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ABSTRACT

The cellular network in vasculature is predominantly composed of two distinct cell types i.e., endothelial and
smooth muscle cells, which along with the connective tissue and extracellular matrix govern the tone and
function of the blood vessels. In response to vascular injury, progenitor cells are mobilized from local niece,
peripheral circulation, or bone marrow in order to contain the inflammatory process in progress and/or repair
the damaged vasculature. The progenitor cells are reported to play a significant role in the repair of vascular
disorders. A variety of cytokine-chemokine interplay are shown to precisely regulate the mobilization, homing,
and differentiation of progenitor cells as a consequence to the vascular injury and enable restoration of vascular
structure and function. The cytokine-chemokine interplay and factors leading to impairment of the progenitor cell
dynamics are complex cascades, which govern the regenerative capacity of vascular progenitors, thus negatively
modulating the development of atherosclerosis or other vascular diseases. These complex cascades provide
an opportunity for identifying novel diagnostic markers and therapeutic targets for combating vascular diseases.
However, many challenges remain in understanding dynamics of progenitor cells origin, mobilization, homing,
and differentiation. Recent studies have reported the potential of natural products to mimic the role of cytokines
in modulating the vascular progenitor function. Furthermore, some natural products have been shown to restore
the defective progenitor cell function, thus promoting the vascular repair process. In this review, we provide a
basic background on vascular progenitor biology and highlight the untapped potential of natural products to
positively modulate the progenitor biology.
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INTRODUCTION

In recent years, there has been tremendous focus on
understanding the role of vascular progenitor cells in the
therapy of several cardiac and vascular disorders [Figure
1]. Several adult and embryonic precursor cell populations
have reported to differentiate the vascular cell phenotypel”)
and participate in a range of biological repair functions
within the cardiovascular system.” The cell therapy era
as moved from the preclinical arena to the clinical phase
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wherein potential benefits are reported with the use of
progenitor cells in the context of cardiovascular disorders,
especially myocardial infarction.***' Howevet, considerable
preclinical work is needed to further refine the progenitor
cell therapy based medicine.

Diseases associated with vascular complications such
as atherosclerosis, stroke, hypertension, diabetes, and
myocardial infarction are a major cause of morbidity and
mortality globally despite advancements in nutritional,
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Natural Products

Activation/mobilizing Factors
VEGF, HIF-1, SDF-1
Statins, GM-CSF, EPO
Exercise, Estrogens, PIGF

7

Cardiovascular risk FactorR subcutaneous fat, adipose tissue,
Risk Factors

Hypertension, hyperlipidemia,
diabetes, smoking,
insulin resistance, stress,
physical inactivity
!
Target tissue
Heart, Blood Vessels

Target tissue damage/repair
Endothelial dysfunction, atherosclerosis,
coronary artery disease, ischemia induced cell death,
infraction, heart failure, renal failure

Natural Products

Sources of Progenitor cells
bone marrow, skeletal muscles,
gut, spleen, heart, blood vessels
perivascular adventitia, liver,

Natural Products

Figure 1: Schematic representation of the progenitor cell role in physiology and pathophysiology. Under
a physiological state, the routine tissue repair process is carried out by the endogenous progenitor cells.
However, this function is compromised under a pathological state. Interestingly, the progenitor function
can be revoked using pharmacological or possibly natural product based approaches

pharmacological, and interventional approaches.!"1%-4

Regeneration medicine is a new addition to the current
therapeutic approaches to strengthen the global fight against
combating the devastation of a cardiovascular disease
pandemic!>~3 The focus on regenerative medicine has
increased in the last decade with the identification of several
types of stem cells with the potential to be differentiated
into functional endothelium and/or smooth muscle cells
i.e., the so-called vascular progenitors.”* In general, two
types of stem celli.e., embryonic and adult stem cells have
been explored for potential use in regenerative medicine.
While embryonic stem cells have potential to differentiate
into a variety of cell types, adult stem cells (progenitor
cells) are limited in their plasticity.”’~*" Due to the ethical
issues and technical challenges involved in the isolation and
use of embryonic stem cells, increasing interest is focused
on progenitor cells. In the exploration of progenitor
cells, several possible sources of these cells have been
documented that can be classified into at least three distinct
groups i.e., marrow-derived, the circulating pool, and tissue-
resident progenitor cells. It’s debatable as well as likely that
the circulating pool and the tissue resident progenitor cells
are at some point detived from the marrow."*#! Vascular
progenitor cells are a broad category of cells that include
precursor cells in the bone marrow, circulation, and in
several local tissues and have the capacity to differentiate
into endothelial cells and/or smooth muscle cells under
appropriate conditions.!"'>"**1 However, the pathway for
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differentiation of these cells from a common, separate, or
multiple precursors is pootly characterized/understood,
hence leading to confusion in the lineage tracing of these
cells and wide vatiations in the results observed by different
working groups across the globe.

ENDOTHELIAL PROGENITOR CELLS

Endothelial progenitor cells (EPCs) are cells with the
potential to differentiate into functional endothelial cells.
EPCs were initially identified and isolated in 1997 by
Asahara, et al.** on the basis of vascular endothelial growth
factor receptor-2 (VEGFR2) and CD34 coexpression.
Since the initial report, several groups have attempted to
better define the EPC population, and are reported to
express fibroblast growth factor receptor, CD38, c-kit,
CD31, CD146, CXCR4, von Willebrand factor (vWE),
vascular endothelial cadherin (VE-cadherin), Tie-2/TEK
(angiopoietin-1 receptor precursor or tunica intima EC
kinase), flk1, and CD133.1%*46 Possibly, subsets of CD34*
cells that express CD133 and Flk-1 are the phenotypical and
functional markers of EPCs that play a role in postnatal
angiogenesis.l"’*! However, expression of the surface
markers described above does not include stem cells from
other sources (mesenchymal or even in the vessel wall) or
their progenitor cells.l”->* Despite this controversy over the
EPC surface marker, these are widely studied cells both in
the preclinical and clinical context®#7>*%% and have been
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reported to considerably contribute to the angiogenesis
(58,60,65-71]

and vascular repair process.
Smooth muscle progenitor cells or smooth muscle
out growth cells

Smooth muscle progenitor cells (SPCs) are cells with the
potential to differentiate into functional smooth muscle cells.
CD14/CD105 double positive populations from human
peripheral blood mononuclear cells (PBMC) are reported
to be a precursor of SMC, and indeed atherosclerotic
patients contain significantly higher circulating levels of
these cells.?7">7! These precursors, when maintained
under specific growth factor-supplemented media, appear
spindle-shaped and express a-smooth muscle actin in
addition to CD34", CD45%, CD14", and CD105" markers.[*!
Human mononuclear cells isolated from buffy coat
seeded on collagen type 1 matrix yield outgrowth cells in
endothelial growth medium (EGM-2) and platelet-derived
growth factor media, which have SPCs like phenotype.
Selection in platelet-derived growth factor-enriched
medium results in rapid outgrowth and expansion of
smooth muscle outgrowth cells (SOC). These SOCs
are positive for smooth muscle cell-specific alpha actin
(alphaSMA), myosin heavy chain, and calponin and are also
positive for CD34, Flt1, and Flk1 receptor but negative for
Tie-2 receptor expression, suggesting a potential smooth
muscle progenitor phenotype. Furthermore, integrin
alpha5betal expression is significantly increased in SOCs
compared with EOCs. SOCs show a significantly greater
in vitro proliferative potential compared with EOCs.*"™
Recent studies have reported an expansion of primary
high proliferative potential smooth muscle outgrowth cells
(HPP-SOC) from human peripheral blood mononuclear
cells (PBMC) that participate in vasculogenesis and the
formation of neointima and adventitial microvasculature
of diseased arteties.’’ " However, currently the knowledge
on the SPC is very limited and considerable controversy
exits over their lineage and phenotype.

PROGENITOR CELL FUNCTION AND VASCULAR
DISEASE

An obvious question arising in the study of progenitor
cells is, “With the in-house availability of progenitor cells,
why do various vascular disorders develop? Why is it
that the system can not self-restore its function utilizing
the progenitor cells?” A logical answer is that under
disease conditions, functions of the progenitor cells are
compromised. Indeed it is postulated that oxidative stress
may modulate progenitor cells at the site of vascular
injury,™*¥ thus hampering progenitor cell functions./""
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It is still unclear whether such modulations occur at the
bone marrow, in the peripheral circulation, or only at
the site of vascular repair/remodelling. Reactive oxygen
species are a family of highly reactive molecules that
are formed within eukaryotic cells both enzymatically
and non enzymatically by the one electron reduction of
molecular oxygen, yielding superoxide anions (O,”).I"""
By maintaining the concentrations of superoxide within
physiological limits through tight regulation of their
production and removal, cells are able to utilise these
molecules in diverse signalling pathways ranging from acute
vasodilation, maintaining vascular tone, vessel growth, and
remodelling.”® However, an imbalance between ROS
production and removal leads to oxidative stress, a hallmark
of virtually all vascular pathophysiological states."” In a
recent study, enhanced Nox2 expression was observed in
EPCs derived from diabetic mice and this was associated
with diminished EPC ability to differentiate endothelial
cells.®” Similatly, gene deletion of glutathione peroxides
(intracellular antioxidant enzyme) resulted in an oxidative
stress-associated decline in EPC function.®**!! In both these
studies, oxidative stress attenuated EPC function without
affecting cell number. Of interest, gene deletion of Nox2
improved EPC function when these cells were treated (8X
vivo/in vivo) with antioxidants. Contrary to this, treatment
of EPCs from wild type mice with antioxidant diminished
EPC differentiation and recruitment.*™™ These results
indicate that although reactive oxygen species hamper EPC
function, they may also be necessary for their physiological
function. However, further research is needed in this field
to critically answer these vital questions.

PHARMACOLOGICAL APPROACHES TO
MODULATE PROGENITOR CELLS FUNCTION

As we now know that progenitor cell function is
compromised under disease scenario, the obvious
question would be, could we develop pharmacological
approaches to improve the compromised function?
Indeed, several pharmacological moieties that also
have antioxidant potential mediate beneficial effects via
progenitor cell recruitment. For instance, in response to
ischemic stress, enalapril (angiotensin-converting enzyme
inhibitor) treated mice displayed a six-fold increase in
the contribution of bone marrow-derived EPCs to the
ischemia-induced neovascularisation.*” Statins also
increased EPC recruitment in patients with chronic kidney
disease™ and heart failure.’ This may be caused by their
ability to regulate redox signalling. Erythropoietin, which
does have antioxidant potential, plays an important role
in the mobilization of functionally active EPCs.754%]
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Exogenous erythropoietin treatment inhibits the neointimal
hyperplasia after arterial injury by mobilizing EPC to
the neo-endothelium.**¥ C reactive protein, which is
a hallmark of oxidative stress, is shown to attenuate
endothelial progenitor cell survival, differentiation, and
function via inhibiting nitric oxide.®” A low molecular
weight fucan (LMWF) compound, a sulfated polysaccharide
with antioxidant effect, has been demonstrated to increase
plasma levels of stromal cell-derived factor 1 (SDF-1)
and consequently to mobilize bone marrow-derived
vascular progenitor cells (BMVPC)."**! Considering
the nature of the pharmacological effects, it is likely that
these pharmacological approaches can be mimicked by
natural product-based compounds as well. Indeed, recent
studies have shown that certain natural products have the
potential to improve the progenitor cell (especially EPC)
function. 1"

CYTOKINES INFLUENCING PROGENITOR CELL
DYNAMICS

A number of blood borne and marrow derived cells are
capable of differentiating into an endothelial phenotype;
however, the differentiation pathways are likely to be
complex and currently are poorly understood. While
the cytokines responsible for the activation of EPCs are
largely known, the exact sequence of events leading to
EPC differentiation, migration, and recruitment into the
site of injury is intensively investigated. It is well known
that the redox status of cells is a crucial determinantin the
regulation of the cytokine/chemokine system. '’

Granulocyte-macrophage colony stimulating factor
(GMCSF) and stromal cell-derived factor-lalpha
(SDF) improves cardiomyocyte viability and function
following ischemic cardiomyopathy.'">'”l GMCSF is
reported to enhance reactive oxygen species formation in
hematopoietic cells, which is vital to their differentiation
into functional adult cells."" Transforming growth factor
beta 1 (T'GFbetal) is yet another cytokine activated in
cells under oxidative stress,'”” whose expression on
smooth muscle cells increase endothelial progenitor cells
adhesion and differentiation."” Reactive oxygen species
(ROS) participate in the regulation of platelet activation
in an autocrine manner!'’"'%l and activated platelets
secrete the chemokine SDF-1alpha, which facilitate
primary adhesion and migration of progenitor cells.!'"!""]
Preferential engraftment of rapidly self-renewing marrow
stromal cells into adult mice was due to SDF-1-mediated
mobilization and peripheral homing of progenitor cells

in response to ischemia and associated oxidative stress.”!
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Similarly, several other factors such as 8bromo-cAMP
or adrenomedullin,"'"! VEGF, Notch, Urokinase-type
plasminogen activator (uPA),l"? ICAM-1,l">" vascular
endothelial cadherin,'' and beta-catenin are associated
with promoting angiogenic progenitor cell mobilization,
recruitment and differentiation®®!"*!81 and it is indeed
interesting to note that all these factors are directly or

indirectly under tight redox regulation.[:1%6:11%:120]

WHY SHOULD WE LOOK AT NATURAL
PRODUCTS?

Contrary to affordability of scientifically tested
pharmaceutical products by rich nations, many in
developing and underdeveloped nations have relied upon
the naturally available and time-tested products of nature.
Among these, the most popular are the ones used for a
broad range of disorders, by virtue of their general tonic
nature. These herbal general tonics enhance the overall
ability of the body’s immune system to fight against
infections and several pathological agents. Such tonics
ot herbal preparations are extensively used in developing
and underdeveloped nations as a supplement to first-line
treatment. These supplements are extremely useful in
improving the poor health associated with environmental
pollution induced lung and micro vascular diseases and
compromised immune system. Indeed, to many people’s
surprise/satisfaction, some of these herbal products have
shown promising benefits for health and general well-being.
However, the scientific rationale for such benefits remains
unanswered and the lack of proper documentations and
scientific evaluations have often led to some adverse effects
due to their improper use. When appropriately tested and
documented, these herbal products, which may be locally
grown, will prove to be of immense aid in improving the
general health status of the population in the less privileged
nations of the world. Itis also interesting to note that in the
last couple of years natural products are gaining increasing
demand in the western world as well.

Flavonoids (flavonols, flavones, isoflavones, and
flavanones) belong to a group of natural compounds
with variable phenolic structures and are present in plants
used for prepating herbal general tonics.”>”'" Vatious
hypotheses are suggested for beneficial effects of these
compounds in improving the poor health associated with
micro and macro vascular diseases. Over 4000 structurally
unique flavonoids have been identified in plant sources.
The flavonoids have long been recognized to possess anti-
inflammatory, antioxidant, anti-allergic, hepatoprotective,
antithrombogeneic, and anti-viral properties. Hence, a

31



Kumar et al. J Young Pharm. 2009;1:28-35

resurgence of interest in traditional medicine together
with an expanded effort in pharmacognosy has rekindled
interest in flavonoids.”>!"""2!l Most of the flavonoids
reduce macrophage M-CSF induced proliferation without
affecting cellular viability and also inhibit TNFalpha
production, iNOS expression, and NO production,
which is associated with the inhibition of the NF-kB
pathway and stimulation of anti-inflammatory cytokine
IL-10. These features are likely to modulate the vascular
progenitor function as M-CSF is reported to mobilize
progenitor cells to the site of vascular injury.*!"
Recently, prenylflavonoids were reported to significantly
promote the cardiac differentiation that was partly
mediated via ROS signaling cascades. Furthermore, the
anti-oxidative activity of the prenylflavonoids influenced
the cardiomyogenesis process.” Hence, it is envisaged
that the antioxidant nature of the natural products may
play a critical role in the differentiation of the vascular
progenitor cells as well. In recent years, the identification
of progenitor cells in the adult organ-systems has opened
an altogether new approach to therapeutics. These
progenitor cells are capable of repairing the damaged
cells/tissues and because many of them are derived
from macrophages, they can combat pathogens to a
certain extent. Moreover, a continued effort is on to use
the circulating levels of the progenitor cells as a marker
of general health and capacity of the body’s reparative
process. Although there are several markers identified on
the progenitor cells, as a general rule, the expression of
CD133 and CD34 are accepted as markers representing
circulating progenitor cells, which may be derived from
bone marrow and these cells have the potential to be
involved in several tissue repair processes.

A few recently published studies show the potential
beneficial effects of natural products (prenylflavonoids,
icariin, berberine, green tea, fucodian, and icaritin)
B3191 on EPCs; however, it is likely that such beneficial
effects also exist with other vascular or non vascular
progenitor cells, which may have several health benefits.
For instance, it was shown that low-molecular-weight
fucodian enhances the circulating levels of EPCs." A
similar effect on bone marrow derived progenitor cells is
observed in chronic smokers consuming green tea.” Such
effects may be attributed to the antioxidant nature of the
natural products enriched with flavonoids.””!"! Thus, it is
likely that flavonoid constituents of the natural products
contribute to the beneficial effects on progenitor cells.
Moreover, it can be hypothesized that the flavonoids in
herbal general tonics enhance the levels of circulating
progenitor cells (CD133™¢ or CD34™ cells), which in
turn may contribute to general well being. Hence, it’s
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very likely that several natural products exist that can
mimic the effects of pharmacological agents/cytokines in
positively modulating the vascular progenitors function.
It’s highly envisaged to discover such natural products and
employ them in the main stream of vascular regenerative
medicine.

CURRENT PITFALLS AND CHALLENGES AHEAD

While we now know that several progenitors exist with the
system that contribute significantly to the vascular repair
process, the interesting fact that needs to be explored
is identifying the factors that govern the dynamics of
the progenitor cells. What are the factors that precisely
regulate or trigger progenitor cell mobilization, recruitment,
and differentiation events? Can natural products mimic
and/or influence these functions? Despite considerable
advancementin the progenitor cell biology, there are several
challenges that remain unanswered and research towards
addressing these issue is envisaged. For instance, the precise
panel of cell surface markers that define EPCs, SPCs, or
vascular progenitors as well as the different mechanisms that
precisely regulate their dynamics are unknown. It would be
interesting to know if natural products have the tendency to
regulate the progenitor’s cell surface markers and precisely
guide their differentiation into endothelial and/or smooth
muscle cells. As the progenitor cell distribution is diffused, it
would be interesting and therapeutically vital to understand
the behavior of progenitor cells isolated from different
regions and sources and it would be even more interesting
to know if natural products can selectively influence their
function. Also, understanding the mechanism by which
stem/progenitor cells achieve a functional improvement
is the need of the hour. Although the current benefits of
natural products are limited to their antioxidant functions,
it will be therapeutically valuable to know if the benefits
are beyond the antioxidant effects and are rather due to
a direct or indirect effect on the cell surface markers and
cell migration and differentiation events. Unrevealing the
mystery of differentiated progenitors working in such close
concert with the vasculature will be a paradigm shift in the
vascular pathophysiology and will redefine the way vascular
diseases are currently treated.

REFERENCES

1. Caplice NM, Doyle B. Vascular progenitor cells: origin and mechanisms of
mobilization, differentiation, integration, and vasculogenesis. Stem Cells
Dev 2005;14:122-39.

2. Schichinger V, Assmus B, Honold J, Lehmann R, Hofmann WK, Martin
H, et al. Normalization of coronary blood flow in the infarct-related artery
after intracoronary progenitor cell therapy: intracoronary Doppler substudy
of the TOPCARE-AMI trial. Clin Res Cardiol 2006;95:13-22.

J Young Pharm Vol 1/ No 1



10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

Natural products as regulators of progenitor cells

Torsney E, Mandal K, Halliday A, Jahangiri M, Xu Q. Characterisation
of progenitor cells in human atherosclerotic vessels. Atherosclerosis
2006;191:259-64.

Doyle B, Kemp BJ, Chareonthaitawee P, Reed C, Schmeckpeper ], Sorajja
P, et al. Dynamic tracking during intracoronary injection of 18F-FDG-
labeled progenitor cell therapy for acute myocardial infarction. ] Nucl Med
2007;48:1708-14.

Britten MB, Abolmaali ND, Assmus B, Lehmann R, Honold J, Schmitt J, et al.
Infarct remodeling after intracoronary progenitor cell treatment in patients
with acute myocardial infarction (TOPCARE-AMI): mechanistic insights
from serial contrast-enhanced magnetic resonance imaging. Circulation
2003;108:2212-8.

Fazel S, Cimini M, Chen L, Li S, Angoulvant D, Fedak P, et al. Cardioprotective
c-kit" cells are from the bone marrow and regulate the myocardial balance
of angiogenic cytokines. J Clin Invest 2006;116:1865-77.

Ben-Shoshan |, Keren G, George J. Endothelial progenitor cells (EPCs)-new
tools for diagnosis and therapy. Harefuah 2006;145:362-6.

Walter DH, Rochwalsky U, Reinhold J, Seeger F, Aicher A, Urbich C, et al.
Sphingosine-1-phosphate stimulates the functional capacity of progenitor
cells by activation of the CXCR4-dependent signaling pathway via the S1P3
receptor. Arterioscler Thromb Vasc Biol 2007;27:275-82.

Vemulapalli S, Metzler SD, Akabani G, Petry NA, Niehaus NJ, Liu X, et al.
Cell therapy in murine atherosclerosis: in vivo imaging with high-resolution
helical SPECT. Radiology 2007;242:198-207.

Caplice NM, Deb A. Myocardial-cell replacement: the science, the clinic
and the future. Nat Clin Pract Cardiovasc Med 2004;1:90-5.

Liu C, Nath KA, Katusic ZS, Caplice NM. Smooth muscle progenitor cells
in vascular disease. Trends Cardiovasc Med 2004;14:288-93.

Doyle B, Caplice N. A new source of endothelial progenitor cells--vascular
biology redefined? Trends Biotechnol 2005;23:444-6.

Siow RC, Churchman AT. Adventitial growth factor signalling and vascular
remodelling: potential of perivascular gene transfer from the outside-in.
Cardiovasc Res 2007;75:659-68.

Doyle B, Caplice NM. Targeting angiogenesis versus myogenesis with cardiac
cell therapy. Expert Rev Cardiovasc Ther 2006;4:745-53.

Doyle B, Caplice N. Plaque neovasculatization and antiangiogenic therapy
for atherosclerosis. ] Am Coll Cardiol 2007;49:2073-80.

Sata M. Molecular strategies to treat vascular diseases: circulating vascular
progenitor cell as a potential target for prophylactic treatment of
atherosclerosis. Circ ] 2003;67:983-91.

Abedin M, Tintut Y, Demer LL. Mesenchymal stem cells and the artery
wall. Circ Res 2004;95:671-6.

Tarzami ST, Singh JP. Pharmacological revascularisation in coronary and
peripheral vascular disease. Expert Opin Investig Drugs 2004;13:1319-26.
Aicher A, Zeiher AM, Dimmeler S. Mobilizing endothelial progenitor cells.
Hypertension 2005;45:321-5.

Ott HC, McCue J, Taylor DA. Cell-based cardiovascular repait--the hurdles
and the opportunities. Basic Res Cardiol 2005;100:504-17.

Boos CJ, Lip GY, Blann AD. Circulating endothelial cells in cardiovascular
disease. ] Am Coll Cardiol 2006;48:1538-47.

Gammill HS, Lin C, Hubel CA. Endothelial progenitor cells and
preeclampsia. Front Biosci 2007;12:2383-94.

Gallagher KA, Goldstein L], Thom SR, Velazquez OC. Hyperbaric oxygen
and bone marrow-derived endothelial progenitor cells in diabetic wound
healing. Vascular 2006;14:328-37.

Fadini GP, Agostini C, Sartore S, Avogaro A. Endothelial progenitor cells
in the natural history of atherosclerosis. Atherosclerosis 2007;194:46-54.
Asahara T. Stem cell biology for vascular regeneration. Ernst Schering Res
Found Workshop 2005;54:111-29.

Asahara T. Cell therapy and gene therapy using endothelial progenitor cells
for vascular regeneration. Handbook Exp Pharmacol 2007;180:181-94.
Ishikawa M, Asahara T. Endothelial progenitor cell culture for vascular
regeneration. Stem Cells Develop 2004;13:344-9.

Ishizawa K, Kubo H, Yamada M, Kobayashi S, Suzuki T, Mizuno S, ¢t al.
Hepatocyte growth factor induces angiogenesis in injured lungs through
mobilizing endothelial progenitor cells. Biochem Biophys Res Commun
2004;324:276-80.

J Young Pharm Vol 1/ No 1

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Iwami Y, Masuda H, Asahara T. Endothelial progenitor cells: past, state of
the art, and future. ] Cell Mol Med 2004;8:488-97.

Iwase T, Nagaya N, Fujii T, Itoh T, Ishibashi-Ueda H, Yamagishi M,
et al. Adrenomedullin enhances angiogenic potency of bone marrow
transplantation in a rat model of hindlimb ischemia. Circulation
2005;111:356-62.

Tamaki T, Uchiyama Y, Okada Y, Ishikawa T, Sato M, Akatsuka A, et al.
Functional recovery of damaged skeletal muscle through synchronized
vasculogenesis, myogenesis, and neurogenesis by muscle-derived stem cells.
Circulation 2005;112:2857-66.

Ishikawa T, Eguchi M, Wada M, Iwami Y, Tono K, Iwaguro H, et al.
Establishment of a functionally active collagen-binding vascular endothelial
growth factor fusion protein in situ. Arterioscler Thromb Vasc Biol
20006;26:1998-2004.

Deb A, Skelding KA, Wang S, Reeder M, Simper D, Caplice NM. Integrin
profile and in vivo homing of human smooth muscle progenitor cells.
Circulation 2004;110:2673-77.

Majka SM, Jackson KA, Kienstra KA, Majesky MW, Goodell MA, Hirschi
KK. Distinct progenitor populations in skeletal muscle are bone marrow
derived and exhibit different cell fates during vascular regeneration. J Clin
Invest 2003;111:71-9.

Hillebrands JI, Onuta G, Rozing J. Role of progenitor cells in transplant
arteriosclerosis. Trends Cardiovasc Med 2005;15:1-8.

Sata M. Role of circulating vascular progenitors in angiogenesis, vascular
healing, and pulmonary hypertension: lessons from animal models.
Arterioscler Thromb Vasc Biol 2006;26:1008-14.

Metharom P, Caplice NM. Vascular disease: a new progenitor biology. Curr
Vas Pharmacol 2007;5:61-8.

Metharom P, Doyle B, Caplice NM. Clinical trials in stem cell therapy: pitfalls
and lessons for the future. Nat Clin Pract 2007;4:596-9.

Metharom P, Liu C, Wang S, Stalboerger P, Chen G, Doyle B, et al. Myeloid
lineage of high proliferative potential human smooth muscle outgrowth
cells circulating in blood and vasculogenic smooth muscle-like cells in vivo.
Atherosclerosis 2007;198:29-38.

Xu Q. Progenitor cells in vascular repair. Curr Opin Lipidol 2007;18:534-9.
Golledge J, Van Campenhout A, Pal S, Rush C. Bone marrow-derived cells
and arterial disease. ] Vasc Surg 2007;46:590-600.

Caplice NM, Gersh BJ, Alegria JR. Cell therapy for cardiovascular disease:
what cells, what diseases and for whom? Nat Clin Pract Cardiovasc Med
2005;2:37-43.

Asahara ‘T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, ¢t al.
Isolation of putative progenitor endothelial cells for angiogenesis. Science
1997;275:964-7.

Stellos K, Gawaz M. Platelet interaction with progenitor cells: potential
implications for regenerative medicine. Thromb Haemostat 2007;98:922-9.
Stellos K, Gawaz M. Platelets and stromal cell-derived factor-1 in progenitor
cell recruitment. Sem Thromb Hemostat 2007;33:159-64.

Zernecke A, Schober A, Bot I, von Hundelshausen P, Lichn EA, Mopps B,
etal. SDF-1alpha/CXCR4 axis is instrumental in neointimal hyperplasia and
recruitment of smooth muscle progenitor cells. Circ Res 2005;96:784-91.
Miyamoto M, Yasutake M, Takano H, Takagi H, Takagi G, Mizuno HK, ¢t
al. Therapeutic angiogenesis by autologous bone marrow cell implantation
for refractory chronic peripheral arterial disease using assessment of
neovascularization by 99mTc-tetrofosmin (TF) perfusion scintigraphy. Cell
Transplant 2004;13:429-37.

Miyamoto Y, Suyama T, Yashita T, Akimaru H, Kurata H. Bone marrow
subpopulations contain distinct types of endothelial progenitor cells and
angiogenic cytokine-producing cells. ] Mol Cell Cardiol 2007;43:627-35.
Zhang H, Zhang N, Li M, Feng H, Jin W, Zhao H, et al. Therapeutic
Angiogenesis of Bone Marrow Mononuclear Cells (MNCs) and Peripheral
Blood MNCs: Transplantation for Ischemic Hindlimb. Ann Vasc Surg
2007;22:238-47.

Zhang M, Zhou SH, Li XP, Shen XQ, Fang ZF. A novel hypothesis
of atherosclerosis: EPCs-mediated repair-to-injury. Med Hypotheses
2007;70:838-41.

Zhang QH, She MP. Biological behaviour and role of endothelial progenitor
cells in vascular diseases. Chin Med J (Engl) 2007;120:2297-303.

33



52.

53.

54.

55.

50.

57.

58.

59.

60.

61.

62.

63.

64.

65.

60.

67.

68.

69.

70.

71.

72.

73.

34

Kumar et al. J Young Pharm. 2009;1:28-35

Zhang S, Ge J, Zhao L, Qian J, Huang Z, Shen L, ¢t al. Host vascular niche
contributes to myocardial repair induced by intracoronary transplantation
of bone marrow CD34" progenitor cells in infarcted swine heart. Stem
Cells 2007;25:1195-203.

Zhang SJ, Zhang H, Hou M, Zheng Z, Zhou J, Su W, et al. Is it possible
to obtain “true endothelial progenitor cells” by in vitro culture of bone
marrow mononuclear cells? Stem Cells Develop 2007;16:683-90.

Simper D, Wang S, Deb A, Holmes D, McGregor C, Frantz R, et al.
Endothelial progenitor cells are decreased in blood of catrdiac allograft
patients with vasculopathy and endothelial cells of noncardiac origin are
enriched in transplant atherosclerosis. Circulation 2003;108:143-9.
Hristov M, Erl W, Weber PC. Endothelial progenitor cells: mobilization,
differentiation, and homing; Arterioscler Thromb Vasc Biol 2003;23:1185-9.
Rafii S, Lyden D. Therapeutic stem and progenitor cell transplantation for
organ vascularization and regeneration. Nat Med 2003;9:702-12.

Hristov M, Erl W, Weber PC. Endothelial progenitor cells: isolation and
characterization. Trends Cardiovasc Med 2003;13:201-6.

Laufs U, Werner N, Link A, Endres M, Wassmann S, Jurgens K, et al. Physical
training increases endothelial progenitor cells, inhibits neointima formation,
and enhances angiogenesis. Circulation 2004;109:220-6.

Wijelath ES, Rahman S, Murray J, Patel Y, Savidge G, Sobel M. Fibronectin
promotes VEGF-induced CD34 cell differentiation into endothelial cells. ]
Vasc Surg 2004;39:655-60.

Droetto S, Viale A, Primo L, Jordaney N, Bruno S, Pagano M, et al.
Vasculogenic potential of long term repopulating cord blood progenitors.
Faseb ] 2004;18:1273-5.

Asahara T, Kawamoto A. Endothelial progenitor cells for postnatal
vasculogenesis. Am ] Physiol Cell Physiol 2004;287:C572-9.

Imanishi T, Moriwaki C, Hano T, Nishio I. Endothelial progenitor cell
senescence is accelerated in both experimental hypertensive rats and patients
with essential hypertension. ] Hypert 2005;23:1831-7.

Timmermans F, Van Hauwermeiren F, De Smedt M, Raedt R, Plasschaert
F, De Buyzere ML, ¢t al. Endothelial outgrowth cells are not derived from
CD133" cells or CD45" hematopoietic precursors. Arterioscler Thromb
Vasc Biol 2007;27:1572-9.

Benndorf RA, Gehling UM, Appel D, Maas R, Schwedhelm E, Schlagner
K, et al. Mobilization of putative high-proliferative-potential endothelial
colony-forming cells during antihypertensive treatment in patients with
essential hypertension. Stem cells Develop 2007;16:329-38.

Ingram DA, Caplice NM, Yoder MC. Unresolved questions, changing
definitions, and novel paradigms for defining endothelial progenitor cells.
Blood 2005;106:1525-31.

Ferrari N, Glod J, Lee ], Kobiler D, Fine HA. Bone marrow-derived,
endothelial progenitor-like cells as angiogenesis-selective gene-targeting
vectors. Gene Ther 2003;10:647-56.

Bahlmann FH, De Groot K, Spandau JM, Landry AL, Hertel B, Duckert
T, et al. Erythropoietin regulates endothelial progenitor cells. Blood.
2004;103:921-6.

Wialter DH, Haendeler J, Reinhold J, Rochwalsky U, Seeger F, Honold ], et
al. Impaired CXCR4 signaling contributes to the reduced neovascularization
capacity of endothelial progenitor cells from patients with coronary artery
disease. Circ Res 2005;97:1142-51.

Asahara T. Endothelial progenitor cells for vascular medicine. Yakugaku
Zasshi 2007;127:841-5.

Liu C, Wang S, Deb A, Nath KA, Katusic ZS, McConnell JP, et al.
Proapoptotic, antimigratory, antiproliferative, and antiangiogenic effects
of commercial C-reactive protein on various human endothelial cell
types in vitro: implications of contaminating presence of sodium azide in
commercial preparation. Circ Res 2005;97:135-43.

He T, Peterson TE, Holmuhamedov EL, Terzic A, Caplice NM, Oberley
L\, et al. Human endothelial progenitor cells tolerate oxidative stress
due to intrinsically high expression of manganese superoxide dismutase.
Arterioscler Thromb Vasc Biol 2004;24:2021-7.

Simper D, Stalboerger PG, Panetta CJ, Wang S, Caplice NM. Smooth muscle
progenitor cells in human blood. Circulation 2002;106:1199-204.
Winkler 1G, Levesque JP. Mechanisms of hematopoietic stem cell
mobilization: when innate immunity assails the cells that make blood and

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

80.

87.

88.

89.

90.

91.

92.

93.

94.

bone. Exp Hematol 2006;34:996-1009.

Levesque JP, Winkler IG, Hendy J, Williams B, Helwani F, Barbier V, et al.
Hematopoietic progenitor cell mobilization results in hypoxia with increased
hypoxia-inducible transcription factor-1 alpha and vascular endothelial
growth factor A in bone marrow. Stem Cells 2007;25:1954-65.

Sugiyama S, Kugiyama K, Nakamura S, Kataoka K, Aikawa M, Shimizu
K, et al. Characterization of smooth muscle-like cells in circulating human
peripheral blood. Atherosclerosis 2006;187:351-62.

Matsuo Y, Imanishi T, Hayashi Y, Tomobuchi Y, Kubo T, Hano T, et al. The
effect of senescence of endothelial progenitor cells on in-stent restenosis
in patients undergoing coronary stenting. Intern Med. 2006;45:581-7.
Araujo AS, Ribeiro MFE, Enzveiler A, Schenkel P, Fernandes TR, Partata
WA, et al. Myocardial antioxidant enzyme activities and concentration
and glutathione metabolism in experimental hyperthyroidism. Mol Cell
Endocrinol 2006;249:133-9.

Araujo M, Welch WJ. Oxidative stress and nitric oxide in kidney function.
Curr Opin Nephrol Hypertens 2006;15:72-7.

Yao EH, Yu Y, Fukuda N. Oxidative stress on progenitor and stem cells in
cardiovascular diseases. Curr Pharma Biotechnol 2006;7:101-8.
Ebrahimian TG, Heymes C, You D, Blanc-Brude O, Mees B, Waeckel L,
et al. NADPH oxidase-derived overproduction of reactive oxygen species
impairs postischemic neovascularization in mice with type 1 diabetes. Am
J Pathol 2006;169:719-28.

Galasso G, Schiekofer S, Sato K, Shibata R, Handy DE, Ouchi N, et
al. Impaired angiogenesis in glutathione peroxidase-1-deficient mice
is associated with endothelial progenitor cell dysfunction. Circ Res
20006;98:254-61.

Wang CH, Anderson N, Li SH, Szmitko PE, Cherng W], Fedak PW; et al.
Stem cell factor deficiency is vasculoprotective: unraveling a new therapeutic
potential of imatinib mesylate. Circ Res 2006;99:617-25.

Sturiale A, Coppolino G, Loddo S, Criseo M, Campo S, Crasci E, et al.
Effects of haemodialysis on circulating endothelial progenitor cell count.
Blood Putification 2007;25:242-51.

Satoh K, Kagaya Y, Nakano M, Ito Y, Ohta J, Tada H, ¢t al. Important
role of endogenous erythropoietin system in recruitment of endothelial
progenitor cells in hypoxia-induced pulmonary hypertension in mice.
Circulation 2006;113:1442-50.

Bahlmann FH, DeGroot K, Duckert T, Niemczyk E, Bahlmann E, Boehm
SM, et al. Endothelial progenitor cell proliferation and differentiation is
regulated by erythropoietin. Kidney Internat 2003;64:1648-52.

Urao N, Okigaki M, Yamada H, Aadachi Y, Matsuno K, Matsui A,
et al. Erythropoietin-mobilized endothelial progenitors enhance
reendothelialization via Akt-endothelial nitric oxide synthase activation and
prevent neointimal hyperplasia. Circ Res 2006;98:1405-13.

Muller P, Kazakov A, Semenov A, Bohm M, Laufs U. Pressure-induced
cardiac overload induces upregulation of endothelial and myocardial
progenitor cells. Cardiovasc Res 2008;77:151-9.

Verma S. C-reactive protein incites atherosclerosis. Can J Cardiol
2004;20:29B-31B.

Swaminathan S, Ahmed I, McCarthy JT, Albright RC, Pittelkow MR, Caplice
NM, et al. Nephrogenic fibrosing dermopathy and high-dose erythropoietin
therapy. Annals Int Med 20006;145:234-5.

Venugopal SK, Devaraj S, Jialal I. Macrophage conditioned medium induces
the expression of C-reactive protein in human aortic endothelial cells:
potential for paracrine/autocrine effects. Am J Pathol 2005;166:1265-71.
Suh W, Kim KL, Choi JH, Lee YS, Lee J Y, Kim M, et al. C-reactive protein
impairs angiogenic functions and decreases the secretion of arteriogenic
chemo-cytokines in human endothelial progenitor cells. Biochem Biophys
Res Commun 2004;321:65-71.

Alkhatib B, Freguin-Bouilland C, Lallemand I, Henry JP, Litzler PY, Marie
JP, et al. Low molecular weight fucan prevents transplant coronaropathy in
rat cardiac allograft model. Transplant Immunol 2006;16:14-9.
Zammaretti P, Zisch AH. Adult ‘endothelial progenitor cells’. Renewing
vasculature. Int ] Biochem Cell Biol. 2005;37:493-503.

Zemani F, Benisvy D, Galy-Fauroux I, Lokajczyk A, Colliec-Jouault S,
Uzan G, et al. Low-molecular-weight fucoidan enhances the proangiogenic
phenotype of endothelial progenitor cells. Biochem Pharmacol

J Young Pharm Vol 1/ No 1



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Natural products as regulators of progenitor cells

2005;70:1167-75.

Wo YB, Zhu DY, Hu Y, Wang ZQ, Liu ], Lou YJ. Reactive oxygen
species involved in prenylflavonoids, icariin and icaritin, initiating
cardiac differentiation of mouse embryonic stem cells. ] Cell Biochem
2008;103:15306-50.

Kim HR, Park BK, Oh YM, Lee YS, Lee DS, Kim HK, ¢t al. Green tea
extract inhibits paraquat-induced pulmonary fibrosis by suppression of
oxidative stress and endothelin-1 expression. Lung 20006;184:287-95.

Yi P, Lu FE, Xu L], Chen G, Dong H, Wang KF Berberine reverses free-
fatty-acid-induced insulin resistance in 3T3-L1 adipocytes through targeting
IKKbeta. World | Gastroenterol 2008;14:876-83.

Xu MG, Wang JM, Chen L, Wang Y, Yang Z, Tao J. Berberine-induced
mobilization of circulating endothelial progenitor cells improves human
small artery elasticity. ] Hum Hypertens 2008;22:389-93.

Comalada M, Camuesco D, Sierra S, Ballester I, Xaus J, Galvez J, ¢t al. In
vivo quercitrin anti-inflammatory effect involves release of quercetin, which
inhibits inflammation through down-regulation of the NF-kappaB pathway.
Eur ] Immunol 2005;35:584-92.

Comalada M, Ballester I, Bailon E, Sierra S, Xaus |, Galvez J, et al. Inhibition
of pro-inflammatory markers in primary bone marrow-derived mouse
macrophages by naturally occurring flavonoids: analysis of the structure-
activity relationship. Biochem Pharmacol 2006;72:1010-21.

Saccani A, Saccani S, Orlando S, Sironi M, Bernasconi S, Ghezzi P, et al.
Redox regulation of chemokine receptor expression. Proc Nat Acad Sc
USA 2000;97:2761-6.

Lee RH, Hsu SC, Munoz J, Jung JS, Lee NR, Pochampally R, et al. A subset
of human rapidly self-renewing marrow stromal cells preferentially engraft
in mice. Blood 2006;107:2153-61.

Dekel B, Shezen E, Even-Tov-Friedman S, Katchman H, Margalit R, Nagler
A, et al. Transplantation of human hematopoietic stem cells into ischemic
and growing kidneys suggests a role in vasculogenesis but not tubulogenesis.
Stem Cells 2006;24:1185-93.

Sattler M, Winkler T, Verma S, Byrne CH, Shrikhande G, Salgia R, et al.
Hematopoietic growth factors signal through the formation of reactive
oxygen species. Blood 1999;93:2928-35.

Albright CD, Borgman C, Craciunescu CN. Activation of a caspase-
dependent oxidative damage response mediates TGFbetal apoptosis in
rat hepatocytes. Exp Mol Pathol 2003;74:256-61.

Zhu XY, Rodriguez-Porcel M, Bentley MD, Chade AR, Sica V, Napoli C,
et al. Antioxidant intervention attenuates myocardial neovascularization in
hypercholesterolemia. Circulation 2004;109:2109-15.

Krotz F, Sohn HY, Pohl U. Reactive oxygen species: players in the platelet
game. Arterioscler Thromb Vasc Biol 2004;24:1988-96.

108. Jin H, Aiyer A, Su ], Borgstrom P, Stupack D, Friedlander M, et al. A homing

109.

mechanism for bone marrow-detived progenitor cell recruitment to the
neovasculature. ] Clin Invest 2006;116:652-62.

Massberg S, Konrad I, Schurzinger K, Lorenz M, Schneider S, Zohlnhoefer
D, et al. Platelets secrete stromal cell-derived factor 1alpha and recruit bone
marrow-derived progenitor cells to arterial thrombi in vivo. ] Expt Med

J Young Pharm Vol 1/ No 1

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

2006;203:1221-33.

de Boer HC, Verseyden C, Ulfman LH, Zwaginga |], Bot I, Biessen EA, ¢t
al. Fibrin and activated platelets cooperatively guide stem cells to a vascular
injury and promote differentiation towards an endothelial cell phenotype.
Arterioscler Thromb Vasc Biol 2006;26:1653-9.

Kobayashi K, Imanishi T, Akasaka T. Endothelial progenitor cell
differentiation and senescence in an angiotensin Il-infusion rat model.
Hypertens Res 2006;29:449-55.

Basire A, Sabatier F, Ravet S, Lamy E, Mialhe A, Zabouo G, et al. High
urokinase expression contributes to the angiogenic properties of endothelial
cells derived from circulating progenitors. Thromb Haemost 2006;95:678-88.
Yoon YS, Uchida S, Masuo O, Cejna M, Park JS, Gwon HC, et al. Progressive
attenuation of myocardial vascular endothelial growth factor expression is
a seminal event in diabetic cardiomyopathy: restoration of microvascular
homeostasis and recovery of cardiac function in diabetic cardiomyopathy
after replenishment of local vascular endothelial growth factor. Circulation
2005;111:2073-85.

Yoon YS, Johnson IA, Park JS, Diaz I, Losordo DW. Therapeutic myocardial
angiogenesis with vascular endothelial growth factors. Mol Cell Biochem
2004;264:63-74.

Kogata N, Arai Y, Pearson ]T, Hashimoto K, Hidaka K, Koyama T, et
al. Cardiac ischemia activates vascular endothelial cadherin promoter
in both preexisting vascular cells and bone marrow cells involved in
neovascularization. Circ Res 2006;98:897-904.

Kim HW;, Lin A, Guldberg RE, Ushio-Fukai M, Fukai T. Essential role of
extracellular SOD in reparative neovascularization induced by hindlimb
ischemia. Circ Res 2007;101:409-19.

Kim HK, Song K8, Kim HO, Chung JH, Lee KR, Lee Y], et al. Circulating
numbers of endothelial progenitor cells in patients with gastric and breast
cancet. Canc Lett 2003;198:83-8.

Kim DI, Kim M]J, Joh JH, Shin SW, Do YS, Moon JY, et al. Angiogenesis
facilitated by autologous whole bone marrow stem cell transplantation for
Buerger’s disease. Stem Cells 2006;24:1194-200.

He Y, Rajantie I, lmonen M, Makinen T, Karkkainen MJ, Haiko P, et al.
Preexisting lymphatic endothelium but not endothelial progenitor cells are
essential for tumor lymphangiogenesis and lymphatic metastasis. Canc Res
2004;64:3737-40.

He T, Smith LA, Harrington S, Nath KA, Caplice NM, Katusic ZS.
Transplantation of circulating endothelial progenitor cells restores
endothelial function of denuded rabbit carotid arteties. Stroke 2004;35:2378-
84.

Kirchmair R, Egger M, Walter DH, Eisterer W, Niederwanger A, Woell
E, et al. Secretoneurin, an angiogenic neuropeptide, induces postnatal
vasculogenesis. Circulation 2004;110:1121-7.

Source of Support: Nil, Conflict of Interest: None declared.

Discover what makes InPharm
unique compared to everyone else 1!}

INPHARM

35





