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Advances in metabolomics have deepened our under-
standing of the roles that specific modes of metabolism
play in programming stem cell fates. Here, we review re-
cent metabolomic studies of stem cell metabolism that
have revealed howmetabolic pathways can convey chang-
es in the extrinsic environment or their niche to program
stem cell fates. The metabolic programming of stem cells
represents a fine balance between the intrinsic needs of a
cellular state and the constraints imposed by extrinsic
conditions. A more complete understanding of these
needs and constraints will afford us greater mastery over
our control of stem cell fates.

Stem cells are undifferentiated cells of multicellular or-
ganisms that possess long-term capacities for multipotent
differentiation and self-renewal. Due to the limited life
span of most somatic cells, stem cells’ capacity to replen-
ish damaged somatic cells and maintain a self-renewing
reservoir of progenitors is crucial for homeostasis inmany
tissues of many organisms. Thus, there is an immense in-
terest in understanding the mechanisms for self-renewal
and differentiation in stem cells, given their potential ap-
plications in regenerative medicine and studies of human
development or aging.

Recent advances in metabolomics and transcriptomics
analyses have increased our understanding of stem cell
self-renewal and lineage specification. These novel in-
sights have shown that, besides morphogens and growth
factors, various metabolic pathways also take part in the
regulation of stem cell fate. Besides their fine regulation
of glycolysis and oxidative phosphorylation (OxPhos)
fluxes during self-renewal and differentiation,metabolites
that regulate epigenetic changes, including histone meth-
ylation and acetylation, have also been shown to be criti-
cal regulators of stemcell fates. An emerging theme is that
metabolic pathways can also relay changing cues in the
extrinsic environment to regulate intrinsic cell fates.
Stem cell metabolism represents a combination and bal-
ance of the intrinsic metabolic needs and extrinsic meta-
bolic constraints.

In this review, we first discuss the extensive studies of
the effects of metabolism on the maintenance of embry-

onic (or pluripotent) stem cells. Next, we focus on the ef-
fects of metabolism on regulating the balance between
quiescence and proliferation in some types of adult stem
cells. Finally, we describe the roles of metabolic signaling
mechanisms in aging stem cells.

Metabolism to maintain stem cell pluripotency

OxPhos in pluripotency

OxPhos refers to the mitochondrial oxygen-consuming
series of reactions in the electron transport chain (ETC)
and theATP synthase complexes, which generateATP us-
ing energy produced by the oxidation of NADH, which is
in turn derived from the oxidation of nutrients through
the mitochondrial Krebs cycle and other redox reactions.
It is the main and most efficient source of energy for
most mammalian cells, although some cell types rely on
glycolysis-driven substrate-level phosphorylation as the
alternative major source.

Pluripotency emerges in the epiblast during mammali-
an preimplantation development. The naïve state is asso-
ciated with pluripotent stem cells (PSCs) in the
preimplantation epiblast of embryos, and these pluripo-
tent cells become primed during post-implantation devel-
opment (Boroviak et al. 2015). In rodents, the naïve
preimplantation epiblast can be captured in vitro as em-
bryonic stem cells (ESCs) and sustained indefinitely as na-
ïve PSCs using defined media containing LIF, GSK3β, and
MEK inhibitors, also commonly known as the 2iL condi-
tions (Ying et al. 2008). Naïve and primed PSCs display
key differences in their derivation of germline-competent
PSCs, epigenomic states, gene expression of naïve pluripo-
tency markers and lineage-specific markers, signaling re-
quirements to maintain self-renewal, and central carbon
metabolism (Davidson et al. 2015). In particular, naïve
PSCs usemore OxPhos, whereas primed PSCs rely almost
entirely on glycolysis (Zhou et al. 2012; Takashima et al.
2014; Sperber et al. 2015). Whether these changes re-
semble the in vivo situation in which preimplantation
embryos preferentially use mitochondrial OxPhos but
shift toward anaerobic glycolysis after implantation into
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the uterine wall (Barbehenn et al. 1978; Brinster and
Troike 1979) remains unproven. In fact, a recent study
suggests that the OxPhos flux in PSCs is more dependent
on the medium composition and culture conditions than
intrinsic changes in the pluripotency state (Zhang et al.
2016).
However, increasing evidence supports the idea that the

shift in bioenergetic metabolism is intrinsically pro-
grammed by pluripotency factors and in turn regulates
some epigenetic machinery that is involved in the pro-
gramming of the naïve and primed pluripotency states
(Takashima et al. 2014; Ware et al. 2014). For example,
both LIF-induced Stat3, which can promote mitochondri-
al transcription (Carbognin et al. 2016), and Esrrb, which
can promote transcription of mitochondrial OxPhos
genes (Zhou et al. 2012), have been proposed as pluripo-
tency factors that intrinsically promote OxPhos in naïve
PSCs. OxPhos regenerates NAD+ to keep the Krebs
cycle running and maintain sufficient cellular pools of
α-ketoglutarate (αKG) for use as a cofactor by epigenetic
modifier enzymes, including the Jumonji domain-
containing (JmjC) histone demethylases and ten-eleven
translocation (TET) methylcytosine dioxygenases. These
Fe2+-dependent dioxygenases remove histone and DNA
methylation to regulate the chromatin state and thus
pluripotency.
For example, it was found that the 2i (GSK3β inhibitor +

MEK inhibitor) culture conditions rewired intrinsic glu-
cose and glutamine metabolism to control intracellular
αKG (Carey et al. 2015), an intermediate in the mitochon-
drial Krebs cycle, which leads to the formation of succi-
nate (Fig. 1). Because αKG is a cofactor while succinate
is a competitive inhibitor for the αKG/Fe2+-dependent
dioxygenases, increases in the αKG/succinate ratio were
sufficient to promote αKG/Fe2+-dependent dioxygenase
activities to erase multiple repressive chromatin modifi-
cations (e.g., demethylation of H3K9me3, H3K27me3,
H4K20me3, and DNA) to promote naïve pluripotency
(Carey et al. 2015). In vitro supplementation with αKG
promoted naïve pluripotency, while succinate promoted
differentiation of naïve PSCs. However, αKG is not specif-

ic to naïve pluripotency, as it can also promote primed
PSC differentiation by regulating histone demethylation
(Teslaa et al. 2016).
Thus, it appears that the mitochondrial Krebs cycle in-

termediate αKG and the αKG/Fe2+-dependent dioxyge-
nases are critical for altering the epigenetic states of
both naïve pluripotency and differentiating PSCs. This
could be one of the reasons why both naïve PSCs and dif-
ferentiating PSCs activate mitochondrial OxPhos, where-
as primed PSCs prefer glycolysis. However, more studies
are required to fully clarify the roles of these different
modes of metabolism for the different states of pluripo-
tency. Moreover, the precise conditions for culturing hu-
man naïve PSCs remain controversial, and thus their
metabolic needs are still not fully clarified.
Interestingly, another cofactor for the αKG/Fe2+-depen-

dent dioxygenases, ascorbate (or vitamin C), has also been
shown to improve reprogramming of somatic cells into in-
duced PSCs (iPSCs) by promoting DNA 5-methyl-cyto-
sine and H3K9me3 demethylation (Chen et al. 2013a,b).
Unlike αKG, which can be synthesized and intrinsically
regulated in all mammalian cells, ascorbate cannot be
synthesized by human cells and must be supplemented
extrinsically. Hence, the human αKG/Fe

2+

-dependent
dioxygenases represent a node that integrates both the in-
trinsicmetabolic needs and the extrinsicmetabolic condi-
tions to determine human stem cell fate.

Glycolysis in primed pluripotency and reprogramming

Glycolysis is the series of redox reactions in the cytosol
that rapidly catabolizes each six-carbon glucose molecule
to produce two three-carbon pyruvate molecules and two
net ATP molecules as energy via substrate-level phos-
phorylation. Inmost cell types, the pyruvate can be shunt-
ed into two metabolic fates: as either lactate via lactate
dehydrogenase (LDH) or acetyl-CoA via pyruvate dehy-
drogenase (PDH). The intermediates in glycolysis can
also be shunted into macromolecule synthesis during rap-
id cell growth. Thus, while it is a less efficient source of
energy, glycolysis can generate both anabolic growth

Figure 1. The metabolic programming of naïve and
primed pluripotency states in mouse PSCs, for which
the culture conditions arewell established and themet-
abolic reactions are well characterized. Mitochondrial
reactions that are more enriched in naïve (than primed)
PSCs are marked in green, while cytosolic reactions
that are more enriched in primed (than differentiated)
PSCs are marked in red. Pyruvate essentially has three
fates: (1) cytosolic reduction to lactate, (2) cytosolic con-
version to acetyl-CoA via citrate, and (3) mitochondrial
oxidation via the Krebs cycle. These metabolic path-
ways are not exclusive to PSCs but are highly promi-
nent in PSCs to regulate histone acetylation and
methylation in the chromatin, thereby influencing the
epigenomic state and cell fate of PSCs.

Metabolic programming
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intermediates and ATP very rapidly owing to the much
higher speed of glycolysis reactions.

When transitioning from the naïve to the primed plurip-
otent state, mouse PSCs intrinsically reduce their rates of
OxPhos and instead have high rates of glycolysis due to
high expression of glucose transporters, which in turn
leads to a high rate of glucose uptake and glycolysis (Leese
1995; Zhou et al. 2012). In addition, it has been shown that
these high levels of glucose are also used in the pentose
phosphate pathway in order to synthesize nucleotides in
PSCs (Filosa et al. 2003; Varum et al. 2011, Manganelli
et al. 2012). Therefore, it is widely thought that the high
rate of glucose uptake and glycolysis is required to meet
the needs of rapid proliferation of mouse PSCs, similar
to the situation of cancer cells in theWarburg effect (Van-
der Heiden et al. 2009). The Warburg effect operates pre-
dominantly in highly proliferative cells, such as cancer
cells, to accumulate glycolytic intermediates for rapid
proliferation while minimizing reactive oxygen species
(ROS)-induced damage. In particular, these glycolytic in-
termediates can be shunted into amino acid synthesis
via 3-phosphoglycerate, into lipid synthesis via dihydrox-
yacetone phosphate and acetyl-CoA, and into nucleotide
and NADPH synthesis via glucose-6-phosphate and the
pentose phosphate pathway. Accumulation of these mac-
romolecules is critical for the rapid growth of both PSCs
and cancer cells.

The reprogramming of murine somatic cells into iPSCs
offers another window into the intrinsic metabolic re-
quirements of pluripotency. A switch frommitochondrial
OxPhos to glycolysis is widely observed during iPSC
reprogramming (Folmes et al. 2011). It is known that mi-
tochondrialmetabolismplays a fundamental role in repro-
gramming, and it has been shown recently that, during the
course of iPSC reprogramming, an early fragmentation of
mitochondria occurs. This reprogramming-induced mito-
chondrial fission, governed by the profission factor Drp1,
was necessary for the full activation of pluripotency
(Prieto et al. 2016). In studies of the role of oocyte factors
in somatic cell nuclear transfer (SCNT)-mediated repro-
gramming, mitochondrial biogenesis was also found to
be critical in regulating reprogramming and the attain-
ment of bona fide pluripotency (Khaw et al. 2015). The oo-
cyte-enriched factor and Oct4 target Tcl1 was found to
reduce the mitochondrial localization of polynucleotide
phosphorylase (PnPase). Suppression of mitochondrial
PnPase led to decreased mitochondrial biogenesis, de-
creased OxPhos, and increased glycolysis during repro-
gramming. The decrease in OxPhos might be the reason
behind the activation of glycolysis, as ATP is a potent al-
losteric inhibitor of many glycolysis enzymes (Johnson
et al. 2003). Thus, the Tcl1–PnPase switch suppresses
OxPhos and promotes glycolysis to remodel the metabo-
lome and facilitate the reprogramming of somatic cells
into iPSCs.

It is also important to point out that, in contrast to
mouse PSCs, human naïve PSCs exhibit increased glycol-
ysis compared with primed PSCs (Gu et al. 2016). This
major difference could be due to species-specific differenc-
es, such as differences in X-chromosome dynamics and

dependence on FGF signaling. The increased glycolysis
is associatedwith high nuclearN-MYCandC-MYC in na-
ïve PSCs. Naïve PSCs incorporate more glucose carbons
into lactate, nucleotides, and serine. It appears that the
presence of feeders or feeder-secreted factors affects the
dependence on glucose for self-renewal of primed human
PSCs. Overall, it is clear that glycolysis exerts a profound
effect on the pluripotent states of human PSCs (Gu et al.
2016). Further work will be required to investigate how
glycolysis regulates exit from the pluripotent states and
lineage-specific differentiation.

Glycine (Gly)–methionine (Met) metabolism
for self-renewal

PSCs also have a unique amino acid metabolism in order
to maintain their undifferentiated, pluripotent state. Un-
like other proliferative cell types, mouse PSCs are sensi-
tive to extrinsic deprivation of threonine (Thr) (Wang
et al. 2009; Shyh-Chang et al. 2013). Moreover, a remark-
able up-regulation of the Thr-catabolizing enzymeThr de-
hydrogenase (Tdh) is observed in mouse PSCs compared
with differentiated cells. Tdh is responsible for the catab-
olism of Thr into Gly. Gly decarboxylase enzyme (Gldc),
which is also highly up-regulated in PSCs, usesGly to gen-
erate folate intermediates to fuel one-carbon metabolism
(Zhang et al. 2012). The folate intermediates fuel nucleo-
tide synthesis and the rapid proliferation rate of PSCs as
well as neural crest progenitors (Wang et al. 2009; Tan
et al. 2016). However, the specificity of Thr deprivation
to PSCs and not just any proliferative cell type also sug-
gests that the metabolites resulting from Thr–Gly degra-
dation might be used specifically for self-renewal of the
pluripotent state.

Indeed, the folate intermediates also fuel the remethyla-
tion of homocysteine to form Met and S-adenosyl-Met
(SAM) in the Met salvage pathway. SAM, in turn, is re-
quired for all protein methylation reactions. Tdh and
Gldc are needed to increase the synthesis of SAM via
the folate intermediates, leading to a high ratio of SAM
to S-adenosyl-homocysteine (SAH) and resultant histone
H3 methylation states for mouse PSC self-renewal
(Shyh-Chang et al. 2013). Collectively, the Thr–Gly–Met
metabolism pathway conveys information on extrinsic
amino acid levels to regulate the self-renewal of PSCs by
feeding the folate one-carbon pool, SAM, and nucleotide
synthesis to maintain the intrinsic epigenomic state of
pluripotency over the long term.

A follow-up study showed that human PSCs use high
levels of Met instead, in contrast to mouse PSCs, which
are highly dependent on Thr (Shiraki et al. 2014). This is
because Tdh had evolved into a pseudogene in humans,
unlikemost othermammals (Wang et al. 2009). The study
showed that Met deprivation resulted in a rapid decrease
in SAM, loss of H3K4me3, and reduced NANOG expres-
sion and triggered human PSCs to differentiate into any
of the three embryonic germ layers. Even though human
PSCs could endure short-termMet deprivation by replen-
ishing the Met and SAM pool via the Met salvage path-
way, prolonged Met deprivation led to cell cycle arrest
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and apoptosis in human PSCs (Shiraki et al. 2014). Fur-
ther studies suggested that SAM levels are also critical
for naïve human PSCs, where the epigenetic landscape
was remodeled through changes in H3K27me3-repres-
sive marks (Sperber et al. 2015). Combined, these studies
have revealed the importance of Gly–Met metabolism
in integrating extrinsic amino acid information with
the intrinsic pluripotency state to determine the cell
fate of PSCs.

Acetyl-CoA to prevent differentiation

Besides being a substrate that feeds into the Krebs cycle,
acetyl-CoA also plays a role in protein acetylation. His-
tone H3 acetylation results in an open euchromatin state
that, like H3K4me3, maintains the pluripotent epigenetic
state and self-renewal of PSCs (Azuara et al. 2006; Gaspar-
Maia et al. 2011). In line with this, it has been shown that
chemical inhibition of histone deacetylases promotes re-
programming of somatic cells into iPSCs (Huangfu et al.
2008; Mali et al. 2010).
In a recent study performed by Moussaieff et al. (2015),

metabolomic and transcriptional analyses revealed that
PSCs produce cytosolic acetyl-CoA through glycolysis
and the pyruvate-derived citrate flux via ATP citrate lyase
(ACLY) and that this metabolic route is shut down during
the course of PSC differentiation. In human and mouse
PSCs, glycolysis-derived acetyl-CoA was sufficient to
block histone deacetylation and stem cell differentiation.
In addition, acetate, which is an alternative precursor of
cytosolic acetyl-CoA, also delayed PSC differentiation
by preventing histone deacetylation in a dose-dependent
manner. Pharmacological perturbation experiments
showed that cytosolic acetyl-CoA was both necessary
and sufficient to prevent differentiation of PSCs. These
data imply that a glycolytic switch controlling histone
deacetylation can either maintain the pluripotency of
stem cells or rapidly release them from pluripotency to
start differentiation (Moussaieff et al. 2015).
These findings implicate a careful distinction between

the different modes of glycolysis and the famed Warburg
effect in cancer. The Warburg effect is a more specific
form of glycolysis, defined as unusually rapid glycolysis
followed by lactate production even under aerobic condi-
tions. The pyruvate–lactate step in the Warburg effect is
absolutely necessary to rapidly recycle the rate-limiting
NAD+ coenzyme and keep the glycolysis reactions run-
ning rapidly. In stark contrast, Moussaieff et al. (2015)
showed instead that it is the cytosolic pyruvate–acetyl-
CoA reactions, not the pyruvate–lactate step, that is im-
portant for pluripotency. This detail represents a critical
distinction because it suggests that the Warburg effect
and the pyruvate–lactate step, although operational in
primed PSCs (see the above discussion on glycolysis in
PSCs), is not rate-limiting for pluripotency. Instead of
the classic dichotomyof theWarburg effect (pyruvate–lac-
tate) versus mitochondrial OxPhos (pyruvate–Krebs cy-
cle), their data suggest that glycolysis makes its most
significant contribution to pluripotency regulation by
shunting some pyruvate through a third mode: via citrate

synthase, a citrate shuttle, and, finally, cytosolic ACLY to
produce cytosolic acetyl-CoA (Shyh-Chang and Daley
2015).

Metabolism to maintain stem cell quiescence
or proliferation

Hypoxic niche and glycolysis

Unlike the hyperproliferative PSCs, most adult stem cells
remain quiescent in their niches unless activated by stress
or injury, thus resulting in rather different intrinsic meta-
bolic needs (Fig. 2). Quiescent adult stem cells typically
reside deepwithin hypoxic niche environments in tissues.
Some examples of adult stem cells include neural stem
cells (NSCs) in the brain’s subventricular zone, satellite
cells lying beneath skeletal muscles’ basal lamina, long-
term hematopoietic stem cells (LT-HSCs), andmesenchy-
mal stromal cells (MSCs) in the bone marrow. Adult stem
cells typicallymaintain a quiescent state to preserve long-
term self-renewal capacity for tissue maintenance (Rossi
et al. 2008; Suda et al. 2011).
Such a quiescent state is typically correlatedwith an ex-

trinsically hypoxic niche and an intrinsically glycolytic
mode of metabolism. For example, it is known that quies-
cent LT-HSCs adapt to the hypoxic environment of the
bone marrow niche by using glycolysis as an energy
source (Suda et al. 2011). Unequivocal evidence for the
hypoxic environment of the LT-HSC niche was obtained

Figure 2. Themetabolic programming of quiescent and prolifer-
ating adult stem cells relative to oxygen availability. A common
theme is that quiescent adult stem cells in hypoxic niches tend to
prefer glycolysis and fatty acid oxidation with high levels of nu-
clear NRF2- or FoxO-driven (blue) antioxidant enzyme expres-
sion to suppress ROS signaling. In contrast, proliferative adult
stem cells tend to use more oxygen in a normoxic environment
under the influence of growth factor kinase signaling, lower their
expression of antioxidant enzymes, and activate ROS signaling
(yellow). The resultant burst in proliferation also leads to irrevers-
ible commitment as the adult stem cells proliferate and differen-
tiate into tissue-specific progeny. This model is based largely on
studies in HSCs, but emerging evidence suggests that it could ap-
ply generally to many other adult stem cells.

Metabolic programming
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directly using two-photon phosphorescence lifetime mi-
croscopy (Spencer et al. 2014). One key benefit of using an-
aerobic glycolysis in an hypoxic environment is the
consequent minimization of mitochondrial OxPhos and
ROS production. Adult LT-HSCs, like many adult stem
cells, are highly sensitive to ROS. For instance, in the pres-
ence of excessive ROS, LT-HSCs are induced to activate
proliferation followed by differentiation or apoptosis
(Tothova et al. 2007). In the subventricular zone of the
brain, adult NSCs exhibit a similar response to excessive
ROS (Renault et al. 2009). The glycolytic mode of metab-
olism in adult LT-HSCs appears to be partly preprog-
rammed as well, under the influence of the transcription
factor MEIS1 (Simsek et al. 2010), which up-regulates
many glycolytic enzymes. The correlation between the
LT-HSC state and a glycolytic program is so strong that
adult LT-HSCs can be isolated from bone marrow aspi-
rates exposed to normoxia by selecting for cells with low
endogenousNADHand lowmitochondrialmembrane po-
tential (Simsek et al. 2010). The resultant cells possess su-
perior hematopoietic reconstitution capacity in vivo.

However, a low mitochondrial membrane potential at
steady state could suggest either low OxPhos flux (low
substrate input) or high OxPhos flux (high product out-
put). Previous studies suggest that LT-HSCs’ low mito-
chondrial membrane potential is because of low OxPhos
activity, since LT-HSCs express higher levels of PDK1
(PDHkinase 1) and PDK3,which inhibit PDH to shunt py-
ruvate into lactate production instead (Klimmeck et al.
2012). Furthermore, PDK2 and PDK4, both of which are
HIF1α targets, are also required for LT-HSC self-renewal,
demonstrating that the switch in pyruvate flux to lactate
versus Krebs cycle is critical in toggling LT-HSC fate
(Takubo et al. 2013). When the mitochondrial carrier ho-
molog 2 (MTCH2) is conditionally deleted in the hemato-
poietic system, mitochondrial fusion, mitochondrial
volume, and mitochondrial OxPhos are all increased,
leading to HSC commitment and proliferation (Maryano-
vich et al. 2015). Consistent with these findings, it was
found that conditional deletion of mitofusin 2 (MFN2)
in the hematopoietic system, which led to mitochondrial
fragmentation and presumably compromised OxPhos ca-
pacity, had no effect on primary adult LT-HSC survival
and self-renewal (Luchsinger et al. 2016). However, sur-
prisingly, MFN2 deficiency did lead to the loss of lym-
phoid-biased LT-HSCs in secondary transplantation
assays with single LT-HSCs after lethal irradiation. This
is likely due to dysfunctional Ca2+ buffering and NFAT
signaling, suggesting that although LT-HSCs manifest
low mitochondrial OxPhos, they still rely on mitochon-
dria for other metabolic functions.

Interestingly, a recent follow-up study revealed that an
enforcement of lowmitochondrialmembrane potential in
LT-HSCs—by introducing an uncoupler FCCP (carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone) that dissi-
pates the mitochondrial membrane potential—could pro-
mote LT-HSCs to undergo self-renewing symmetric
divisions instead of undergoing differentiation during pro-
liferation (Vannini et al. 2016). Because FCCP typically in-
duces maximal ETC flux in oxygen consumption studies,

by dissipating the resistance from the proton gradient or
membrane potential, these results paradoxically suggest-
ed that maximal ETC flux could promote LT-HSC self-re-
newal. Earlier results on a requirement for low OxPhos in
LT-HSCs appear to contradict this finding. The investiga-
tors suggest that these results could be because FCCP in-
duces mitophagy and reduces total OxPhos capacity over
the long term even if the ETC flux is maximized for the
given available OxPhos machinery over the short term.
While the effects of FCCP and maximal ETC flux on
ROS levels in LT-HSCs remain unclear, these interesting
findings warrant further investigation.

MSCs also reside within the hypoxic environment of
the bonemarrow niche.MSCs intrinsically express higher
levels of glycolytic enzymes and lower levels of OxPhos
proteins relative to the more differentiated osteoblasts.
This suggests that MSCs preferentially use glycolysis
compared with osteoblasts (Chen et al. 2008a). Under nor-
moxic conditions, MSCs can be forced into a high oxygen
consumption state by using OxPhos, and, in fact, MSC
proliferation is significantly increased in normoxia (Pat-
tappa et al. 2013). However, the switch to OxPhos induces
a significant increase in MSC senescence. This finding
suggests that hypoxic conditions and glycolysis are neces-
sary to prevent ROS-induced proliferation and senescence
in order to ensure the long-term self-renewal capacity of
bonemarrowMSCs (Pattappa et al. 2013). Thus, in at least
three types of adult stem cells (namely, LT-HSCs, MSCs,
and NSCs), the suppression of ROS by using glycolysis
within a hypoxic niche prevents entry into a more prolif-
erative and differentiated state in normoxia. The combi-
nation and balance of intrinsic metabolic requirements
and extrinsic metabolic conditions needed for quiescence
as well as the tilt of balance needed to initiate prolifera-
tion may be a common mechanism for regulating adult
stem cell homeostasis (Fig. 2).

ROS during proliferation

ROS is generally regarded as a stress signal even though it
is also necessary for normal cellular processes in some
cases. ROS can arise from many different sources, includ-
ing inefficient electron transfer by mitochondrial OxPhos
complexes, cytosolic oxidases, and oxygenases. ROS can
also rise aberrantly due to extrinsic stress from exposure
to radiation, pollutants, or drugs or intrinsic deficiencies
in stress response pathways such as the FoxO or NRF2
pathways that promote the expression of antioxidant en-
zymes such as glutathione peroxidases or superoxide dis-
mutases (Holmström and Finkel 2014).

As LT-HSCs proliferate, both the mitochondrial
OxPhos activity and ROS levels also increase, leading to
HSC differentiation. Hematopoietic cells in the Droso-
phila model, similar to common myeloid progenitors in
mammals, also require ROS tomature into terminally dif-
ferentiated blood cells (Owusu-Ansah and Banerjee 2009).
In mice, hyperactivation of mitochondrial OxPhos in
HSCs led to increased HSC proliferation and either mye-
loid or lymphoid leukemias with complete penetrance
(Ueda et al. 2015). However, the targets of ROS that prime
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HSCs for proliferation and differentiation still remain un-
clear. It is plausible that the eicosanoid metabolism path-
way, which responds to and generates ROS during lipid
oxidation in PSCs (Yanes et al. 2010), may be involved.
For example, prostaglandin E2, an eicosanoid pathway
product, has been demonstrated to promote HSC prolifer-
ation in vivo by promoting Wnt signaling (Goessling et al.
2009). This suggests that eicosanoidmetabolismmight be
critical in regulating HSC proliferation and differentia-
tion. Another report suggested recently that p38 MAPK
might be another target of ROS that activates stem cell
proliferation (Karigane et al. 2016). They showed that
the p38 MAPK is immediately activated in HSCs by he-
matological stresses, including ROS, leading to increased
HSC proliferation. Conditional deletion of p38α inhibited
the recovery fromhematological stress and delayed the ac-
tivation of HSPC proliferation. ROS-induced p38α activat-
ed the expression of IMPDH2 (inosine-5′-monophosphate
dehydrogenase 2) in HSCs, which increased purine syn-
thesis and increased cell proliferation (Karigane et al.
2016).
In NSCs, the antioxidant program driven by FoxO3 is

rapidly shut off upon NSC differentiation despite the in-
crease in mitochondrial OxPhos activity (Renault et al.
2009). This suggests thatROS is required forNSCdifferen-
tiation. In fact, a deficiency in FoxO3 causes depletion of
adult brainNSCs, an increase in neurogenesis in the olfac-
tory bulb, and a significant expansion of oligodendrocytes
in the corpus callosum during brain development, sug-
gesting that ROS predisposes neural proliferation and dif-
ferentiation (Renault et al. 2009; Webb et al. 2013).
In the intestines of the Drosophila model, enterocytes

produce extraordinarily high levels of ROS to control the
numbers of resident gut bacteria. Intestinal stem cells
(ISCs) proliferate in response to these bursts of ROS re-
leased from surrounding enterocytes, as dictated by a pre-
programmed intestinal regeneration response. However,
as time passes during the course of aging, the cumulative
oxidative stress can lead to ISC hyperproliferation, ex-
haustion, and, consequently, aging-induced degeneration
of Drosophila intestines. This aging-induced hyperprolif-
eration of ISCs can be blocked via activation of the
NRF2 antioxidant pathway or administration of antioxi-
dant molecules (Hochmuth et al. 2011). Deficiency in
the NRF2 regulator KEAP1 also causes hyperproliferation
in the mouse intestines (Wakabayashi et al. 2003), sug-
gesting that the same ROS-based mechanism controls
ISC proliferation in multiple animal models.

Optimal fatty acid oxidation (FAO)

FAO (or β-oxidation) is the series of redox reactions that
catabolize fatty acid molecules in the mitochondria to
generate acetyl-CoA, which enters the Krebs cycle, and
NADH and FADH2, which are oxidized in the ETC to
fuel OxPhos.
Interestingly, FAO is important to promote normal LT-

HSC self-renewal (Ito et al. 2012). It was found that inhibi-
tion of FAO or depletion of the upstream FAOmaster reg-
ulator PPARδ resulted in symmetric differentiating

divisions ofHSCs into committed progenitor cells, where-
as PPARδ activation increased asymmetric division and
HSC self-renewal. A recent study found that PPARδ-
FAO activation led to an increase in autophagy of mito-
chondria to promote LT-HSC self-renewal (Ito et al. 2016).
Similarly,NSCs also appear to use FAO for self-renewal.

NSCs within the adult brain’s subventricular zone ex-
press FAO enzymes and show increased oxygen consump-
tion upon treatment with a polyunsaturated fatty acid.
Conversely, NSCs demonstrate decreased oxygen con-
sumption upon treatment with etomoxir, an inhibitor of
FAO, leading to decreased NSC self-renewal (Xie et al.
2016). Lineage tracing experiments further demonstrated
that FAO fluxwas required to prevent symmetric differen-
tiating divisions at the expense of NSC self-renewal (Stoll
et al. 2015).
In quiescent skeletal muscle stem cells (MuSCs), active

SIRT1 deacetylates and activates PGC-1α to promote FAO
in the mitochondria. PGC-1α transactivates OxPhos
genes and represses glycolysis genes to maintain high in-
tracellular NAD+ and keep SIRT1 active (Wu et al. 1999;
Rodgers et al. 2005; Gerhart-Hines et al. 2007). During
their exit from quiescence, MuSCs deactivate FAO in fa-
vor of glucose catabolism (Ryall et al. 2015). Thismetabol-
ic switch decreases NAD+ and deactivates SIRT1 and its
histone H4K16 deacetylation activity to activatemyogen-
ic transcription programs and muscle differentiation.
Thus, FAO is necessary tomaintainMuSCs in a quiescent
state. However, excessive FAO in MuSCs and myocytes
can also lead to excessive oxidative stress, which inhibits
muscle growth and causes muscle atrophy (Fukawa et al.
2016). It appears that an optimal level of FAO, not too
much or too little, is necessary for preserving self-renewal
of quiescent MuSCs. Could this Goldilocks principle in
FAO metabolism apply to NSCs and LT-HSCs as well?
Further studies would be needed to resolve this question.

Metabolism during stem cell aging

After repeated rounds of proliferation and aging, adult
stem cells such as epidermal stem cells, HSCs, ISCs,
MuSCs, and NSCs gradually decline in their numbers as
well as their long-term self-renewal and multipotent dif-
ferentiation capacities. This progressive decline has been
associated with many degenerative conditions of aging,
including hair loss, immune dysfunction, colitis, sarcope-
nia, and neurodegenerative diseases. Numerous mecha-
nisms have been implicated to explain this decline in
numbers and function, some of which we review below.

Oxidative stress response via FoxO signaling

The insulin–PI3K–AKT signaling pathway phosphory-
lates and suppresses the FoxO family of transcription fac-
tors. In contrast, excessive ROS activates the FoxO family
to drive the oxidative stress response. Deficiency in the
FoxO transcription factors compromises the oxidative
stress response and gradually depletes mouse LT-HSCs
during aging (Miyamoto et al. 2007; Tothova et al. 2007).
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FoxO-deficient mice exhibit a pronounced increase in
ROS, which ultimately leads to a decline in the HSC pop-
ulation and a skew toward myeloid differentiation that
characterizes aging HSCs. Further studies elucidated the
precise role of the FoxO-regulated oxidative stress re-
sponse by showing that FoxO3 deficiency hyperactivates
p53 and PI3K signaling, resulting in a vicious cycle that
leads to HSC aging. This vicious cycle can be disrupted
by administering antioxidant molecules (Yalcin et al.
2008, 2010). In addition to regulating ROS, FoxOs also in-
ducemitophagy and autophagy to protect HSCs during di-
etary restriction (Warr et al. 2013). It has also been shown
that mitochondrial metabolism can be directly regulated
by FoxO3 (Rimmelé et al. 2015).

Germline stem cells in Caenorhabditis elegans and
Drosophila adjust their proliferation according to nutri-
tional conditions (Drummond-Barbosa and Spradling
2001) and especially in response to the aging regulatory in-
sulin–PI3K–FoxO signaling pathway (Kimura et al. 1997;
LaFever and Drummond-Barbosa 2005; Hsu et al. 2008;
Ueishi et al. 2009). Further studies have shown that aging
of theDrosophila germline stem cell nichemaintained by
the ovarian follicle stem cells is regulated by insulin–PI3K
signaling and mitochondrial ROS production (Wang et al.
2012).

AMP/ATP and AMPK signaling

Low ATP/AMP levels during calorie restriction and exer-
cise activate the AMPK pathway. This pathway also pro-
motes organismal longevity by regulating mitochondrial
FAO and suppressing mTOR signaling. Depletion of
LKB1, an AMPK regulatory kinase, causes severe mito-
chondrial dysfunction, leading to LT-HSC proliferation
and exhaustion and, ultimately, defects in hematopoiesis
during aging (Gan et al. 2010; Gurumurthy et al. 2010;
Nakada et al. 2010). During brain development and aging,
AMPK signaling also regulates NSCs and their mitochon-
dria. Depletion of AMPK leads to loss of the hippocampal
dentate gyrus and severe brain atrophy (Dasgupta and
Milbrandt 2009). AMPK signaling also modulates the qui-
escence of germline stem cells to influence nematode ag-
ing (Narbonne and Roy 2006).

Mitochondria, PGC-1α, and mTOR signaling

A variety of stem cell models have unequivocally demon-
strated that mitochondrial OxPhos, regulated by PGC-1α
and mTOR signaling, can regulate stem cell aging and
thus overall longevity.

During aging, Drosophila ISCs undergo hyperprolifera-
tion in response to intestinal ROS, leading to stem cell
exhaustion and intestinal degeneration over time (Hoch-
muth et al. 2011). Activation of Spargel, the Drosophila
PGC-1α homolog, can significantly attenuate ISC aging
by enhancing the efficiency of OxPhos in intestinal cells
to reduce ROS, reducing hyperproliferation of ISCs and
thus reducingmisdifferentiated cells and improving intes-
tinal integrity. This results in extended Drosophila lon-
gevity (Rera et al. 2011). Similarly, gain of function in a

comaster regulatory transcription factor for mitochondri-
al OxPhos and antioxidant enzymes, NRF2, can enhance
ISC self-renewal to extend Drosophila longevity as well
(Hochmuth et al. 2011).

During NSC differentiation into neurons, PGC-1α also
regulates mitochondrial biogenesis (O’Brien et al. 2015),
a cellular process that often becomes dysfunctional during
neurodegenerative diseases. For example, deficiency in
Parkin is widely thought to induce Parkinson’s disease
by reducing PGC-1α to reduce mitochondrial biogenesis
and reducing mitophagy to reduce mitochondrial turn-
over, thus causing the accumulation of faulty mitochon-
dria in dopaminergic neurons during development and
aging. These faulty mitochondria then gradually become
unmasked during aging, leading to neuronal apoptosis lat-
er in life (Shaltouki et al. 2015; Stevens et al. 2015). InDro-
sophila models of neurogenesis and neurodegeneration,
deficiencies due to mutations in the Parkin pathway
have been shown to dysregulate NSC self-renewal to
cause Parkinsonism (Goh et al. 2013).

Downstream from growth factor and amino acid-sens-
ing pathways, the mTOR signaling pathway also plays a
major role in regulating mitophagy (Egan et al. 2011) and
mitochondrial activity to control stem cell aging. By phos-
phorylating mitochondrial proteins and activating PGC-
1α, mTOR has been shown to boost mitochondrial
OxPhos (Schieke et al. 2006; Cunningham et al. 2007;
Ramanathan and Schreiber 2009). In LT-HSCs, activation
of mTOR signaling by conditionally deleting TSC1 in-
creases mitochondrial oxidative stress, thus driving the
LT-HSC population out of quiescence and ultimately
into exhaustion to impair hematopoiesis during aging
(Chen et al. 2008b).

Conversely, rapamycin-mediated inhibition of mTOR
signaling can delay hematopoietic aging by preserving
the long-term self-renewal and hematopoietic capacity
of LT-HSCs (Chen et al. 2009). This molecular mecha-
nism is well-conserved in Drosophila too, as insulin–
PI3K–TOR signaling has been shown to regulate the
long-term self-renewal capacity of hematopoietic progen-
itors (Shim et al. 2012). Excessive mTOR signaling can
also cause exhaustion of epidermal stem cells and progres-
sive alopecia in adult mice, whereas rapamycin can delay
this aging phenotype (Castilho et al. 2009). Most impor-
tantly, rapamycin treatment late in adulthood has been
shown to extend longevity in mice (Harrison et al. 2009).

Conclusion

Manymetabolic pathways are emerging as important reg-
ulatory mechanisms for programming stem cell fates.
Whilemany of themetabolic changes in stem cells are un-
doubtedly a response to changes in their niche or environ-
ment, it does not follow that they have no effect on the
intrinsic programming of stem cell fates. Like growth fac-
tor signaling pathways, metabolic pathways can also con-
vey changes in the extrinsic environment to reprogram
stem cell fates via changes in epigenetics, proliferation,
and differentiation (Fig. 3). Moreover, it is becoming clear
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that many metabolic pathways are also intrinsically
programmed by stem cell factors to facilitate the meta-
bolic needs of that particular cellular state. Thus, in
retrospect, the recent flurry of studies on stem cell metab-
olism supports the notion that the metabolic program-
ming of stem cells represents a fine balance between the
intrinsic needs of a cellular state and the constraints im-
posed by extrinsic nutrient and oxygen levels. A more
complete understanding of these needs and constraints
and the effects of manipulating themwill afford us greater
mastery and control over the fates of stem cells for both
tissue engineering in vitro and regenerative medicine in
vivo.
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