol 21, 1733-1737 (2001)

97. Caplice, N. M., T. J. Bunch, P. G. Stalboerger, S. Wang,
D. Simper, D. V. Miller, S. J. Russell, M. R. Litzow & W.
D. Edwards: Smooth muscle cells in human coronary
atherosclerosis can originate from cells administered at
marrow transplantation. Proc Natl Acad Sci U S A 100,
4754-4759 (2003)

98. Blau, H. M., T. R. Brazelton & J. M. Weimann: The
evolving concept of a stem cell: entity or function? Cell
105, 829-841 (2001)

99. Korbling, M. & Z. Estrov: Adult stem cells for tissue
repair - a new therapeutic concept? N Engl J Med 349, 570-
582 (2003)

100. LaBarge, M. A. & H. M. Blau: Biological progression
from adult bone marrow to mononucleate muscle stem cell
to multinucleate muscle fiber in response to injury. Cell
111, 589-601 (2002)

101. Terada, N., T. Hamazaki, M. Oka, M. Hoki, D. M.
Mastalerz, Y. Nakano, E. M. Meyer, L. Morel, B. E.
Petersen & E. W. Scott: Bone marrow cells adopt the
phenotype of other cells by spontaneous cell fusion. Nature
416, 542-545 (2002)

102. Ying, Q. L., J. Nichols, E. P. Evans & A. G. Smith:
Changing potency by spontaneous fusion. Nature 416, 545-
548 (2002)

103. Vassilopoulos, G., P. R. Wang & D. W. Russell:
Transplanted bone marrow regenerates liver by cell fusion.
Nature 422, 901-904 (2003)

104. Wang, X., H. Willenbring, Y. Akkari, Y. Torimaru, M.
Foster, M. Al-Dhalimy, E. Lagasse, M. Finegold, S. Olson
& M. Grompe: Cell fusion is the principal source of bone-
marrow-derived hepatocytes. Nature 422, 897-901 (2003)
105. Alvarez-Dolado, M., R. Pardal, J. M. Garcia-Verdugo,
J. R. Fike, H. O. Lee, K. Pfeffer, C. Lois, S. J. Morrison &
A. Alvarez-Buylla: Fusion of bone-marrow-derived cells
with Purkinje neurons, cardiomyocytes and hepatocytes.
Nature 425, 968-973 (2003)

106. Alvarez-Dolado, M.: Cell fusion: biological
perspectives and potential for regenerative medicine. Front
Biosci 12, 1-12 (2007)

107. Campbell, J. H., G. Tachas, M. J. Black, G. Cockerill
& G. R. Campbell: Molecular biology of vascular
hypertrophy. Basic Res Cardiol 86 Suppl 1, 3-11 (1991)
108. Saiura, A., M. Sata, M. Washida, Y. Sugawara, Y.
Hirata, R. Nagai & M. Makuuchi: Little evidence for cell
fusion between recipient and donor-derived cells. J Surg
Res 113, 222-227 (2003)

109. Simper, D., P. G. Stalboerger, C. J. Panetta, S. Wang
& N. M. Caplice: Smooth muscle progenitor cells in human
blood. Circulation 106, 1199-1204 (2002)

110. Fukuda, D., M. Sata, K. Tanaka & R. Nagai: Potent



Circulating progenitors and vascular remodeling

inhibitory effect of sirolimus on circulating vascular
progenitor cells. Circulation 111, 926-931 (2005)

111. Kajstura, J., M. Rota, B. Whang, S. Cascapera, T.
Hosoda, C. Bearzi, D. Nurzynska, H. Kasahara, E. Zias, M.
Bonafe, B. Nadal-Ginard, D. Torella, A. Nascimbene, F.
Quaini, K. Urbanek, A. Leri & P. Anversa: Bone marrow
cells differentiate in cardiac cell lineages after infarction
independently of cell fusion. Circ Res 96, 127-137 (2005)
112. Jiang, S., L. Walker, M. Afentoulis, D. A. Anderson,
L. Jauron-Mills, C. L. Corless & W. H. Fleming:
Transplanted human bone marrow contributes to vascular
endothelium. Proc Natl Acad Sci U S A 101, 16891-16896
(2004)

113.  Bailey, A. S., H. Willenbring, S. Jiang, D. A.
Anderson, D. A. Schroeder, M. H. Wong, M. Grompe & W.
H. Fleming: Myeloid lineage progenitors give rise to
vascular endothelium. Proc Natl Acad Sci U S A 103,
13156-13161 (2006)

114. Miller, A. M., A. R. McPhaden, R. M. Wadsworth &
C. L. Wainwright: Inhibition by leukocyte depletion of
neointima formation after balloon angioplasty in a rabbit
model of restenosis. Cardiovasc Res 49, 838-850 (2001)
115. Fattori, R. & T. Piva: Drug-eluting stents in vascular
intervention. Lancet 361, 247-249 (2003)

116. Morice, M. C., P. W. Serruys, J. E. Sousa, J. Fajadet,
E. Ban Hayashi, M. Perin, A. Colombo, G. Schuler, P.
Barragan, G. Guagliumi, F. Molnar & R. Falotico: A
randomized comparison of a sirolimus-eluting stent with a
standard stent for coronary revascularization. N Engl J Med
346, 1773-1780 (2002)

117. McFadden, E. P, E. Stabile, E. Regar, E. Cheneau, A.
T. Ong, T. Kinnaird, W. O. Suddath, N. J. Weissman, R.
Torguson, K. M. Kent, A. D. Pichard, L. F. Satler, R.
Waksman & P. W. Serruys: Late thrombosis in drug-eluting
coronary stents after discontinuation of antiplatelet therapy.
Lancet 364, 1519-1521 (2004)

118. Simper, D., S. Wang, A. Deb, D. Holmes, C.
McGregor, R. Frantz, S. S. Kushwaha & N. M. Caplice:
Endothelial progenitor cells are decreased in blood of
cardiac allograft patients with vasculopathy and endothelial
cells of noncardiac origin are enriched in transplant
atherosclerosis. Circulation 108, 143-149 (2003)

Key Words; Bone marrow-derived cell, Smooth muscle
cell, Neointima hyperplasia, Animal model,
Atherosclerosis, Graft vasculopathy, Review

Send correspondence to: Dr. Masataka Sata, Department
of Cardiovascular Medicine, University of Tokyo Graduate
School of Medicine, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8655, Japan, Tel:81-3-3815-5411 (ex 37150), Fax : 81-3-
3814-0021, E-mail: msata-circ@umin.net

http://www.bioscience.org/current/vol12.htm

4167



