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Summary
Recent advances in metabolomics and computational analysis
have deepened our appreciation for the role of specific
metabolic pathways in dictating cell fate. Once thought to be a
mere consequence of the state of a cell, metabolism is now
known to play a pivotal role in dictating whether a cell
proliferates, differentiates or remains quiescent. Here, we review
recent studies of metabolism in stem cells that have revealed a
shift in the balance between glycolysis, mitochondrial oxidative
phosphorylation and oxidative stress during the maturation of
adult stem cells, and during the reprogramming of somatic cells
to pluripotency. These insights promise to inform strategies for
the directed differentiation of stem cells and to offer the
potential for novel metabolic or pharmacological therapies to
enhance regeneration and the treatment of degenerative
disease.
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Introduction
As the zygote develops into a multicellular organism, the evolving
demands of rapid cell growth, tissue formation and organogenesis
place drastically different metabolic requirements on embryos,
early pluripotent stem cells, tissue-resident adult stem cells,
transient amplifying tissue progenitors and, ultimately, mature adult
tissues. During the 1960s and 1970s, advances in our understanding
of the metabolism of embryos led to techniques for in vitro culture
of blastocysts and the development of in vitro fertilization (IVF).
More recently, advances in cancer cell metabolism have led to an
explosion in our understanding of how aerobic glycolysis (the
‘Warburg effect’, see Glossary, Box 1), rather than normal
glycolysis (see Glossary, Box 1) linked to the Krebs cycle (see
Glossary, Box 1) and to oxidative phosphorylation (OxPhos, see
Glossary, Box 1), supports rapid cellular growth. This
understanding has led to new drug targets for cancer therapy.
Within the past decade, studies of metabolism in various stem cell
populations have also highlighted a role for cell-specific metabolic
pathways that are modulated during differentiation or during
reprogramming to pluripotency. These novel insights have
challenged the long-held assumption that all metabolic enzymes
perform the same housekeeping functions in all cells, and have
provoked a resurgence of interest in metabolism. Overall, these
results paint a picture of tissue- and cell-specific metabolic

pathways and isoenzymes that are tightly regulated during
development and perform unique functions in specific contexts.
Such cell- and tissue-specific isoenzymes provide a therapeutic
window for pharmacological manipulation. Hence, the application
of metabolomics to the study of stem cells during development
could lead to new breakthroughs in our understanding of
embryogenesis and adult tissue homeostasis, with implications for
ongoing efforts in stem cell biology, tissue regeneration and
therapies for degenerative diseases.

In this Review, we outline the specific metabolic pathways that
are active in mammalian totipotent stem cells (TSCs), in
pluripotent stem cells before and after differentiation, in quiescent
adult stem cells, and in proliferative stem/progenitor cells during
mammalian tissue development. We also discuss the role of
stemness factors in governing stem cell metabolism, and examine
the role of stem cell metabolism during aging using insights
gleaned from invertebrate models.

Metabolism in TSCs and the early (pre-blastocyst)
embryo
Before the morula stage of development in preimplantation
embryos, each individual early blastomere is totipotent (see
Glossary, Box 1) and retains the ability to generate an entire
organism and its placenta. Despite differences between mammalian
species in the time spent in gestation, the amount of time required
to develop to the blastocyst stage is remarkably conserved
(Brinster, 1974). In the first week, blastomeres, which are
considered here as TSCs in vitro, undergo a few self-renewing cell
divisions and rounds of DNA replication, but the embryo as a
whole experiences no net growth (Leese, 1995). TSCs likely
autophagocytose their protein reserves, which drop by 26% by the
eight-cell stage (Brinster, 1967).

Studies indicate that metabolism in TSCs is tightly controlled by
the rate-limiting glycolysis enzymes hexokinase (HK) and
phosphofructokinase 1 (PFK1), thus glycolysis rates are initially
low (Fig. 1A) (Barbehenn et al., 1978). Instead, the only energy
and carbon sources that TSCs can use are pyruvate analogs, a fact
that is also true for primordial germ cells, oocytes and
spermatocytes, which use pyruvate secreted by ovarian follicle
cells and lactate secreted by testicular Sertoli cells. The advantages
of this preference for pyruvate in TSCs remain unknown. Early
embryo development is actually inhibited by high concentrations
of glucose (Brinster and Troike, 1979). Only at the morula stage
does the relative rate of glucose oxidation rival that of pyruvate
(Leese and Barton, 1984). The oxidation of pyruvate in
mitochondria then fuels the Krebs cycle, which in turn generates
carbon intermediates and fuels OxPhos.

Despite the preference for pyruvate oxidation, the O2
consumption rate of TSCs is relatively low, comparable with that
of adult skin or bone (Brinster and Troike, 1979). Consistent with
the low O2 consumption rate, mitochondria are structurally
immature in TSCs. Oocyte and TSC mitochondria are typically
spherical elements at least 1 μm in diameter with few truncated
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cristae, which contain a matrix of high-electron density. By the end
of early embryogenesis, mitochondria elongate and develop
networks of cristae containing a matrix of low-electron density
(Van Blerkom, 2009). The inner mitochondrial membrane potential
(ΔΨm, see Glossary, Box 1) per mitochondrion also increases with
embryo cleavage. However, prior to blastocyst implantation and
mitochondrial replication, mitochondrial numbers are halved with
each cell division. Accordingly, total ATP levels and the ATP/ADP
ratio are high initially in TSCs but decrease linearly with time
during development (Fig. 1B,C), whereas the NADH/NAD+ ratio

remains relatively high throughout (Quinn and Wales, 1971; Wales,
1974). Considering that ATP is a potent allosteric inhibitor of
PFK1, this decrease in ATP may play a role in activating glycolysis
at the blastocyst stage (Johnson et al., 2003).

The ATP generated by mitochondrial OxPhos is also used to
actively transport ions into the early embryo. For example, the pH
inside the early embryo is kept alkaline by importing high levels of
bicarbonate from the oviduct and uterine fluid (Vishwakarma,
1962). Bicarbonate is important not just for pH buffering and
membrane potential – it also contributes significantly to the carbon
pool within TSCs (Graves and Biggers, 1970; Brinster, 1973).
TSCs might use bicarbonate for carbon fixation via mitochondrial
pyruvate carboxylase to generate oxaloacetate for anaplerosis (see
Glossary, Box 1) or gluconeogenesis (see Glossary, Box 1), or via
carbamoyl phosphate synthetase to generate nucleotides for DNA
and RNA synthesis (Fig. 1D).

Metabolism in pluripotent stem cells and the
blastocyst
During morula compaction, blastomeres undergo the first round of
differentiation to segregate into trophectoderm (which becomes the
placenta) and the pluripotent inner cell mass (ICM, which becomes
the embryo proper). Accompanying this transformation is a sharp
increase in net growth and metabolic activity (Fig. 2). First, glucose
uptake rises sharply as the embryo upregulates the expression of
the glucose transporters GLUT1 and GLUT3 (SLC2A1 and
SLC2A3) (Pantaleon and Kaye, 1998). Glycolytic flux hence rises
sharply, leading to increased lactate synthesis (Fig. 2A) (Leese and
Barton, 1984). The importance of glycolysis to blastocysts is
evident in vivo, as mutations in four glycolytic enzymes – 
glucose-6-phosphate isomerase, glyceraldehyde-3-phosphate
dehydrogenase, triosephosphate isomerase and lactate
dehydrogenase A (LDHA) – result in early postimplantation
lethality (West et al., 1990; Pretsch, 2000; Merkle and Pretsch,
1989; Merkle et al., 1992). OxPhos rates also increase and O2
consumption in blastocysts rises to a high rate, comparable with
that observed in the adult brain (Brinster, 1974). However, this
increase is largely due to mitochondria of the trophectoderm, which
have a high ΔΨm. By contrast, mitochondria in the ICM, which is
not involved in organizing the blastocyst cavity, have a lower ΔΨm
(Van Blerkom, 2009).

Consistent with the lower ΔΨm in ICM mitochondria, pluripotent
embryonic stem cells (ESCs) derived from in vitro culture of the
ICM show high rates of glycolysis (Chung et al., 2007; Kondoh et
al., 2007; Prigione et al., 2010; Varum et al., 2011; Zhang et al.,
2011a; Panopoulos et al., 2012; Shyh-Chang et al., 2013). A switch
from OxPhos back to glycolysis is also seen during the conversion
of differentiated cells into induced pluripotent stem cells (iPSCs)
and reflects metabolic reprogramming (Folmes et al., 2011; Shyh-
Chang et al., 2013). However, the upregulation of glycolysis
precedes the reactivation of pluripotency markers (Hansson et al.,
2012; Shyh-Chang et al., 2013). This indicates that the activation
of glycolysis is not necessarily specific to a pluripotent (see
Glossary, Box 1) state but, rather, represents the preferred
metabolic state of rapidly proliferating cells. Furthermore, cell
proliferation enhances iPSC reprogramming stochastically (Hanna
et al., 2009), further confounding the relationship between
glycolysis, proliferation and pluripotency. That said, promotion of
glycolysis enhances iPSC reprogramming, whereas
pharmacological inhibition of glycolysis or stimulation of OxPhos
impairs iPSC reprogramming (Yoshida et al., 2009; Zhu et al.,
2010; Folmes et al., 2011). In the Warburg effect, cancer cells are
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Box 1. Glossary
Anaplerosis. Reactions replenishing Krebs cycle intermediates that
are shunted into other biosynthetic pathways.
Eicosanoids. Oxidized lipids derived from the oxidation of 20-
carbon omega 3 or omega 6 essential fatty acids. There are four
families of eicosanoids – prostaglandins, prostacyclins,
thromboxanes and leukotrienes.
Fatty acid β-oxidation. A series of dehydrogenation, hydration,
oxidation and thiolysis reactions that repeatedly cleave off the 2-
carbon acetyl-CoA from fatty acids, which then feeds into the Krebs
cycle.
Gluconeogenesis. Metabolic pathway that generates glucose from
other carbon sources, such as pyruvate, lactate or glucogenic amino
acids. It involves many glycolytic enzymes running in reverse.
Glycolysis. A metabolic pathway that breaks down one molecule
of glucose into two molecules of pyruvate or lactate, generating
ATP in the process. Glycolytic intermediates can also be shunted
into anabolic pathways for biosynthesis, e.g. pentose phosphate,
glycerol-3-phosphate, serine or glycine.
Krebs cycle. Cyclic series of condensation, isomerization, oxidation,
decarboxylation and hydration reactions involving carboxylic acids
in the mitochondria to generate energy through the oxidization of
acetyl-CoA into CO2. In addition, the cycle provides precursors to
generate certain amino acids, as well as NADH. Each complete turn
of the cycle generates one GTP, two CO2, one FADH2 and three
NADH molecules.
Mitochondrial membrane potential (ΔΨm). The voltage
difference across the inner mitochondrial membrane that results
from the proton gradient generated by proton pumps in the
electron transport chain.
Oxidative phosphorylation (OxPhos). The mitochondrial
reactions that generate and harness energy released from the
oxidation of nutrients such as pyruvate, via a proton gradient, to
synthesize ATP.
Pentose phosphate pathway (PPP). The metabolic pathway that
converts glucose-6-phosphate into ribose-5-phosphate for
nucleotide synthesis, generating NADPH in the process.
Pluripotent. Having the developmental potential to differentiate
into any of the three germ layers – endoderm, mesoderm or
ectoderm – that form the embryo proper.
Reactive oxygen species (ROS). Chemically reactive molecules
containing oxygen, including superoxide and peroxide. ROS form
as a by-product of OxPhos and irradiation, potentially causing
damage to cell structures. Cumulatively, this is known as oxidative
stress.
Totipotent. Having the developmental potential to differentiate
into all the cells in an organism, including any of the three germ
layers – endoderm, mesoderm or ectoderm – as well as the extra-
embryonic trophoblast, which forms the placenta in mammals.
Warburg effect. The observation that proliferative cancer or
embryonic cells exhibit a high rate of glycolysis followed by lactate
production, instead of a low rate of glycolysis followed by
mitochondrial oxidation of pyruvate, despite high levels of O2. Also
known as aerobic glycolysis.
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thought to shunt glycolytic intermediates into amino acid, lipid and
nucleotide synthesis for cell proliferation (Vander Heiden et al.,
2009). Similarly, mouse ESCs show increased activity in the
pentose phosphate pathway (PPP, see Glossary, Box 1), which
allows rapid nucleotide synthesis (Filosa et al., 2003; Manganelli
et al., 2012; Varum et al., 2011). Thus, anabolic glycolysis is a
common feature of metabolism in both ESCs and cancer cells.

Despite the low levels of OxPhos occurring in undifferentiated
ESCs, O2 consumption is still important. However, ATP synthesis
appears to be decoupled from O2 consumption, and depends on
glycolysis instead (Fig. 2B) (Zhang et al., 2011a). Although the
mechanism and reasons for this decoupling remain unclear, it is
possible that ESCs consume O2 through the electron transport
chain (ETC) to oxidize NADH into NAD+ and maintain the Krebs
cycle flux. This might also allow ESCs to maintain an optimal

redox potential for lipid synthesis from citrate and for amino acid
synthesis from OAA or α-ketoglutarate (Shyh-Chang et al., 2011).
In line with this, ESCs with high ΔΨm form teratomas more
efficiently than ESCs with low ΔΨm (Schieke et al., 2008), and
blastocysts deficient in mitochondrial oxidation enzymes, including
the pyruvate dehydrogenase (PDH) complex, show developmental
defects (Johnson et al., 1997; Johnson et al., 2001).

Mouse ESCs also use a unique mode of amino acid metabolism
to maintain their pluripotent epigenetic state (Fig. 2C). In a screen
for dependence on each of the 20 amino acids, restriction of Thr
alone (and to a lesser extent, Met or Cys) uniquely abolished
mouse ESC growth. By contrast, other proliferative cell lines such
as HeLa, 3T3 or mouse embryonic fibroblasts were sensitive to
restriction of other amino acids but not to Thr restriction (Wang et
al., 2009). Consistent with these findings, expression of the Thr-
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catabolizing enzyme threonine dehydrogenase (TDH) is
dramatically upregulated in early blastocysts and ESCs (and after
iPSC reprogramming), relative to differentiated cells (Wang et al.,
2009; Shyh-Chang et al., 2013). TDH is a mitochondrial enzyme
that controls the the rate-limiting step in the metabolism of Thr into
Gly and acetyl-CoA. Gly can be subsequently used by the
mitochondrial enzyme glycine decarboxylase (GLDC) to generate
1-carbon equivalents for the folate pool. Like TDH, GLDC is also
upregulated in pluripotent cells relative to differentiated cells
(Shyh-Chang et al., 2013). Furthermore, pharmacological inhibition
or knockdown of TDH disrupts mouse ESC colony growth
(Alexander et al., 2011; Shyh-Chang et al., 2013). Collectively,
these findings suggest that the metabolites generated by Thr
degradation may be used specifically for the self-renewal of
pluripotent ESCs. Indeed, it has recently been demonstrated that
TDH and GLDC regulate the synthesis of 5-methyl-
tetrahydrofolate, thereby modulating S-adenosylmethionine (SAM)
metabolism and histone H3K4 tri-methylation (Shyh-Chang et al.,
2013) (Box 2). H3K4 tri-methylation is associated with open
euchromatin, which is crucial for the epigenetic plasticity of
pluripotent ESCs and their self-renewal (Azuara et al., 2006;
Gaspar-Maia et al., 2011; Ang et al., 2011). TDH regulation of the
folate pool was also found to promote rapid proliferation in mouse
ESCs (Wang et al., 2009), consistent with findings that GLDC
regulates the folate pool to promote nucleotide synthesis and rapid
proliferation in cancer stem cells (Zhang et al., 2012).

Metabolism in differentiating ESCs
When ESCs differentiate, glycolytic flux decreases dramatically
(Fig. 3A,B), Thr-Gly metabolism is extinguished and mitochondrial
OxPhos fueled by glucose and fatty acids increases (Fig. 3C,D)
(Cho et al., 2006; Chung et al., 2007; Facucho-Oliveira et al., 2007;
Wang et al., 2009). Thus, cells acquire an even more oxidized state.
Furthermore, pluripotent ESCs are enriched with unsaturated lipids
such as omega 3 and omega 6 fatty acids that contain readily
oxidizable carbon-carbon double bonds (Yanes et al., 2010). These
unsaturated lipids prime ESCs to differentiate after oxidation by
reactive oxygen species (ROS, see Glossary, Box 1) to form
eicosanoids (Fig. 3E). In support of this concept, pharmacological
inhibition of enzymes in the eicosanoid synthesis pathway (see
Glossary, Box 1), which oxidizes these unsaturated lipids, preserves
ESC pluripotency (Yanes et al., 2010).

Metabolism in quiescent adult stem cells
Unlike proliferative ESCs, most adult stem cells are quiescent.
Such quiescent adult stem cells reside in various tissues and include
long-term hematopoietic stem cells (LT-HSCs) and mesenchymal
stem cells (MSCs) in the bone marrow, neural stem cells (NSCs)
in the brain, epidermal stem cells in the hair follicle bulge, and
satellite cells in skeletal muscles. It is thought that quiescent adult
stem cells generally maintain a slow-cycling state to avoid cellular
damage from ROS and to ensure life-long tissue renewal capacity
(Rossi et al., 2008; Suda et al., 2011). But is the metabolic program
in adult stem cells intrinsically required for stem cell self-renewal
or is it an adaptive response to the often hypoxic environment?

It is known, for instance, that adult LT-HSCs prefer to use
glycolysis (Fig. 4A), a phenotype that some have argued to be an
adaptation to the hypoxic environment of the bone marrow niche
(Suda et al., 2011). One potential advantage of hypoxia-induced
glycolysis in LT-HSCs is the associated reduction in ROS
production from mitochondria. LT-HSCs are sensitive to ROS, and
they either undergo differentiation or apoptosis in the presence of

excessive ROS when the stress response is defective (Tothova et
al., 2007). NSCs in the hypoxic brain exhibit similar responses to
ROS (Renault et al., 2009). This suggests, however, that glycolysis
is not simply an environmental adaptation but an intrinsic necessity
for quiescent adult stem cells. In line with this, the pro-glycolytic
phenotype of LT-HSCs appears to be programmed by the HSC
transcription factor MEIS1 via its target hypoxia-inducible factor
1α (HIF1α) (Simsek et al., 2010), which upregulates many
glycolytic enzymes. Similar to embryonic TSCs and ESCs, adult
HSCs possess low mitochondrial mass and immature mitochondrial
morphology (Chung et al., 2007). In fact, the majority of LT-HSCs
can be metabolically sorted by gating for low ΔΨm and low
endogenous NADH, and the resultant cells have greater
hematopoietic capacity in vivo (Simsek et al., 2010). The low ΔΨm
could be partly because LT-HSCs express higher levels of the
pyruvate dehydrogenase kinases PDK1 and PDK3, which inhibit
PDH and mitochondrial pyruvate oxidation (Fig. 4B) (Klimmeck
et al., 2012). Interestingly, another pair of PDKs regulated by
HIF1α, PDK2 and PDK4, are also required by LT-HSCs,
demonstrating that PDK-regulated OxPhos generally acts as a
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Box 2. Metabolic regulation of epigenetics during
stem/progenitor cell differentiation
Acetyl-CoA, besides being a Krebs cycle substrate, is important for
protein acetylation (Choudhary et al., 2009; Kaelin and McKnight,
2013), which is known to impact protein function and gene
expression. In particular, histone H3 acetylation leads to an open
euchromatin conformation that regulates gene expression in stem
cells. Reduction of acetyl-CoA by knockdown of ATP citrate lyase
(ACL, the enzyme responsible for cytosolic acetyl-CoA synthesis)
induces myoblast differentiation (Bracha et al., 2010), whereas
inhibition of histone deacetylases promotes iPSC reprogramming
(Huangfu et al., 2008). In addition, glycolysis fuels the rise in acetyl-
CoA and histone acetylation required for pre-adipocyte
differentiation (Wellen et al., 2009).

Akin to the role of acetyl-CoA in histone acetylation, S-
adenosylmethionine (SAM) is crucial for histone methylation (Shyh-
Chang et al., 2013). Like histone acetylation, histone H3K4 di- or
tri-methylation leads to euchromatin formation. Reduction in the
ratio of SAM to S-adenosylhomocysteine (SAH), induced by the
SAH hydrolase inhibitor 3-deaza-adenosine (DZA), leads to rapid
loss of H3K4 tri-methylation in ESCs, and causes ESCs to
differentiate and die (Shyh-Chang et al., 2013). Thr-Gly metabolism
was shown to fuel SAM synthesis in mouse ESCs, thus maintaining
the high levels of H3K4 tri-methylation that are crucial to mouse
ESC pluripotency and reprogramming. This demonstrates that
changes in amino acid metabolism can regulate histone
methylation via SAM, thereby influencing epigenetic control of
stem cell fate.

The Krebs cycle intermediate α-ketoglutarate (αKG) is also an
important co-factor for the Fe2+-dependent Jumonji family of
dioxygenases, which mediate histone demethylation, and the TET
family of dioxygenases, which mediate DNA demethylation.
Somatic mutations in isocitrate dehydrogenases IDH1/2 lead to
reduced αKG levels, thus disrupting normal histone demethylation
and consequently hematopoetic stem cell differentiation (Figueroa
et al., 2010; Sasaki et al., 2012), as well as pre-adipocyte and
neural progenitor differentiation (Lu et al., 2012). This leads to
cellular transformation and cancer. Interestingly, another co-factor
for Fe2+-dependent dioxygenases, ascorbate or vitamin C, has also
been shown to improve iPSC reprogramming, thereby promoting
DNA and H3K36 demethylation (Chung et al., 2010; Stadtfeld et
al., 2012; Wang et al., 2011).
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switch for LT-HSC function (Takubo et al., 2013). Overall, it
appears that OxPhos capacity is reduced in LT-HSCs. However,
peroxisome proliferator activator receptor δ-driven fatty acid β-
oxidation (see Glossary, Box 1) has been shown to promote LT-
HSC self-renewal (Fig. 4C) (Ito et al., 2012), suggesting that it is
not the absolute quantity per se, but the efficiency of OxPhos that
might also be important.

MSCs also reside in hypoxic environments in vivo. Relative to
the more differentiated osteoblasts within the bone marrow, MSCs
express higher levels of glycolytic enzymes and lower levels of
OxPhos proteins, suggesting that MSCs rely more on glycolysis
than do osteoblasts (Chen et al., 2008a). Nevertheless, MSCs
expanded under normoxia can still use OxPhos with a high O2
consumption rate, suggesting that glycolysis may be an

environmental adaptation for MSCs (Pattappa et al., 2011). In fact,
MSC proliferative and colony formation capacity is significantly
increased in normoxia (Pattappa et al., 2013). The switch to
OxPhos comes at a cost, however, as MSCs expanded under
normoxia show a three- to fourfold increase in senescence,
suggesting that hypoxia-induced glycolysis limits MSC
proliferation to prevent oxidative stress-induced senescence and
preserve MSC long-term self-renewal (Pattappa et al., 2013). Thus,
in at least three types of adult stem cells, namely LT-HSCs
(Tothova et al., 2007), MSCs (Chen et al., 2008a) and NSCs
(Renault et al., 2009), the induction of ROS forces adult stem cells
out of quiescence in hypoxia, and into a more proliferative state in
normoxia. This may be a common mechanism for priming stem
cell differentiation.
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oxaloacetate; Ox Phos, oxidative phosphorylation;
PDH, pyruvate dehydrogenase complex; PFK1,
phosphofructokinase 1; TPI1, triosephosphate
isomerase.

Fig. 4. Metabolism in quiescent long-term hematopoietic
stem cells. (A) The hematopoietic stem cell (HSC)
transcription factor MEIS1 and low O2 levels combine to
activate hypoxia-inducible factor 1α (HIF1α) activity, which in
turn promotes glycolysis in quiescent long-term HSCs (LT-
HSCs). (B) HIF1α-dependent pyruvate dehydrogenase kinases
(PDK1-4) prevent pyruvate oxidation by suppressing pyruvate
dehydrogenase complex (PDH). (C) Peroxisome proliferator
activator receptor δ (PPARδ)-driven fatty acid oxidation in the
mitochondria is required for LT-HSC self-renewal and
quiescence. Inhibition of fatty acid oxidation leads to LT-HSC
proliferation and differentiation. Ac-CoA, acetyl coenzyme A;
ETC, electron transport chain; F6P, fructose-6-phosphate; FBP,
fructose-1,6-bisphosphate; G6P, glucose-6-phosphate; HK1,
hexokinase 1; LDHA, lactate dehydrogenase A/B; PGK,
phosphoglycerate kinase; PK, pyruvate kinase.
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Metabolism in proliferative adult stem/progenitor
cells
In addition to long-lived quiescent stem cells, a number of adult
tissues contain proliferative stem and progenitor cells that
contribute to tissue homeostasis and renewal. These include
hematopoietic progenitors, neural progenitors, mesenchymal
progenitors, skeletal myoblasts, cardiomyocyte progenitors,
intestinal stem cells (ISCs) and germline stem cells (GSCs). As we
discuss below, these are all highly proliferative undifferentiated
cells that rely on different combinations of glycolysis and OxPhos
for proliferation (summarized in Table 1).

Hematopoietic progenitors
The metabolic switch from anaerobic glycolysis under hypoxia for
quiescent adult stem cells, to a mixture of aerobic glycolysis and
OxPhos for proliferative adult stem/progenitor cells is well
exemplified in hematopoiesis. A proteomics study of the transition
from HSCs to myeloid progenitors showed that among the

hexokinase isoforms, HK1 expression is higher in HSCs, whereas
HK2 and HK3 expression levels are higher in myeloid progenitors
(Klimmeck et al., 2012). HK1 is primarily associated with
catabolism, whereas HK2 and HK3 have anabolic roles (Wilson,
2003), suggesting that HSCs rely on glycolysis for energy, whereas
myeloid progenitors use glycolysis for anabolic growth (Fig. 5A).
In fact, myeloid cells express high levels of the transcription factor
PU.1, which transactivates HK3 to drive myeloid differentiation
and maintain myeloid identity (Federzoni et al., 2012). Myeloid
progenitors also express lower levels of PDKs, suggesting that
PDK-mediated suppression of OxPhos in HSCs is relieved upon
myeloid commitment (Klimmeck et al., 2012; Takubo et al., 2013).
In addition, the mitochondrial phosphatase PTPMT1, which
dephosphorylates phosphatidylglycerol phosphate during
cardiolipin synthesis (Zhang et al., 2011b), appears to be another
master regulator of the OxPhos switch (Fig. 5B) (Yu et al., 2013).

Concomitant with the increase in OxPhos activity as HSCs
differentiate, ROS levels also increase (Fig. 5B) (Tothova et al.,
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Table 1. Summary of metabolism in respective stem and progenitor cells

Mammalian cell type Active metabolic pathways

Totipotent stem cells/blastomeres Pyruvate oxidation, bicarbonate fixation
Pluripotent stem cells/embryonic stem cells Anabolic glycolysis, PPP, Thr-Gly metabolism
Differentiating embryonic stem cells OxPhos, ROS, eicosanoids
Long-term hematopoetic stem cells Catabolic glycolysis, fatty acid oxidation
Hematopoietic progenitors Anabolic glycolysis, OxPhos, ROS, eicosanoids
Neural stem cells Low glycolysis
Neural progenitors High glycolysis, OxPhos, ROS, eicosanoids, fatty acid synthesis
Mesenchymal stem cells Low glycolysis
Chondroblasts High glycolysis
Osteoblasts OxPhos
Pre-adipocytes OxPhos, ROS
Myoblasts Anabolic glycolysis, PPP
Myotubes Glycolysis, OxPhos
Cardiomyocyte progenitors Lactate oxidation
Intestinal stem cells (Drosophila) OxPhos

OxPhos, oxidative phosphorylation; PPP, pentose phosphate pathway; ROS, reactive oxygen species.
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Fig. 5. Metabolism in proliferative hematopoietic stem
and progenitor cells. (A) Anabolic glycolysis is driven in part
by the myeloid transcription factor PU.1 and the Akt kinase.
(B) Increased reactive oxygen species (ROS) production
during oxidative phosphorylation (OxPhos), fueled by
PTPMT1-driven pyruvate oxidation, might lead to increased
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2007). In the Drosophila larval lymph gland, hematopoietic cells
resembling mammalian myeloid progenitors require ROS to
differentiate into mature blood cells (Owusu-Ansah and Banerjee,
2009). The targets of ROS that prime HSC differentiation still
remain unknown, but it is possible that components of the
eicosanoid biosynthesis pathway, which oxidizes lipids in ESCs
(Yanes et al., 2010), may be involved. In fact, the eicosanoid
product prostaglandin E2 has been shown to significantly enhance
HSC proliferation, hematopoietic colony formation and
hematopoiesis in vivo by activating Wnt signaling (Goessling et al.,
2009), suggesting that eicosanoids might be important for HSC
proliferation and differentiation.

Neural progenitors
Like hematopoietic progenitors, proliferative neural progenitors
show high levels of glycolysis mediated by HK2 (Gershon et al.,
2013); and like hematopoietic progenitors, the directed
differentiation of ESCs into neural progenitors is stimulated by the
eicosanoid pathway and also by fatty acid metabolism (Yanes et al.,
2010). However, it is unclear whether these effects of fatty acids
are due to mitochondrial fatty acid β-oxidation or fatty acid use in
lipogenesis, or both. The oxidative stress response mediated by
FOXO3 becomes rapidly deactivated upon NSC differentiation,
suggesting that mitochondrial oxidation-induced ROS is required
in neural progenitors (Fig. 6A) (Renault et al., 2009). In fact,
deficiency in FOXO3 causes depletion of adult brain NSCs and an
expansion of oligodendrocytes in the corpus callosum (Renault et
al., 2009). However, neural progenitors require lipogenesis, which
is mediated by fatty acid synthase and acetyl-CoA carboxylase
(ACC), for lipid membrane synthesis and for neural progenitor
proliferation (Knobloch et al., 2013). These results suggest that
both fatty acid synthesis and oxidation-induced ROS might be
crucial for neural progenitors (Fig. 6B). Alternatively, it is possible
that fatty acid β-oxidation is only required in quiescent NSCs,
resembling the situation observed in LT-HSCs (Ito et al., 2012).
Upon differentiation into neural progenitors, the ACC-mediated
increase in malonyl-CoA could then allosterically inhibit fatty acid
β-oxidation and promote fatty acid synthesis. Yet another
possibility is that fatty acid-derived lipids are oxidized via the
eicosanoid pathway to promote neurogenesis. More work is
required to resolve these issues.

Mesenchymal progenitors
During adipogenesis, mesenchymal pre-adipocytes activate a
lipogenic program involving ATP citrate lyase (ACL) to increase
glucose metabolism and to synthesize lipids for fat storage
(Fig. 7A,B). Adipocytes also rely upon ACL to increase their
supply of acetyl-CoA for increased histone acetylation during
adipogenesis (Fig. 7B,C). This is necessary for transactivation of
key metabolic proteins such as the glucose transporter GLUT4,
HK2, PFK1, LDHA and the carbohydrate-responsive element-
binding protein (ChREBP) in the lipogenic program (Wellen et al.,
2009). Directed adipogenesis of MSCs also increases mammalian
target of rapamycin complex 1 (mTORC1)-dependent
mitochondrial biogenesis, OxPhos and ROS (Fig. 7B). Endogenous
ROS generated from the mitochondrial ETC complex III is
required to initiate adipogenesis, suggesting that OxPhos and ROS
are not simply a consequence of adipogenesis but are a causal
factor in promoting it (Tormos et al., 2011). Similarly, directed
osteogenesis of MSCs leads to an increase in mitochondrial
biogenesis and OxPhos in osteoblasts (Chen et al., 2008a). Unlike
adipogenesis, however, osteogenesis cannot tolerate ROS
(Fig. 7D). In fact, antioxidant enzymes such as superoxide
dismutase and catalase are simultaneously upregulated with
OxPhos in osteoblasts to prevent ROS accumulation (Chen et al.,
2008a). In contrast to adipogenesis and osteogenesis, MSCs
undergoing chondrogenesis have significantly reduced O2
consumption and OxPhos, indicating a shift towards increased
glycolysis (Fig. 7E) (Pattappa et al., 2011). Furthermore, hypoxia
inhibits MSC osteogenesis, whereas chondrogenesis is unaffected
(Pattappa et al., 2013). Taken together, these studies demonstrate
that careful manipulation of oxidative metabolism can direct the
differentiation of MSCs either into adipocytes, osteoblasts or
chondroblasts.

Skeletal myoblasts
Myogenesis during muscle regeneration is mediated by the
proliferation of myoblasts derived from satellite cells, which
undergo fusion to form myotubes. The expression of glucose
transporters is tightly regulated during this process. GLUT1, for
example, is expressed specifically in satellite cells and myoblasts
(Fig. 8A). Levels of the higher affinity transporter GLUT3 increase
markedly in myoblasts during myogenesis, and decrease in
myotubes. By contrast, the high-affinity and insulin-sensitive
GLUT4 is expressed specifically in myotubes (Fig. 8B).
Accordingly, the rate of glucose transport rises significantly during
myogenesis, suggesting a switch in glucose metabolism during this
process (Guillet-Deniau et al., 1994). This switch is supported by
findings that myoblast differentiation leads to a dramatic switch in
the expression of pyruvate kinase isoforms, mediated by RNA-
binding proteins, from the pro-glycolytic PKM2 (pyruvate kinase,
muscle isoform 2) to the pro-OxPhos PKM1 (Fig. 8A,B) (Clower
et al., 2010; David et al., 2010). In fact, myoblasts require
glycolytic phosphoglycerate kinase 1 (PGK1) for self-renewal
(Bracha et al., 2010). Hexose-6-phosphate dehydrogenase (H6PD)
in the pentose phosphate pathway (PPP), and ACL-driven acetyl-
CoA synthesis also appear to be required for myoblast self-renewal
in vitro (Bracha et al., 2010).

Cardiomyocyte progenitors
In the fetal heart, cardiomyocyte progenitors prefer to use lactate
to fuel OxPhos (Werner and Sicard, 1987). Knowledge of these
metabolic features has aided the efficient derivation of
cardiomyocytes from ESCs and iPSCs during directed
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differentiation. Lactate media without glucose effectively eliminate
human ESCs and iPSCs from differentiating embryoid bodies,
while stimulating the rapid proliferation of cardiomyocyte
progenitors. The resultant human cardiomyocytes showed
physiologically relevant action potential configurations and drug
responses, and can be transplanted without forming tumors
(Tohyama et al., 2013). These results demonstrate how
understanding stem cell metabolism can lead to effective strategies
for directed differentiation and mass production of functional cells
and tissues.

Metabolism and ‘stemness’ factors: establishing a
link
After decades of research in stem cell biology, candidate factors
that define ‘stemness’ across the myriad of tissue lineages and stem
cells are emerging. One outstanding issue in stem cell biology is
whether such a stemness factor, if it exists, drives specific cellular
functions such as metabolism in a specific manner to maintain
stemness. One such candidate factor is LIN28, an RNA-binding
protein first identified in C. elegans through mutagenesis screens
for regulators of developmental timing, or heterochrony (Ambros
and Horvitz, 1984; Shyh-Chang and Daley, 2013). In mammals,
LIN28A/B have been found to be regulators of pluripotent ESCs
and iPSCs, fetal HSCs, neural crest progenitors, skeletal myoblasts
during muscle regeneration and spermatogonia (Viswanathan et al.,
2008; Yu et al., 2007; Yuan et al., 2012; Molenaar et al., 2012;
Polesskaya et al., 2007; Zheng et al., 2009). Interestingly,
LIN28A/B regulate glucose metabolism in vivo by modulating
insulin-PI3K-mTOR signaling via the let-7 microRNA (Zhu et al.,
2011). Furthermore, transcripts encoding glycolysis and
mitochondrial enzymes are among the top mRNA targets directly
bound by LIN28A in human ESCs (Peng et al., 2011). These
findings suggest that the effects of LIN28 on stem/progenitor cell
self-renewal across multiple lineages might be mediated in part by
metabolic programming – a hypothesis that awaits testing.

Stem cell metabolism and aging
Several lines of evidence support the notion that enhanced tissue
regeneration by adult stem cells can delay aging, whereas a

decline in adult stem cell numbers and function drives aging-
related syndromes (Sahin and Depinho, 2010). Accumulating
damage from ROS, for example, can compromise stem cell self-
renewal and promote aging (Rossi et al., 2008; Sahin and
Depinho, 2010). Nutrient-sensitive signaling pathways that
regulate organismal aging, such as the insulin-PI3K, Akt-FOXO,
mTOR and AMPK pathways, also regulate the balance between
quiescence and proliferation of stem cells during aging (Chen et
al., 2009; Jasper and Jones, 2010; Kharas et al., 2010; Kalaitzidis
et al., 2012; Magee et al., 2012). As one example of the crosstalk
between nutrient-sensitive signaling and ROS in mammals,
deficiency in the FOXO transcription factors dampens the
oxidative stress response and depletes mouse LT-HSCs (Tothova
et al., 2007). Likewise, deletion of the AMPK regulator LKB1
(serine/threonine protein kinase 11) leads to loss of mouse LT-
HSC quiescence, depletion of LT-HSC pools and impaired
hematopoiesis, probably owing to mitochondrial defects (Gan et
al., 2010; Gurumurthy et al., 2010; Nakada et al., 2010). The
mTOR signaling pathway also plays a major role in governing
stem cell fate. For example, deletion of the metabolic sensor
TSC1 (tuberous sclerosis 1), which upregulates mTORC1
signaling, drives mouse LT-HSCs into proliferation due to
increased mitochondrial biogenesis, ultimately depleting the LT-
HSCs and impairing hematopoiesis (Chen et al., 2008b).
Consistently, mTORC1 inhibition with rapamycin delays mouse
LT-HSC aging by preserving adult LT-HSC self-renewal and
hematopoietic capacity (Chen et al., 2009). Excessive mTOR
signaling also leads to adult epidermal stem cell exhaustion and
progressive hair loss in mice – a phenomenon that rapamycin can
delay (Castilho et al., 2009). Perhaps more strikingly, rapamycin
treatment late in adulthood can extend organismal longevity in
mice (Harrison et al., 2009). These mechanisms appear to be
well-conserved in Drosophila too, as insulin-PI3K signaling also
regulates the proliferative capacity of Drosophila hematopoietic
progenitors (Shim et al., 2012), neuroblasts (Chell and Brand,
2010; Sousa-Nunes et al., 2011), intestinal stem cells (ISCs)
(Biteau et al., 2010; Choi et al., 2011; O’Brien et al., 2011) and
germline stem cells (GSCs) (McLeod et al., 2010). Thus,
metabolic signaling pathways that regulate aging might do so via
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stem cell metabolism, by acting as nutrient sensors that modulate
regenerative capacity during aging (Fig. 5C).

Drosophila models of ISCs provide strong evidence that efficient
oxidative metabolism can enhance stem cell self-renewal during
aging and contribute to organismal longevity. One example is the
demonstration that intestine-specific upregulation of the Drosophila
PGC1 homolog Spargel, a master regulator of mitochondrial
biogenesis, can delay ISC aging and the consequent accumulation
of mis-differentiated cells during aging by enhancing the efficiency
of OxPhos. Moreover, Spargel upregulation in ISCs improves
intestinal integrity and extends adult organismal longevity in old
flies (Rera et al., 2011). In the same vein, it is well known that
redox balance regulates ISC proliferation. In the Drosophila
intestine, high levels of ROS are produced by enterocytes to control
bacterial populations. ISCs respond to this oxidative stress by
proliferating as part of a regenerative response. But over time this
can lead to hyperproliferation, stem cell exhaustion and epithelial
degeneration in the aging animal. In fact, ROS-induced
hyperproliferation can be prevented with antioxidants (Hochmuth
et al., 2011). Moreover, organismal longevity can be increased
upon gain-of-function of nuclear factor erythroid 2-related factor 2
(NRF2) or its C. elegans homolog SKN1, master regulators of the
oxidative stress response (Hochmuth et al., 2011). By contrast,
tissue-specific loss of NRF2 in ISCs causes accumulation of ROS
and accelerates aging-related degeneration of the intestine
(Hochmuth et al., 2011). Interestingly, loss of the NRF2 regulator
kelch-like ECH-associated protein 1 (KEAP1) leads to
hyperkeratosis in the gastrointestinal tract in mice (Wakabayashi et
al., 2003), suggesting that NRF2 might also control ISC
proliferation and aging in mammals.

Although very little is known regarding GSC metabolism, GSC
proliferation is known to be regulated by the availability of various
nutrients. GSCs in the Drosophila ovary adjust their proliferation
rates to nutritional conditions (Drummond-Barbosa and Spradling,
2001), and the nutrient-sensitive insulin/IGF1 and TOR signaling

pathways are required for this response (LaFever and Drummond-
Barbosa, 2005; Hsu et al., 2008; Ueishi et al., 2009; LaFever et al.,
2010). Given that studies in C. elegans have shown that GSCs can
regulate C. elegans longevity (Arantes-Oliveira et al., 2002; Wang
et al., 2008), it will be interesting to see whether GSC metabolism
plays a role in regulating C. elegans and mammalian longevity.

Calorie restriction might also promote longevity in part by
promoting the self-renewal of stem cells. Calorie restriction not
only extends longevity but also prolongs the health of organisms,
ranging from worms and flies to rodents and primates, by
improving metabolic homeostasis and decreasing the incidence of
degenerative diseases and cancer (Barger et al., 2003). However,
the detailed mechanisms underlying the benefits of calorie
restriction in specific tissues had remained unclear until recently.
In Drosophila, calorie restriction conditions that extend longevity
also delay the loss of male GSCs over the course of aging (Mair et
al., 2010). In mammalian muscles, calorie restriction boosts the
number and myogenic function of skeletal satellite cells, by
increasing mitochondrial biogenesis and enhancing OxPhos
(Cerletti et al., 2012). In fact, the pro-myogenic effect of calorie
restriction can be recapitulated in vitro by replacing glucose in
satellite cell media with galactose to force the use of fatty acid
oxidation and OxPhos. In the intestinal villus crypts, calorie
restriction leads to upregulation of cyclic ADP-ribose (cADPR)
signaling in the intestinal niche Paneth cells by inhibiting mTOR
signaling. As a result, cADPR signaling induces the proliferation
of leucine rich repeat-containing G protein-coupled receptor 5
(LRG5)-positive ISCs during calorie restriction (Yilmaz et al.,
2012). Thus, calorie restriction can lead to complex effects in niche
and stem cells to promote stem cell function and counteract aging-
related degeneration.

Conclusions
By the end of the 20th century, early seminal discoveries of
metabolism in early embryos led to the perfection of techniques in
blastocyst culture and IVF. More recent insights into the
metabolism in human ESCs have also led to rapid advances in
chemically defined conditions for human ESC culture, iPSC
reprogramming and their use in human disease models. As we
move forwards, a deeper understanding of human stem and
progenitor cell metabolism could lead to similar breakthroughs in
our efforts to define conditions to culture functional human tissues
in vitro via directed differentiation of human ESCs. Furthermore,
it is clear that our understanding of stem cell metabolism could also
be useful in fighting aging-related degeneration in patients. Studies
of metabolism in stem cells thus harbor enormous potential for the
field of regenerative medicine. One recent example is the mass
production of functional human cardiomyocytes from human ESCs
achieved by changing the primary carbon source in growth media
from glucose to lactate (Tohoyama et al., 2013), thus yielding a
source of cells that could help treat degenerative heart diseases in
the future. But progress is slow elsewhere. Much remains unclear
about metabolism in quiescent adult stem cells. This gap in our
knowledge represents a crucial barrier in our ability to grow, study
and use adult stem cells ex vivo, and to derive transplantable adult
stem cells from human ESCs. A case in point is that highly desired
methods for long-term culture and expansion of LT-HSCs do not
yet exist. Similarly, much remains unknown about the metabolic
requirements of various adult progenitor cells and their
differentiated progeny, such that we are still unable to differentiate
properly many adult stem and progenitor cells into fully functional,
terminally differentiated cells that we can grow or maintain in vitro
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(Lyssiotis et al., 2011; Lairson et al., 2013). Although the
traditional focus in this regard has been on growth factors and
transcription factors, it would also be crucial to discover the
necessary metabolic conditions. In fact, optimal metabolic
conditions need not only be permissive for the directed
differentiation of cells, but could also serve as instructive
regulatory signals (see Box 2). Drugs could even be developed to
manipulate  pharmacologically the relevant enzymes, which have
historically proven to be one of the most druggable classes of
proteins in humans.

To achieve these goals, further advances in metabolomic
technologies might be necessary. Much of the extant literature on
stem cell metabolism is based on steady-state measurements of lyzed
cells. Given the rapid kinetics of metabolic reactions, it will be
crucial to measure metabolic fluxes inside cells. Isotope-tracing
methods in gas or liquid chromatography mass spectrometry (GC-
MS or LC-MS) are state-of-the-art techniques in this area with their
high levels of sensitivity, but still suffer from the inability to track
real-time changes in vivo. Nuclear magnetic resonance (NMR)
imaging methods could potentially overcome this barrier, but they
currently show poorer sensitivity compared with mass spectrometry.
Another important barrier to advances in stem cell metabolism is the
current lack of reliable methods for metabolomic profiling at the
single-cell level. Current methods are limited to single fluorescent
reporters of a few metabolic indicators, such as the ATP/AMP ratio,
the NADH/NAD ratio or ROS abundance, instead of the hundreds
of metabolites measurable by metabolomics. In addition, the
intercellular metabolism and subcellular metabolism of stem cell
niches in vivo also await further exploration. Therefore, we
emphasize the need to explore beyond the current paradigm of in
vitro stem cell metabolism to one that also encompasses the real-time
changing metabolic needs of stem cells in vivo.

Another tradition among extant metabolic studies is the focus on
the carbon and energy source of cells. This focus has led to numerous
studies on key common pathways in glucose metabolism, i.e.
glycolysis, OxPhos and ROS. However, insufficient attention has
been dedicated to amino acid and lipid metabolism. Recent studies
are just beginning to show that Thr-Gly metabolism is important to
the folate pool and SAM/Met metabolism, with implications for
nucleotide synthesis during proliferation and histone methylation for
epigenetic regulation in stem cells. Acetyl-CoA metabolism is also
beginning to emerge as a major regulator of protein (including
histone) acetylation to regulate stem cells epigenetically.
Furthermore, lipogenesis is emerging as a key pathway that sustains
membrane synthesis and proliferation, whereas lipid oxidation via
the eicosanoid pathway might generate a diversity of tissue-specific
signaling molecules necessary to guide stem cell differentiation. An
entire universe of cell- or tissue-specific metabolic pathways might
be awaiting future discovery – with the potential to revolutionize
regenerative medicine.
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