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Forum Editorial

Emerging Roles of Reactive Oxygen
and Nitrogen Species in Stem/Progenitor Cells

NICANOR I. MOLDOVAN

INTRODUCTION

HE UBIQUITOUS PRESENCE OF REACTIVE OXYGEN SPECIES

(ROS) within cells continues to defeat our simplistic
thinking. At the crossroads of cell signaling with its response
to injurious stimuli, changes in intracellular levels of ROS
and/or redox equivalents are omnipresent, regulating biologi-
cal effects such as differentiation, proliferation, and apopto-
sis. To add another level of complexity, nitric oxide (NO) and
other reactive nitrogen species accompany ROS in their ac-
tions, besides the many functions specifically ascribed to
them. The role of these highly reactive molecules in the biol-
ogy of stem/progenitor cells is particularly challenging, rais-
ing important questions about signaling in these cells in gen-
eral, with implications for their differentiation, as well as
practical issues related to their dysfunctions in various patho-
logical conditions.

We invited several researchers to summarize their work, to
review their peers’ activity, and to synthesize their opinions.
The domains are representative of cardiovascular/hematopoi-
etic, neuron, and tumor biology. Their contributions reveal a
number of recently surfaced facts, indicating a deeply rooted
role of ROS and NO metabolism in stem/progenitor cell func-
tions and differentiation. The topics were not split up among
stem and progenitor cells, because the distinction in itself
(stem/progenitor) is still a matter of debate (18). For the pur-
pose of this Forum issue of the Journal, the stem cells are de-
fined by self-renewal (immortality) and pluripotency, and the
progenitor cells are characterized by multipotency, while
maintaining vigorous but limited proliferative capacity. The
topics presented here encompass both embryonic and adult
stem/progenitor cells.

Overall, the studies discussed here support a model pro-
posed some time ago by Allen and Balin (1), accounting for
the influence of oxidative stress on development and differen-
tiation. This model was based on the fact that oxygen strongly
influences the course of development, and that metabolic gra-

dients exist in developing organisms. The authors suggested
that the effects of these gradients on development might re-
sult from differential oxygen supply to tissues, because cells
and tissues in various stages of differentiation exhibit discrete
changes in their antioxidant defense and in the parameters of
oxidation. Metabolically generated oxidants and ROS have
been implicated as factors that direct the initiation of mor-
phogenesis. Two recent studies confirmed that the antioxidant
protective mechanism of endothelial progenitor cells (EPC) is
highly amplified as compared with adult EC (5, 9). Moreover,
it has been reported that low doses of ROS protect EC from
apoptosis by increasing expression of thioredoxin-1 (8), indi-
cating that, similar to adult cells, the effects of ROS in prog-
enitors are concentration-dependent, and thus the background
ROS formation is a prerequisite of normal cellular function-
ing. The Allen and Balin model also implicated the cellular
distribution of ions and the cytoskeleton, both of which are
influenced by oxidants. The impact of ROS on cytoskeleton
organization was supported by other recent data in various
experimental systems. For example, ROS were found to me-
diate actin polymerization in endothelial cells (EC) (16), and
Racl to play a key role in this process (15).

ROS CONTROL DIFFERENTIATION OF
STEM/PROGENITOR CELLS

In this issue, Heinrich Sauer and Maria Wartenberg discuss
the participation of ROS in signaling in cardiac cell differenti-
ation. They show that embryonic stem cell-derived embryoid
bodies (EB) generate ROS through the activity of NAD(P)H
oxidase (21). EB at early stages of differentiation exposed to
ROS displayed an increase in the percentage of beating EB,
demonstrating both the presence of cardiac cells in the EB and
the redox control of differentiation. However, the role of ROS
in cardiovascular differentiation of embryonic stem cells ap-
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pears to have antagonistic features, because continuous expo-
sure to ROS results in inhibition of cardiomyogenesis and
vasculogenesis, whereas pulsed exposure to low levels of ROS
enhances differentiation toward cardiomyogenic, as well as
vascular cell lineages. Furthermore, the “confrontation cul-
ture” method (where two tissues are let to grow side by side)
for EB versus tumors showed that ROS were induced in both
tissues. EB formed blood vessel-like structures, which in-
vaded the tumor. Vitamin E treatment reduced this angiogenic
activity of EB, further confirming the mechanistic role of
ROS in the process.

Interestingly, as a means for directly inducing ROS in EB,
these authors chose to use pulsed electric fields. In this re-
gard, it is worth noting that electromagnetic fields were inde-
pendently shown to stimulate angiogenesis in vitro and in
vivo, via the release of endothelial basic fibroblast growth
factor (22).

Michel Pucéat highlights the roles of the small GTP-bind-
ing molecule Rac and of NAD(P)H oxidase complex in the
inhibition of cardiomyogenesis and down-regulation of the
cardiac-specific transcription factor MEF2C, via induction
of excessive levels of ROS. He used a model of embryonic
stem cells overexpressing a constitutively active form of
Rac (19).

Paula van Hennik and Peter Hordijk review the roles of the
major members of the Rho family (i.e.,, Racl, Rac2, RhoA,
and Cdc42), in the organization of actin cytoskeleton and in
the control of gene expression in hematopoietic cells, during
processes such as chemotaxis and phagocytosis, both depen-
dent on production of ROS (23). These functions are allo-
cated to relatively small regions in the primary sequence of
these GTPases. The identification of mutations in GTPases or
in their regulators has provided novel insights in the struc-
ture—function relationship, as well as in their relevance for
the development of hematological diseases.

Mark Noble and colleagues discuss the role of redox state
in regulating the balance between proliferation and differen-
tiation in neural progenitor cells (17). The authors developed
a model to study how the redox state of a cell is involved in
cell-fate decisions. The core evidence is provided by the au-
thors’ studies of oligodendrocyte progenitor cells isolated
from rat optic nerve. They suggest that the intrinsic redox
state of the cells affects their responsiveness to different
stimuli, namely, cells in a more reduced state would respond
more readily to inducers of survival and proliferation,
whereas cells that are more oxidized would respond readily
to inducers of differentiation or cell death. They further
argue that this redox state can be altered by exogenous cues,
in which case signaling molecules that induce a more re-
duced state stimulate self-renewal, and those agents that
make a more oxidized state promote differentiation. The
authors comment that, paradoxically, the results obtained
through studies on the oligodendrocyte lineage are the oppo-
site of what might be predicted from many other studies
demonstrating the ability of ROS to enhance the effects of
signaling through tyrosine kinase receptors and to induce
cell proliferation. Comparing their own data with those ob-
tained in other cell systems, the authors identified the exis-
tence of two distinct programs of cellular responses to
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changes in oxidative status. In one of these, slightly oxidized
states are sufficient to inhibit proliferation and induce differ-
entiation. In the second program, similar changes would en-
hance proliferation. To the question of how the cells can in-
terpret similar signals in such opposite manners, we would
suggest that a decisive factor in dictating their responses to
ROS and to redox status might be their embryological origin.
Oligodendrocytes are derived from the ectoderm, whereas
others, such as the cardiovascular and hematopoietic cells,
are of mesodermal origin. This hypothesis can be experimen-
tally tested.

ABNORMAL ROS LEVELS PRODUCED
IN DIABETES INTERFERE WITH
STEM/PROGENITOR CELL FUNCTIONS

Another emerging field of investigation is the impact of
externally imposed, chronic (pathological) oxidative stress on
stem/progenitor cells. To illustrate the case, diabetic diseases
were considered, which are notorious for induction of high
concentrations of ROS in a variety of cells. Recently, the sen-
sitivity of bone marrow-derived primitive EPC to diabetes-
induced ROS was demonstrated by their increased response
to oxidative stress and by reduced proliferative abilities,
whereas the more differentiated monocytic EC precursors
were less affected (2).

In this issue, Cindy Loomans and colleagues review the
impact of type 1 diabetes on (mostly endothelial) progenitor
cells (13), showing that the vascular regenerative potential of
patients with diabetes is impaired, likely as a consequence of
reduced number and deficient activity of circulating progeni-
tor cells contributing to endothelial maintenance and isch-
emia-induced neovascularization. The authors also cite their
own work supporting a role of oxidative stress in the dia-
betes-associated EPC dysfunction. Based on DNA microar-
ray analysis, they suggest that EPC cultured from patients
with type 1 diabetes display a proinflammatory phenotype,
with implications for the proatherogenic mechanisms present
in the diabetic patients. The authors also suggest that statins
could reduce glucose-induced ROS production by the endo-
thelium via inhibition of GTPase-mediated activation of the
NADPH subunit p2274x, The inhibitors of HMG-CoA reduc-
tase may also counteract the adverse phenotype observed in
EPC from diabetic patients. The authors also propose that
pharmacological intervention in angiotensin II signaling,
known to be ROS-dependent, may also be beneficial to main-
tain EPC number and function in diabetes.

In an accompanying article, Matthew Callaghan and col-
leagues review the current knowledge regarding type II dia-
betes and EPC function (3). They note that hyperglycemia
alone, through mitochondrial overproduction of ROS, can in-
duce changes in gene expression and cellular behavior in dia-
betes. Experimentally, the impairment of EPC functions
would prevent new blood vessel growth and is potentially re-
versible by manipulations to decrease ROS. They underline
that novel strategies aimed at reducing hyperglycemia-induced
ROS may again be a useful adjuvant to antihyperglycemic



ROS, NO, AND STEM CELLS

therapies in the restoration of vasculogenesis and prevention
of diabetic complications.

NO REGULATES
STEM/PROGENITOR FUNCTIONS

NO constantly accompanies O, and/or ROS in most of
their physiological activities. It became customary to see that
in most of the studies addressing one mechanism, the other
was considered as well. There are multiple reasons for this.
One is the cross-talk between the signaling pathways, in pro-
duction and/or consummation of these molecular species (11).
It was hypothesized that in states where superoxide anion is
increased, especially in the mitochondria, whole-body O, con-
sumption will be increased, because of the inactivation of NO.
Reaction of NO with superoxide leads to formation of perox-
ynitrites, which have many important consequences on cellu-
lar physiology (12). Remarkably, the “overlap” between NO
and ROS metabolism goes as deep as their alternate synthesis
by the same enzyme, NOS (4). When reviewing the role of
ROS in cardiac cell differentiation, Sauer and Wartenberg did
not omit the role of NO (21), underscoring that the roles of
NO and ROS in certain stages of cardiovascular differentiation
are similar. Recently, a wealth of data on the key role of NO in
EPC mobilization and homing was obtained using eNOS
knockout mice (for a review, see 6).

As an application of the concepts discussed before, the
original contribution to this Forum by Ellis et al. (7) high-
lights the interplay between NO and ROS in EPC-based vas-
culogenesis in diabetic eyes. The authors used animals with
targeted mutations to either inducible NOS (iNOS-/-) or the
endothelial form of NOS (eNOS-/-) to characterize the iso-
form-specific role of NOS in retinal pathology. The absence
of iNOS in transgenic animals protected against development
of retinal pathology following long-term galactose feeding,
minimized neovascularization after laser injury, and pre-
vented the increase in nitrotyrosine, as opposed to galac-
tosemic eNOS—/~ and wild-type mice. Following laser injury
to the retina, eNOS—/~ mice produced in the eyes many un-
branched, nonperfused tubes (indicating poor functionality),
whereas the iNOS~/~ animals had only few areas of perfused
new vessels, similar to the wild-type controls. The authors
concluded that not only the levels of NO, but also their
sources (underscoring the role of inflammatory cells), modu-
late hematopoietic stem cell behavior and vascular phenotype
in the retina. These findings of the increased presence of bone
marrow-derived progenitors (although of limited functional-
ity) in the retinal injury areas of eNOS~/~ mice are at odds
with the reduced bone marrow homing of EPC in eNOS-/~
mice (6), which suggests a nuanced interpretation of the role
of NO in EPC physiology. We anticipate that this paradox, as
well as the previous one regarding the opposite responses of
various classes of stem cells to redox imbalances, will be a
rich source of future discoveries.

It is said that good science is the one that produces more
questions than answers. This is definitely the case with the ar-
ticles collected in this issue, and with the field at large. There
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are of course other instances, not discussed here, where ROS,
NO, and their pharmacological modulators regulate signaling
mechanisms in stem/progenitor cells. For sure, the coming
years will unveil much more exciting facts and interpretations
with particular application of ROS and NO metabolism to de-
velopmental biology and tissue regeneration.
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EB, embryoid bodies; EC, endothelial cells; eNOS, endo-
thelial nitric oxide synthase; EPC, endothelial progenitor
cells; iNOS, inducible nitric oxide synthase; NO, nitric oxide;
NOS, nitric oxide synthase; ROS, reactive oxygen species.

REFERENCES

1. Allen RG and Balin AK. Oxidative influence on develop-
ment and differentiation: an overview of a free radical the-
ory of development. LigeRadic Rial Mcd 6: 631-661,
1989.

2. Awad O, Jiao C, Ma N, Dunnwald M, and Schatteman GC.
Obese diabetic mouse environment differentially affects
primitive and monocytic endothelial cell progenitors. Stem
Cells 23: 575-583, 2005.

3. Callaghan MJ, Ceradini DJ, and Gurtner GC. Hyper-
glycemia-induced reactive oxygen species and impaired
endothelial progenitor cell function. dutigd RedarSigual
7:1476-1482, 2005.

4. Cardounel AJ, Xia Y, and Zweier JL. Endogenous methyl-
arginines modulate superoxide as well as nitric oxide gen-
eration from neuronal nitric-oxide synthase: differences in
the effects of monomethyl- and dimethylarginines in the
presence and absence of tetrahydrobiopterin. J Biol Chem
280: 75407549, 2005.

5. Dernbach E, Urbich C, Brandes RP, Hofmann WK, Zeiher
AM, and Dimmeler S. Antioxidative stress-associated genes
in circulating progenitor cells: evidence for enhanced resis-
tance against oxidative stress. Blood 104: 3591-3597, 2004.

6. Duda DG, Fukumura D, and Jain RK. Role of eNOS in
neovascularization: NO for endothelial progenitor cells.
Lrends Mol Med 10: 143—145, 2004.

7. Ellis EA, Sengupta N, Caballero S, Mames RN, and Grant
MB. Difterential effects of nitric oxide synthase isoforms:
progenitor and resident endothelial cell involvement in reti-
nal dysfunction. dgiguid Redax Sional 7: 1413-1422,2005.

8. Haendeler J, Tischler V, Hoffmann J, Zeiher AM, and Dim-
meler S. Low doses of reactive oxygen species protect en-
dothelial cells from apoptosis by increasing thioredoxin-1
expression. FEBS Lett 577: 427433, 2004.




1412

9.

10.

11.

12.

13.

14.

15.

He T, Peterson TE, Holmuhamedov EL, Terzic A, Caplice
NM, Oberley LW, and Katusic ZS. Human endothelial
progenitor cells tolerate oxidative stress due to intrinsically
high expression of manganese superoxide dismutase. Arte-
waseler Thrauh Lase Rigl 24: 2021-2027, 2004.

Kajstura J, Rota M, Whang B, Cascapera S, Hosoda T,
Bearzi C, Nurzynska D, Kasahara H, Zias E, Bonafe M,
Nadal-Ginard B, Torella D, Nascimbene A, Quaini F, Ur-
banek K, Leri A, and Anversa P. Bone marrow cells differ-
entiate in cardiac cell lineages after infarction indepen-
dently of cell fusion. Circ Res 96: 127-137, 2005.
Kinugawa S, Huang H, Wang Z, Kaminski PM, Wolin MS,
and Hintze TH. A defect of neuronal nitric oxide synthase
increases xanthine oxidase-derived superoxide anion and
attenuates the control of myocardial oxygen consumption
by nitric oxide derived from endothelial nitric oxide syn-
thase. Circ Res 96: 355-362, 2005.

Kinugawa S, Wang Z, Kaminski PM, Wolin MS, Edwards
JG, Kaley G, and Hintze TH. Limited exercise capacity in
heterozygous manganese superoxide dismutase gene-
knockout mice: roles of superoxide anion and nitric oxide.
Circulation 111: 1480-1486, 2005.

Loomans CJM, de Koning EJP, Staal FJT, Rabelink TJ, and
van Zonneveld AJ. Endothelial progenitor cell dysfunction
in type 1 diabetes: another consequence of oxidative
stress? dutiodd Redar Sioual 7: 1468—1475, 2005.
Moldovan L and Moldovan NI. Oxygen free radicals and
redox biology of organelles. Histachem Cell Rigl 122:
395-412, 2004.

Moldovan L, Irani K, Moldovan NI, Finkel T, and Gold-
schmidt-Clermont PJ. The actin cytoskeleton reorganiza-
tion induced by Racl requires the production of superox-

ide. dutiguid Redax Siougl 1: 2943, 1999.

. Moldovan L, Moldovan NI, Sohn RH, Parikh SA, and Gold-

schmidt-Clermont PJ. Redox changes of cultured endothe-
lial cells and actin dynamics. Circ Res 86: 549-557, 2000.

17.

18.

19.

20.

21.

22.

23.

MOLDOVAN

Noble M, Mayer-Proschel M, and Proschel C. Redox regu-
lation of precursor cell function: insights and paradoxes.
Adutionid Redax Siongl 7: 1456-1467, 2005.

Parker, GC, Anastassova-Kristeva M, Broxmeyer HE,
Dodge WH, Eisenberg LM, Gehling UM, Guenin LM,
Huss R, Moldovan NI, Rao M, Srour EF, and Yoder MC.
Stem cells: shibboleths of development. Stem Cells Dey
13: 579-584, 2004.

Puceat M. Role of Rac-GTPase and reactive oxygen
species in cardiac differentiation of stem cells. Antioxid
Redox Signal 7: 1435-1439, 2005.

Quaini E, Urbanek K, Graiani G, Lagrasta C, Maestri R,
Monica M, Boni A, Ferraro F, Delsignore R, Tasca G, Leri
A, Kajstura J, Quaini E, and Anversa P. The regenerative
potential of the human heart. [nt J Cardiol 95 Suppl 1:
S26-S28, 2004.

Sauer H and Wartenberg M. Reactive oxygen species as
signaling molecules in cardiovascular differentiation of
embryonic stem cells and tumor-induced angiogenesis.
Adutiouid Redax Siongl 7: 14231434, 2005.

Tepper OM, Callaghan MJ, Chang EI, Galiano RD, Bhatt
KA, Baharestani S, Gan J, Simon B, Hopper RA, Levine
JP, and Gurtner GC. Electromagnetic fields increase in
vitro and in vivo angiogenesis through endothelial release
of FGF-2. FASEB J 18: 1231-1233, 2004.

van Hennik P and Hordijk PL. Rho GTPases in hematopoi-

etic cells. dutaxid Redax Siougl 7: 14401455, 2005.

Address reprint requests to:

Nicanor I. Moldovan, Ph.D.

Davis Heart and Lung Research Institute
The Ohio State University Medical Center
473 W. 12th Avenue

Columbus, OH 43210

E-mail: moldovan-1@medctr.osu.edu



Thisarticle has been cited by:

1.D. Stilli, C. Lagrasta, R. Berni, L. Bocchi, M. Savi, F. Delucchi, G. Graiani, M. Monica, R. Maestri, S. Baruffi, S. Rossi,
E. Macchi, E. Musso, F. Quaini. 2007. Preservation of ventricular performance at early stages of diabetic cardiomyopathy
involves changes in myocyte size, number and intercellular coupling. Basic Research in Cardiology 102:6, 488-499.
[CrossRef]

2. E Shantsila, T Watson, G Y H Lip. 2007. Antioxidant protection: yet another function of endothelial progenitor cells?. Journal
of Human Hypertension . [ CrossRef]

3.H CAIl, PGEHRIG, T SCOTT, R ZIMMERMANN, R SCHLAPBACH, A ZISCH. 2006. MnSOD marks cord blood late
outgrowth endothelial cells and accompanies robust resistance to oxidative stress. Biochemical and Biophysical Research
Communications 350:2, 364-369. [ CrossRef]


http://dx.doi.org/10.1007/s00395-007-0665-0
http://dx.doi.org/10.1038/sj.jhh.1002166
http://dx.doi.org/10.1016/j.bbrc.2006.09.046

