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Roles of Reactive Oxygen Species in the Fate of Stem Cells

Pooja Chaudhari, Zhaohui Ye, and Yoon-Young Jang

Abstract

Significance: Stem cells are characterized by the properties of self-renewal and the ability to differentiate into
multiple cell types, and thus maintain tissue homeostasis. Reactive oxygen species (ROS) are a natural byproduct
of aerobic metabolism and have roles in cell signaling. Regulation of ROS has a vital role in maintaining
‘‘stemness’’ and differentiation of the stem cells, as well as in progression of stem-cell-associated diseases. Recent
Advances: As of late, much research has been done on the adverse effects of ROS in stem cells. However, recently
it has become apparent that in some cases redox status of the stem cell does have a role in maintaining its
identity as such. Both pluripotent and multipotent stem cell types have been reported to possess enzymatic and
nonenzymatic mechanisms for detoxification of ROS and to correct oxidative damage to the genome as well as
the proteome. Critical Issues: Although context dependent and somewhat varied among different stem cell
types, the correlation seems to exist between antioxidant defense level and stem cell fate change (i.e., prolifer-
ation, differentiation, and death). Changes in stem cell redox regulation may affect the pathogenesis of various
human diseases. Future Directions: Dissecting the defined roles of ROS in distinct stem cell types will greatly
enhance their basic and translational applications. Here, we discuss the various roles of ROS in adult, embryonic,
and induced pluripotent stem cells. Antioxid. Redox Signal. 20, 1881–1890.

Introduction

Oxygen species that are more reactive than free oxygen
are collectively called reactive oxygen species (ROS).

ROS comprise of superoxide, hydrogen peroxide (H2O2), the
hydroxyl radical, singlet oxygen, and nitric oxide. Excessive
amounts of ROS can bring about cellular senescence, apo-
ptosis, or carcinogenesis (5). ROS-induced cellular damage
may also contribute to stem cell aging (63). Under physio-
logical conditions, mitochondria are the main source of ROS
(5). Mitochondria continuously produce low levels of super-
oxide anion as a byproduct of oxidative phosphorylation,
which is then rapidly converted into H2O2 by mitochondrial
superoxide dismutase (SOD) (66). H2O2 can be converted into
highly toxic hydroxyl radicals or may be eliminated by the
action of glutathione peroxidase, peroxiredoxin, or catalase
(18, 31, 55). NADPH oxidase complexes in cells also have an
active ROS-generating system. ROS act as cell signaling
molecules with a homeostatic function at low levels or may
prove to be detrimental at high levels by increasing tissue
injury. Consequently, elevated ROS have been implicated in
cellular transformation and progression of multiple diseases,

including tumor. Recent findings have shed much light on the
role of ROS in different types of stem cells in both stem cell
maintenance and in their differentiation.

Stem cells are undifferentiated cells possessing the ability to
renew themselves indefinitely or differentiate to give rise to a
specialized cell type, which may be either fully differentiated
or may still possess the ability to give rise to other specialized
cell types. These cells are thus of much importance in the
regenerative medicine. Adult stem cells (ASCs), such as
hematopoietic stem cells (HSCs), have long been used for
transplantation purposes (46). Pluripotent stem cells, such as
embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs), have recently brought forth a new avenue for cell
therapy. Especially, iPSCs have enormous potential for the
development of patient-specific cell and drug therapy (13, 14,
16, 49).

iPSCs are generated by reprogramming the genome of so-
matic cells to a pluripotent state, similar to that seen in the
ESCs, by the introduction and forced expression of plur-
ipotency-related transcription factors and genes. The genera-
tion of iPSCs was first reported by Takahashi and Yamanaka
in 2006, by retroviral transduction of the Oct4, Sox2, Klf4, and
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c-Myc genes in mouse somatic fibroblasts (81). Subsequently,
human iPSCs were generated from various somatic cell types
(1, 14, 40, 49, 50, 52, 95). Over the past 5 years, significant
advances have been made in the iPSC generation and differ-
entiation technology (14, 26, 47, 49, 60, 95, 96). Since both
reprogramming and lineage specification of stem cells involve
dramatic cellular fate transformation that is ultimately im-
portant for therapy, it is of interest to study the role of ROS in
the self-renewal and differentiation of the different stem cell
types.

Role of ROS in Pluripotent Stem Cells

A vast majority of cellular ROS arises from superoxide
anions generated in the mitochondria. Human ESCs seem to
maintain their genomic identity by enhanced ROS removal
capacity as well as limited ROS production, due to the small
number of mitochondria present in the ESCs (3). A recent
study reveals that human iPSC generation process is able to
effectively reduce the mitochondrial genome copy number
present in the parental fibroblasts, and moreover human
iPSCs have similar ROS levels and antioxidant defenses
to those seen in ESCs, showing downregulation of GSR
(glutathione reductase), SOD2 (Mn-dependent superoxide
dismutase), three transcript variants of MGST1 (microsomal
glutathione S-transferase 1), and MAPK26 (mitogen-activated
kinase 26) in a fashion similar to human ESCs (3). Ad-
ditionally, one of the iPSC clones also showed down-
regulation of GSTA3 (glutathione S-transferase), GPX2
(glutathione peroxidase 2), and HSPA1B (heat shock protein
1B) and upregulation of HSPB1 (heat shock protein 1) in a
manner similar to human ESCs. Based upon a mouse iPSC
and hepatic differentiation study, high expression of antioxi-
dant genes was detected in both iPSCs and hepatic cells dif-
ferentiated from iPSCs compared with mouse embryonic
fibroblasts (MEFs) (47).

It has been suggested that murine ESCs have a superior
stress defense as compared with that of various differentiated

murine cells (70). Multiple pathways may contribute to this,
including the verapamil-sensitive multidrug efflux pump,
antioxidant defense, DNA strand break repair, and heat shock
protein expression. The glutathione/thioredoxin system
forms an important defense against ROS accumulation (73),
and the enzyme complex Tgr (thioredoxin-glutathione re-
ductase), which is responsible for the regeneration of gluta-
thione (80), is downregulated upon differentiation. A similar
activity decrease is seen for SOD2, which is regarded to be the
primary defense of the cell against ROS (42). This study also
identified four heat shock proteins that undergo down-
regulation upon differentiation of murine ESCs. Namely,
Hspb1, which regulates SOD2 expression levels (79, 97);
Hspa1b, which is known to confer resistance against apoptosis
to cells (29); Hspa1a, which makes the expression other heat
shock proteins inducible in events of cellular stress (7); and
Hspa9a, which has been implicated in stress response (11, 38),
control of cell proliferation (39), and cell differentiation (91).

The superior antioxidant defense capability present in
normal (i.e., healthy donor derived) iPSCs seems to decrease
in disease-relevant conditions as evidenced by a recent study
on human iPSCs derived from Parkinson’s disease patients
that carry the p.G2019S mutation in the Leucine Rich Repeat
Kinase-2 (LRRK2) gene (Fig. 1); the dopaminergic (DA) neu-
rons derived from these mutant iPSC lines show increased
susceptibility to oxidative stress and CASP3 activation on
treatment with H2O2 during all stages of neuronal differen-
tiation (60). These G2019S-iPSC-derived DA neurons also
showed higher susceptibility to 6-hydroxydopamine, which
can lead to destruction of DA neurons by formation of free
radicals and/or inhibition of the mitochondrial complexes I
and IV (6, 21, 60, 71).

Another study also supports the aforementioned hypoth-
esis by revealing the effects of a single minimally toxic episode
of ROS (H2O2) on mouse ESCs (58). The initial response to
such an episode in mouse ESCs is to maintain a rapid growth
rate and bypass DNA repair. The study demonstrates that a
single minimally toxic exposure to ROS is sufficient to induce

FIG. 1. Increased susceptibility of LRRK2 mutant iPSC-derived DA neurons to ROS. On exposure to stress agents, such
as hydrogen peroxide, MG-132, and 6-hydroxydopamine, Parkinson’s disease (PD) G2019S-iPSC-derived DA neurons
showed increased expression of oxidative stress response genes CASP9, HSPA1A, and HSPB1 and increased cell death as
compared with unaffected neurons. LRRK2, Leucine Rich Repeat Kinase-2; iPSC, induced pluripotent stem cell; DA, do-
paminergic; ROS, reactive oxygen species; HSPA1A, heat shock protein 1A; HSPB1, heat shock protein 1. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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significant increases in oncogenic and metastatic pathways
and specifically induce insulin signaling, similar to those in
insulin-resistant mouse models and diabetic patients (Fig. 2).
The hypophosphorylation of insulin receptor at Y972, fol-
lowing such exposure to ROS, provides a direct link between
ROS and insulin resistance, as Y972F mutation has been
shown to cause severe impairment of the downstream effector
IRS-1 adaptor tyrosine phosphorylation, which further im-
pairs the downstream signaling of the insulin pathway (36).
Also, a twofold increase in the inhibitory S21 phosphorylation
of GSK3 was observed in the mouse ESCs exposed to H2O2,
and it is known that overexpression of GSK3 impairs insulin
responsiveness while its knockdown improves insulin action
(17). This work lends further credence to the hypothesis that a
disease status emanates from a transformed stem cell and
underscores the potential role of even a single exposure to
ROS to promote this transformation (58).

Although significant attempts have been made during the
last decade for directed differentiation of pluripotent stem
cells into specialized cell types, the differentiation protocols
that have been established so far are toward only a few cell
types. The current differentiation has been relying mostly on
using the factors associated with embryogenesis. It is there-
fore important to find alternative factors involved in cell fate
changes such as ROS and dissect their roles in the plur-
ipotency and differentiation of stem cells for the purpose of
further improving directed differentiation protocols. Recent
advances indicate that the participation of ROS-producing
nicotinamide adenine dinucleotide phosphate reduced oxi-
dase (NADPH, Nox) system is an important trigger for dif-
ferentiating ESCs toward the cardiomyocyte lineage (4, 10, 72,
74, 76). Further elucidation is provided by the finding that
high glucose containing medium is an important prerequisite
for cardiomyocyte differentiation in ESCs, which probably
acts through the glucose-induced production of mitochon-
drial ROS, which in turn activates the p38 MAPK phosphor-
elay system via Nox4 (20). NOXs that are a major source of

vascular superoxide are one of the many cellular sources of
ROS. It has been demonstrated that Nox4-produced H2O2 plays
an important role in the differentiation of mouse ESCs toward
the smooth muscle cell (SMC) lineage (90). Autocrine trans-
forming growth factor beta 1 (TGF-b1) from differentiating
mouse ESCs activates Nox4, which then translocates to the
nucleus and generates H2O2. The findings that lend credence to
the result that Nox4-mediated SMC differentiation might occur
through generation of H2O2 are that overexpression of Nox4 in
the differentiating ESCs increased the H2O2 generation in a
dose-dependent manner, whereas knockdown of Nox4 by
siRNA decreased significantly ROS production in the differ-
entiating ESCs. This H2O2 generation results in upregulation
and phosphorylation of the serum response factor (SRF). The
phosphorylated SRF translocates to the nucleus and interacts
with myocardin to form the SRF/myocardin complex, which
in turn is essential for Nox-mediated SMC differentiation (90).
Knowledge obtained from these studies will help improve the
differentiation condition of ESCs/iPSCs to a more efficient
and functional level by modulating the related events and
pathways within a certain step of differentiation.

Since maintaining pluripotency and inducing differentia-
tion are highly complex biological processes, it is not un-
common to observe unexpected results especially when
another complex factor such as ROS is involved. For example,
a recent study showed that FOXO1 from the Forkhead box O
transcription factor family is essential for maintaining human
ESC pluripotency (102). The pluripotency of ESCs/iPSCs is
maintained by some of the key transcription factors, such as
OCT4 and NANOG. FoxO proteins are bona fide tumor sup-
pressors (62), and as such promote cell cycle arrest, induce
apoptosis, contribute to DNA damage repair, and suppress
oxidative stress by modulating genes involved in these pro-
cesses (84, 101). Knockdown of FOXO1, the most abundant
FOXO at the messenger RNA level in undifferentiated human
ESCs (8), did not however alter the expression of antioxidant
enzymes and the ROS levels in human ESCs (102). Further, the
antioxidant N-acetyl-cysteine treatment did not impact plur-
ipotency genes in these cells (102), altogether strongly arguing
against redox modulation in mediating the effect of FOXO1
on pluripotency. Although other FoxO proteins are essential
for the maintenance of stem and progenitor cells, including
HSCs and neural stem cells (NSCs), via regulation of ROS (56,
59, 68, 93, 94, 102), FOXO1 seems critical for regulating human
ESC pluripotency by binding to OCT4 and SOX2 regulatory
regions (102), not by redox modulation.

Similar findings have been documented for the effect of
vitamin C on iPSC reprogramming. Vitamin C that is a
common nutrient vital to human health and cofactor of many
regulatory enzymes enhances the reprogramming of somatic
cells to pluripotent stem cells by partially alleviating senes-
cence that may be a roadblock for reprogramming (25, 78).
Vitamin C modulates p53 levels and Ink4/Arf locus during
reprogramming (25, 86). In addition, histone demethylases
Jhdm1a/1b that are key effectors of somatic cell repro-
gramming are downstream of vitamin C. Jhdm1b specifi-
cally accelerates cell cycle progression and suppresses cell
senescence during reprogramming by repressing the Ink4/
Arf locus (86). Aberrant epigenetic silencing of the imprinted
Dlk1-Dio3 gene cluster is another roadblock in generat-
ing iPSCs. By attenuating hypermethylation of Dlk1-Dio3,
vitamin C improves iPSC formation (78). Nonetheless,

FIG. 2. Role of ROS in insulin resistance signaling of
ESCs. Single minimally toxic exposure of ROS to murine
ESCs led to dysregulated insulin signaling by inducing im-
mediate hypophosphorylation of the insulin receptor (INSR)
at Y972 site and a concurrent twofold increase in inhibitory
S21 phosphorylation of GSK3. Both these events are associ-
ated with insulin resistant signaling. ESCs, embryonic stem
cells. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars
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the effect of vitamin C does not appear to be related to its
antioxidant functions.

Role of ROS in Multipotent ASCs

The role of ROS has been studied in ASCs, including HSCs,
NSCs, and mesenchymal stem cells (MSCs). Foxo3 is essential
for the maintenance of HSCs, NSCs, and leukemic stem cells
(56, 59, 68, 93, 94). HSCs are multipotent stem cells giving rise
to the myeloid and lymphoid blood cell types. ROS function
as signaling molecules, at physiological level, which can
regulate HSC proliferation, differentiation, and mobilization
(35, 41, 46). The osteoblastic niche is the stem cell niche for the
quiescent HSCs, which represent the most primitive and the
long-term repopulating HSCs (2, 88). These endosteal osteo-
blastic niches are hypoxic (24, 64, 89), and this hypoxic envi-
ronment presumably ensures that HSCs are protected from
much of the oxidative stress and are better able to maintain
the ability of self-renewal (34, 89). Thus, ROS production
plays an important role in HSC self-renewal. Low-moderate
levels of ROS seem to have a role in HSC proliferation, dif-
ferentiation, and mobilization (Fig. 3a) (35, 41, 46). This is
supported by the findings that HSCs from AKT1/2 double-
knockout mice exhibit a defect in long-term hematopoietic
reconstitution (35) and that ROS-dependent HSC prolifera-
tion has a vital role in early steps of hematopoietic reconsti-
tution (46), following HSC transplantation. On the other
hand, high levels of ROS are toxic for HSCs, as evidenced by
the finding that ATM and FoxOs deletions and exposure to
total-body irradiation results in increased ROS production,
which in turn results in HSC senescence and premature
exhaustion (Fig. 3b) (33, 56, 82, 87, 94). Also, regeneration-
induced intracellular upregulation of ROS resulted in the ac-
cumulated and persistent DNA lesions in human HSCs, with
ATM and FOXO3a being activated (92). Treatment with an-
tioxidant effectively prevented quantitative and qualitative
deterioration of HSC function in vivo and in vitro (30). ROS
thus have a role in DNA damage accumulation in human
HSCs and have a major impact on stem cell aging. A recent
study also shows that CD34 + HSCs cultured in vitro under
low oxygen concentrations produced low level of ROS, and
these stem cells displayed good potential for proliferation,
differentiation, and reimplantation, while those cultured un-
der high oxygen levels gave the opposite results (30).

Bone marrow MSCs are multipotent stem cells that give rise
to adipocytes, chondrocytes, and osteocytes, and occupy the
bone marrow along with HSCs. A recent study shows that
human MSCs have a high resistance to oxidative-stress-
induced death, which correlates with the low level of
intracellular reactive species by effective ROS scavenging;
constitutive expression of enzymes required to manage oxi-
dative stress, such as SOD1, SOD2, CAT, and GPX1; and high
levels of total intracellular glutathione (GSx) (83). The de-
pendence of oxidative stress resistance on high levels of in-
tracellular GSx can be explained by the fact that glutathione
plays a vital role in cellular defense against oxidative and
nitrosative stress and is also a substrate for quite a few en-
zymes related to the management of oxidative stress, such as
GPX1 (28). Human MSCs also constitutively express methio-
nine sulfoxide reductase A at high levels, which is an enzyme
crucial for the repair of oxidized proteins and for the recovery
of methionine residues that act as scavengers of oxidants (69).
Human MSCs thus possess the main enzymatic and nonen-
zymatic mechanisms to detoxify the reactive species and to
correct oxidative damage of proteome and genome. Another
study has investigated the role of ROS in mediating adipocyte
differentiation in MSCs (Fig. 4) (37). The findings show that
ROS scavengers or RNA interference against Nox4 (NADPH
isoform) impairs adipocyte differentiation. Also, CREB acts
downstream of ROS in this differentiation pathway, since
H2O2 induces CREB transcriptional activation and CREB has
been shown to regulate C/EBPb; ROS may thus act upstream
of CREB and subsequently induce C/EBPb expression in
MSCs. NADPH oxidase acts as the source of ROS in MSCs, as
evidenced by the observation that Nox4 was downregulated
after the induction of differentiation. Also, Nox4 is down-
regulated in mature adipocytes (57, 75). Nox4 thus plays a
vital role in adipogenesis from MSCs.

It is known that the level of ROS, which depends critically
upon changes in cell density in vitro, are significantly higher in
multipotent neural precursor cells from rat hippocampus than
that seen in primary or transformed cell lines (48). Higher ROS
levels found at lower cell densities were associated with ele-
vated proliferation and increased metabolic activity, while at
higher cell densities, intracellular ROS and oxidative damage
were reduced along with an increase in the expression of
mitochondrial SOD. The in vitro system was also validated by
the in vivo finding that DNA-damage-induced depletion of

FIG. 3. ROS in HSCs. (a) Low-
moderate levels of ROS support
HSC proliferation, differentiation,
and mobilization, while high levels
of ROS prove to be toxic to HSCs,
leading to cell senescence and pre-
mature exhaustion. (b) Deletion of
ATM and FOXOs from HSCs re-
sults in increased ROS, leading up
to cell senescence and premature
exhaustion of HSCs. HSCs, hema-
topoietic stem cells. To see this il-
lustration in color, the reader is
referred to the web version of this
article at www.liebertpub.com/ars
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neural precursor cells in the subgranular zone of mice also
showed increased ROS and altered proliferation. Thus, neural
precursor cells are predisposed to redox regulation. NSCs like
ESCs have enhanced antioxidant capacity, and they possess a
superior resistance to oxidative-stress-mediated cell death (53,
54). FOXO proteins seem to have a role in cellular redox
regulation, since when the FOXO genes are deleted from
NSCs and neural progenitor cells, the antioxidant defenses are
significantly depleted and endogenous ROS levels are in-
creased, leading to an initial hyperproliferation of NSCs, fol-
lowed by a buildup of toxic levels of ROS that may have a role
in the premature senescence observed later (61, 68). Also, it
has been observed that antioxidant treatments, such as NOX
inhibition, inhibit hippocampal progenitor proliferation (98).
A novel ROS-regulating gene Prdm16 when deleted results in
brain undergrowth (15). This gene has also been shown to
regulate cellular ROS levels in HSCs by specifically altering
mitochondrial ROS and not NADPH-oxidase-generated ROS
(51). Prdm16 is also required to regulate ROS levels in primi-

tive hematopoietic progenitors, although loss of Prdm16 ap-
peared to decrease ROS levels in these cells, in contrast to the
nervous system, where Prdm16 promotes Hgf expression in
NSCs/progenitor cells and HGF in turn regulates ROS levels
in these cells, and increased ROS levels contribute to the de-
fects in NSC/progenitor cell function in Prdm16LacZ/LacZ mice.
Hence, the contradictory effects of Prdm16-mediated ROS
regulation observed in NSCs may be related to the endoge-
nous source of ROS and the cellular compartment in which
they act. Definitive NSCs may be expected to have a lower
endogenous ROS status than that of highly proliferative,
transient amplifying progenitors, since the adult NSCs are
thought to be in a quiescent state in vivo (23). However, recent
data suggest that NSCs have a higher level of endogenous
ROS levels in vivo, which may have a role in maintaining the
proliferation of progenitor cells in the neurogenic niche
(Fig. 5), and that NADPH oxidase and the PI3k/Akt signaling
pathway have a prominent role in regulating these ROS levels
(44). These high levels of ROS could reflect the ‘‘activated’’

FIG. 4. ROS mediate adipocyte
differentiation from MSCs. Nox4,
a NADPH oxidase isoform, is one
of the sources of ROS in rat MSCs
and is essential during differentiat-
ing MSCs to adipocytes. ROS is
blocked on silencing Nox4, or ad-
dition of NAC antioxidant or PrxII
ROS scavenger, which in turn does
not activate CREB, thus blocking
adipocyte differentiation. MSCs,
mesenchymal stem cells. To see this
illustration in color, the reader is
referred to the web version of this
article at www.liebertpub.com/ars

FIG. 5. ROS in NSCs. (a) NSCs
remain quiescent at low ROS levels,
and as the ROS levels increase, the
cells become proliferative. High
ROS levels lead to cell senescence
and death. (b) Also, inhibition of
normal endogenous ROS produc-
tion by Nox inhibition or mutation
negatively regulates the PI3K/Akt
pathway and NSC function. NSCs,
neural stem cells. To see this illus-
tration in color, the reader is re-
ferred to the web version of this
article at www.liebertpub.com/ars
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state in the cells as result of removal from their niche. The data
suggests that in order to maintain normal levels of neuro-
genesis, the NSCs must need to be able to increase ROS levels
when required for cell division but does not rule out the
possibility that NSCs maintain a low ROS state in vivo when
they are in a quiescent state. ROS have also proved to be of
major importance in neuronal differentiation, promoted
by the NADPH oxidase activity in MSCs via elevating ROS
levels (85).

Role of Hypoxia in Pluripotent Stem Cells

Hypoxia, defined as low oxygen levels, though commonly
believed to be merely pathology related, also plays a major
role in physiological processes. It is involved in embryogen-
esis, importantly signaling processes that regulate the prolif-
eration and differentiation of stem cells (12, 77). Hypoxia
inducible factor (HIF) is a well-known transcription factor
associated with acute and chronic response to hypoxia (45,
65). HIF is an a/b heterodimeric protein that binds to the
hypoxia response elements on DNA and thus modulates
multiple genes involved in the cellular responses to hypoxia.
Evidence suggests that acute hypoxia also contributes to the
generation of ROS, though this is still controversial. Hypoxia
appears to stimulate mitochondria to produce ROS at com-
plex III of the mitochondrial respiratory chain, and this in turn
contributes to the hypoxia-induced gene expression changes
(43). Hypoxia-ischemia and reperfusion generates ROS; es-
pecially, when oxygen supply is re-established (i.e., reperfu-
sion), the cellular antioxidant machinery is not able to buffer
the sudden surge in ROS production (22). On the other hand,
ROS can activate and/or stabilize HIF, probably through the
action of prolyl hydroxylases, thus participating in the acti-
vation of the homeostatic responses to hypoxia (9, 43, 100).

Much evidence suggests the role of HIF-1a and HIF-2a in
maintaining pluripotency of human ESCs, specifically by
activating OCT4 expression (19, 27, 32). Also, culturing
human ESCs by constant hypoxic conditions may maintain
pluripotency by sustaining Notch activation (67). Recent re-
search data also show that using hypoxic conditions (5% O2)
increases the efficiency of generation of iPSCs from mouse
MEFs using OCT3/4, Sox2, and Klf4 retroviral transduction,
as well as with nonviral vectors, such as plasmid expression
vectors or piggyback transposition system (99). Hypoxia also
shows increased efficiency in the derivation of human iPSCs
from dermal fibroblasts on transduction of OCT3/4, Sox2,
Klf4, and c-Myc retroviral vectors (99). Thus, hypoxia seems
to have a role in not only inducing but also sustaining plur-
ipotency in stem cells.

Conclusions

All stem cells, whether pluripotent or multipotent, seem to
maintain their genomic identity by maintaining low intra-
cellular ROS levels. This is enabled by antioxidant defense,
such as high expression of antioxidant genes, enhanced DNA
double-strand break repair, and expression of heat shock
proteins. Importantly, the pluripotent stem cells also have a
reduced mitochondrial copy number, which keeps the ROS
production in check. Both pluripotent and multipotent stem
cells thus possess enzymatic and nonenzymatic mechanisms
for detoxification of ROS and to correct oxidative damage
to the genome as well as the proteome. Although context

dependent and somewhat varied among different stem cell
types, the correlation does exist between antioxidant defense
level and stem cell fate change (i.e., proliferation, differentia-
tion, and death) (Fig. 6). FOXO proteins have an essential role
in maintaining stem cell identity, while the Nox system is of
special importance in the differentiation of stem cells in not
only embryonic but also MSCs and NSCs. Regulation of ROS
thus has a vital role in maintaining ‘‘stemness’’ and differen-
tiation of the stem cells, as well as in progression of stem-cell-
associated diseases.
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Abbreviations Used

ASCs¼ adult stem cells
CAT¼ catalase

DA¼dopaminergic
ESCs¼ embryonic stem cells
FoxO¼ Forkhead transcription factors of class ‘‘O’’
GPX¼ glutathione peroxidase

GPX2¼ glutathione peroxidase 2
GSK3¼ glycogen synthase kinase 3

GSR¼ glutathione reductase
GSTA3¼ glutathione S-transferase

GSx¼ glutathione
HIF¼hypoxia inducible factor

H2O2¼hydrogen peroxide
HSCs¼hematopoietic stem cells

HSPA1B¼heat shock protein 1B
HSPB1¼heat shock protein 1

iPSCs¼ induced pluripotent stem cells
LRRK2¼Leucine Rich Repeat Kinase-2

MAPK26¼mitogen-activated kinase 26
MEFs¼mouse embryonic fibroblasts
MSCs¼mesenchymal stem cells

NADPH, Nox¼nicotinamide adenine dinucleotide
phosphate-oxidase

NOX¼NADPH oxidase
NSCs¼neural stem cells

ROS¼ reactive oxygen species
SMC¼ smooth muscle cell
SOD¼ superoxide dismutase

SOD2¼Mn-dependent superoxide dismutase
SRF¼ serum response factor
Tgr¼ thioredoxin-glutathione reductase
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