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Abstract
Adult stem cells persist throughout the lifetime of the organism and may therefore require specific
mechanisms to limit the effects of chronic oxidative stress. Recently, several instructive genetic
mouse models have demonstrated the unique susceptibility of stem cells to perturbations in
metabolic or redox homeostasis. These results have implications not only for stem cell biology but
also suggest a mechanistic link between intracellular oxidants and the decline in regenerative
function that occurs as a normal consequence of aging.

Introduction
In the adult mammalian organism, rare mostly quiescent tissue specific stem cells can give
rise to an expanding population of committed progenitor cells. These progenitor cells can
further divide and differentiate and thereby function as replacement for a range of mature
cells that have been lost to injury, damage or disease. Besides the capacity to give rise to
various progenitor cells, one unique property of stem cells is their capacity to divide and
produce another stem cell, a process known as self-renewal. This property of self-renewal is
essential for the stem cell pool to expand during fetal development, as well as to maintain
and persist throughout the life of the organism. For instance, a single hematopoietic stem
cell (HSC) can divide to give rise to a new HSC (e.g. self-renew), as well as giving rise to
various committed progenitor cells. The progenitors can then further expand and divide and
in doing so, maintain and replenish all of the blood cell lineages throughout the lifetime of
the organism.

The observation that adult stem cells are the source of multiple different types of mature
cells and that the stem cell persists over long periods of time suggests that these unique
multipotent cells might require specific protection from the long term effects of reactive
oxygen species (ROS) and oxidative damage. One adaptation may involve alterations of the
intrinsic metabolism of the stem cell. For instance, studies with embryonic stem cells
suggest that in the undifferentiated state, these cells rely predominantly on glycolysis to
meet their energetic demand [1]. The decreased reliance on mitochondrial oxidative
phosphorylation presumably results in a lower intracellular burden of ROS within the long
lived stem cell. In contrast, as these pluripotent cells differentiate, there appears to be an
increasing reliance on mitochondrial metabolism [1]. Similarly, it would appear that low
ambient oxygen conditions are conducive for maintaining stem cell cultures in an
uncommitted state [2].
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In addition to reducing ROS levels by altering intracellular metabolism, there is some
evidence that in vivo, adult stem cells preferentially reside in areas of low oxygen. For
instance, previous observations suggest that HSCs are localized to the most hypoxic regions
of the bone marrow [3]. The absolute level of oxygen is difficult to accurately assess in this
or any niche, although mathematical models suggest that certain regions of the bone marrow
may approach levels of oxygen of 1% or less [4]. In contrast, it is worth remembering that
most routine ex vivo culturing of stem cells is done in 20% oxygen conditions. There is also
evidence that activation of the cellular response to low oxygen is important for overall stem
cell function. For instance, hypoxia-inducible factor 1α (HIF-1α) is a transcription factor
whose protein level and activity increases in the setting of low oxygen [5]. In turn, HIF-1α
regulates the transcription of a host of genes that provides the cell with a variety of adaptive
functions including an increased capacity for glucose uptake and a switch towards glycolysis
for ATP generation. Interestingly, there also appears to be important interactions between
hypoxia, HIF-1α and critical regulators of stem cell activity including both Notch [6] and
Wnt signaling [7]. These interactions may in part explain why in mouse models, HIF-1α
conditional deletion can give rise to depletion of both neural [7] and hematopoietic stem
cells [8]. Furthermore, there is a growing connection between intracellular metabolism and
pathways such as Wnt signaling, that are known regulators of stem cell activity [9, 10]

ROS and stem cell function
The above observations suggest that the maintenance of the stem cell pool may require
careful regulation of both intracellular metabolism and redox homeostasis. Recent work has
solidified this notion and pointed to potentially interestingly links between oxidative stress
and the known age-dependent decline in regenerative function. It has been over a half
century since Denham Harman proposed what has been come to be known as the ‘Free
Radical Theory of Aging’ [11]. The central tenet of this theory is that the accumulation of
oxidative damage is the fundamental mechanism by which we age. Harman’s theory remains
unproven, and while there is significant evidence to support a link between ROS and
lifespan [12], some recent studies have discovered that this relationship is not entirely
straightforward or predictable [13]. Leaving the notion of overall aging aside, there is
increasing evidence that a rise in oxidants within the stem and progenitor compartment may
be particularly deleterious and may in turn contribute to a number of the pathologies that are
commonly associated with aging. Most of this evidence has come from mouse genetic
models and therefore care must be taken in broadly applying the lessons learned to human
aging. Nonetheless, these models are potentially instructive and suggest that redox
homeostasis is central to the maintenance of stem cell function.

The first example of the intersection of ROS and stem cell function came from the analysis
of mice deficient in the gene ataxia telangiectasia mutated (Atm). Atm encodes for a large
serine/threonine protein kinase that is classically activated in the setting of DNA damage.
Activation of the ATM kinase in this setting leads to phosphorylation of downstream
effector molecules including the tumor suppressor p53, the cell cycle inhibitor Chk2 and the
DNA damage response protein and histone variant H2AX [14]. Patients with Ataxia
Telangiectasia (AT) have impaired ATM function and develop a constellation of symptoms
including neurodegeneration, immune deficiency, small blood vessel dilatations
(telangiectasias), hypersensitivity to radiation, increased incidence of cancer particularly
lymphomas and leukemia’s, premature aging and death usually in the first or second
decade[15].

Mouse knockout models of Atm mimic some but certainly not all aspects of the human
disease. While most Atm-/- mice die in the first few months from an aggressive thymic
lymphoma, some mice survive and are cancer free. Careful analysis of these surviving mice
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demonstrated that by six months of age, they all develop a progressive pancytopenia with a
decline in red cells, white cells and platelets [16]. Such a phenotype is consistent with a
defect within the Atm-/- hematopoietic stem cell (HSC). Further analysis allowed the authors
to conclude that Atm-/- HSCs had a profound defect in self-renewal. Consistent with such a
self-renewal defect, while the initial levels of HSCs were indistinguishable between wild
type and Atm-/- mice, over time, there was a marked decline in the number of HSCs in the
bone marrow of Atm-/- mice.

While ATM regulates a number of downstream effectors, the decline in HSCs self-renewal
appears to be related to the role of ATM in maintaining the intracellular redox state. Using
2’-7’-dichlorofluorescene diacetate (DCFDA) fluorescence to assess intracellular ROS
levels, it was noted that HSCs isolated from Atm-/- mice had a marked increase in ROS
levels [16]. HSCs derived from Atm-/- mice also exhibited a rise in level of p16INK4a, a cell
cycle inhibitor involved in G1 arrest. Interestingly, p16INK4a levels rise in tissues as a
function of age [17], and this rise in p16INK4a had been previously shown to limit stem cell
function [18-20]. Treatment of Atm-/- HSCs with the antioxidant N-acetylcysteine (NAC)
was shown to reduce p16INK4a expression [16]. Moreover and quite surprisingly, when
Atm-/- mice were given NAC supplementation in their drinking water, they did not develop
bone marrow failure.

Subsequent studies demonstrated that the rise in ROS observed in HSCs derived from Atm-/-

mice were sufficient to activate the p38 MAPK stress kinase pathway [21]. In other
contexts, intracellular ROS were known to be potent activators of the p38 MAPK pathway
[22]. Analogous to NAC treatment, pharmacological inhibition of the p38 pathway rescued
the HSC defect seen in Atm-/- mice [21]. Interestingly, NAC treatment or pharmacological
inhibition of p38 also extended the lifespan of wild-type HSC that had been subjected to the
stress of serial bone marrow transplantation [21]. While the physiological relevance of being
rescued from such serial transplantation can be debated, it should be noted that activation of
the DNA damage response including the ATM target H2AX clearly increases in old versus
young stem cells [23].

A second example of the intersection of ROS and stem cell function involves the FoxO
family of transcription factors. Interest in this family of transcriptional regulators was
spurred by observations in C. elegans where the FoxO family member Daf-16 was shown to
regulate lifespan [24, 25]. In general, FoxO proteins are tethered in the cytoplasm and
translocate to the nucleus following nutrient, oxidative or other stresses. Once in the
nucleus, FoxO proteins such as Daf-16 bind to DNA and positively and negatively regulate a
large subset of genes broadly involved in immunity, metabolism and stress resistance [26].
Evidence suggests that a modest increase in Daf-16 activity is associated with increased
lifespan in the worm. In mammals there are multiple FoxO family members with FoxO3
being most homologous to Daf-16. Interestingly, FoxO3 appears to be able to activate the
expression of the antioxidant superoxide dismutase [27], as well as the hydrogen peroxide
scavenger catalase [28]. These targets are evolutionarily conserved as both antioxidant
proteins are also regulated by Daf-16 in C. elegans[26].

Several studies have now demonstrated that deficiencies in FoxO activity lead to oxidative
stress and subsequent defects in stem cell function. The first indication was using a model
that led to the conditional deletion of FoxO1, FoxO3 and FoxO4 within the hematopoietic
system [29]. Analysis of HSCs from these mice demonstrated a decline in long term
repopulating activity. Interestingly this decline in stem cell function correlated with an
increase in ROS levels. Consistent with its role in regulating antioxidant defenses, FoxO
deficient stem cells exhibited reduced levels of MnSOD and catalase. As had been
previously demonstrated for the Atm-/- mice, treatment with NAC rescued the self-renewal
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defect seen in FoxO deficient stem cells [29]. While these studies used a conditional deletion
of three FoxO family members, a subsequent report noted that germline deletion of FoxO3
also resulted in a redox-dependent decline in HSC activity [30]. Similar to what was
observed with Atm-/- mice, this FoxO3-/- mouse exhibited activation of the p38 MAPK
pathway. Interestingly, within the hematopoietic system, FoxO proteins appear to regulate
ROS levels predominantly within the stem cell compartment, as FoxO-deficient myeloid
progenitors and wild type myeloid progenitors have similar ROS levels [29]. Indeed, the
level of ROS in myeloid progenitors is significantly higher than seen in wild type or FoxO-
deficient stem cells suggesting that long lived stem cells maybe much more susceptible to
perturbations in redox homeostasis than shorter lived progenitor cells. Interestingly, the role
of FoxO proteins in maintaining oxidative balance and stem cell function appears to extend
to neural stem cells as well [31, 32].

Another recent example that again links ROS homeostasis with stem cell function came
from analyzing mice deleted for the transcription factor Prdm16. Previous studies had
identified this factor as an important regulator of the development of brown fat [33].
Surprisingly, Prdm16 appears to be highly expressed in HSCs and within neural stem cells
but not in more mature progenitor cells [34]. Mice deficient in Prdm16 show defects in both
their neural as well as hematopoietic stem cells. Interestingly, while the absence of Prdm16
leads to stem cell dysfunction in the bone marrow and the brain, only Prdm16 deficient
neural stem cells show increased levels of ROS. Consistent with these observations, NAC
rescues at least partially the defect observed in the neural stem cells derived from Prdm16
deficient mice as well as the reduced brain size seen in these animals. In contrast,
antioxidant administration has no effect on the biology of HSCs from Prdm16 deficient
mice. These results again support a connection between ROS homeostasis and the
maintenance of stem cell function. Nonetheless, the observation that a single gene such as
Prdm16 can have effects on ROS levels in one type of stem cell but not in another suggests
that our understanding of redox homeostasis within the context of stem cell biology remains
quite primitive at this point.

Energy metabolism and stem cells
In addition to redox homeostasis, there is a growing link between energy metabolism,
mitochondrial function and stem cell function. One instructive example involves mice
deficient in the Polycomb protein Bmi-1. The Polycomb proteins exist as complexes that
function as important epigenetic regulators of gene expression [35]. Mice deleted for Bmi-1
have defects in transcriptional repression exhibiting increase expression of numerous
Polycomb target genes. Perhaps the best studied locus for Bmi-1 mediated repression is
INK4A. This locus was discussed briefly before and although a single genetic locus it
actually encodes for two separate and important regulators, p16INK4A and p19INK4A. In the
absence of Bmi-1, levels of both p16INK4A and p19INK4A rise. One well characterized
physiological defect in Bmi-1-/- mice is a defect in self-renewal of both hematopoietic and
neural stem cells [36-38]. Recently, a link between Bmi-1, mitochondrial function and
oxidative stress has been made [39]. In particular, cells from Bmi-1-/- mice show altered
mitochondrial function, reduced ATP, and increased ROS levels. The mechanism for all
these effects are not completely understood although Bmi1 appears to be involved in the
transcriptional repression of a number of intracellular oxidases and known regulators of
mitochondrial function [39]. As was observed in the other models discussed, treatment of
Bmi-1-/- mice with NAC rescued some of the observed defects.

The connection between a defect in energy metabolism and impaired stem cell biology first
demonstrated in mice deficient in Bmi-1 has been reinforced by several subsequent
observations in other models. For instance, several recent reports have examined the role of
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the tumor suppressor LKB1 in stem cell biology. LKB1 is activated under conditions of
energetic stress and inactivation of LKB1 in humans leads to a familiar cancer syndrome
known as Peutz-Jegher syndrome. Within the context of the hematopoietic stem cell,
deletion of LKB1 resulted in a loss of stem cell quiescence [40-42]. In the niche, most HSCs
appear to be quiescent with usually less than 10% of the population of stem cells entering
the cell cycle at any time. In contrast, deletion of Lkb1 resulted in a significantly higher
fraction of HSCs cycling, with a corresponding increase in the initial number of downstream
progenitors. In each case this lack of stem cell quiescence and transient increase in
progenitors leads to the eventual exhaustion of the stem cell population with a progressive
decline in HSC number and circulating hematopoietic cells as the LKB1 deficient mice age.
The exact mechanism for these effects is not entirely clear however some evidence suggests
that the absence of LKB1 led to a decline in mitochondrial biogenesis and function and/or
alteration in intracellular fatty acid metabolism [40, 41]. Interestingly, another recent report
has also linked telomere dysfunction to mitochondrial biogenesis. In this report, shorten
telomeres led to activation of the tumor suppressor p53. Activation of p53 in turn, led to
repression of the transcriptional coactivator PGC-1α [43]. It is well known that PGC-1α is
important regulator of mitochondrial number and in this recently described mouse model of
telomere dysfunction, the absence of PGC-1α activity resulted in decreased mitochondrial
biogenesis, impaired energetics and increased levels of ROS [43]. These changes appeared
not only within HSCs but also within mature cells including hepatocytes and
cardiomyocytes suggesting this important link between telomeres and mitochondria extends
beyond stem cells and functions across a wide range of tissues.

This growing connection between energy metabolism and HSC maintenance was further
underscored by analyzing mice lacking the essential autophagy gene Atg7 [44]. Autophagy
is a process by which damaged cellular proteins and organelles can be shuttled to the
lysosome for degradation and their basic constituents reused by the cell [45]. Autophagy is
thought to play an essential role in energy homeostasis during nutrient deprivation and
previous results have demonstrated that mice lacking Atg7 [46] or another essential
autophagy gene Atg5 [47] die shortly after birth due to impaired energetics. Recent reports
suggest that HSCs with a conditional deletion of Atg7 accumulate increased levels of
presumably dysfunctional mitochondria, higher ROS levels and a corresponding profound
defect in stem cell function [44]. In a separate but related study, mice that accumulate high
levels of mitochondrial mutations due to a proofreading-defective mitochondrial DNA
polymerase provided further demonstration of the need for intact mitochondrial function to
maintain stem cell function [48].

Summary
Taken together these results suggest in adult stem cells, intracellular energetics and redox
homeostasis is regulated by a diverse set of factors (Figure 1). Furthermore, in these
instructive mouse models, dysregulation of energy or oxidative homeostasis results in
profound impairment of stem cell quiescence or self-renewal capacity. It should be noted
that most of the data has derived from the hematopoietic and nervous system and so it
remains an open question as to how widely the lessons derived so far can be applied to other
niches. Furthermore, while the preceding examples suggest multiple separate regulators of
ROS and metabolism in stem cells, it is important to note that there is mounting evidence for
significant crosstalk between these previously identified pathways. For instance, defects in
HSCs from Atm-/- mice can be rescued by overexpression of Bmi1 [16]. Similarly, LKB1 is
a known regulator of FoxO activity [49]. Finally, Prdm16 overexpression rescues defects
seen in Bm1-/- HSCs [34]. Undoubtedly additional connections will be made as our
understanding of the relative hierarchy of these various transcription factors, kinases and
epigenetic regulators is refined.
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While undoubtedly multifactorial, the age-dependent decline in regenerative and reparative
function may reflect an underlying impairment in the biological activity of resident or
circulating stem and progenitor cells. The emerging and intriguing links between oxidants,
metabolism and stem cell function represents a potential window into this process. A more
detailed understanding of those factors that regulate stem cell metabolism and redox
homeostasis therefore promises to yield important insight into how we age. Furthermore,
these insights may provide unique and potential valuable therapeutic targets to combat a
wide range of age-related human diseases.
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Highlights

• Recent evidence supports a unique sensitivity of stem cells to oxidative stress

• Genes regulating stem cell energy balance and ROS levels recently
characterized

• ROS levels in stem cells may be important in age-dependent regenerative
decline
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Figure 1.
Multiple regulators of the intracellular redox state of the adult stem cell. Various
transcription factors (FoxO family, Prdm16), epigenetic regulators (Bmi-1), kinases (ATM),
or biological processes (autophagy) can coordinately regulate the levels of reactive oxygen
species (ROS) within the stem cell. Dysregulation by genetic deletion of any of these factors
in mice leads to alterations in stem cell properties, most notably the ability to undergo self-
renewal. In the absence of self-renewal, levels of adult stem cells decline and there is
ultimately an impaired capacity to meet the ongoing needs for tissue homeostasis. Although
diagramed separately, there is a growing interconnection between the various factors thus far
identified. See text for details.
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