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Adult skeletal muscle contains a resident population of stem cells, termed

satellite cells, that exist in a quiescent state. In response to an activating

signal (such as physical trauma), satellite cells enter the cell cycle and

undergo multiple rounds of proliferation, followed by differentiation,

fusion, and maturation. Over the last 10–15 years, our understanding of

the transcriptional regulation of this stem cell population has greatly

expanded, but there remains a dearth of knowledge with regard to the initi-

ating signal leading to these changes in transcription. The recent renewed

interest in the metabolic regulation of both cancer and stem cells, com-

bined with previous findings indicating that satellite cells preferentially col-

ocalize with blood vessels, suggests that satellite cell function may be

regulated by changes in cellular metabolism. This review aims to describe

what is currently known about satellite cell metabolism during changes in

cell fate, as well as to describe some of the exciting findings in other cell

types and how these might relate to satellite cells.

Introduction

Skeletal muscle shows a high potential for regeneration

following an insult or injury; this regenerative capacity

is the direct result of a population of skeletal muscle

stem cells, termed satellite cells (SCs). These were first

described (separately) by Alexander Mauro and Ber-

nard Katz over 50 years ago [1], and our understand-

ing of the regulation of SCs has dramatically increased

since then. Lying between the sarcolemma and the

basal lamina (the so-called SC ‘niche’), the SC is per-

fectly positioned to receive local signals from the mus-

cle fiber, fibroblasts, and endothelial cells, in addition

to systemic signals from blood vessels, with which SCs

have been found to preferentially colocalize (Fig. 1)

[2,3]. Therefore, it seems likely that, in addition to cell

–cell signaling, changes in local and systemic nutrient

quantity and quality, and oxygen availability, might

inform the SC and alter the cell state. The purpose of

this review is not to provide a comprehensive descrip-

tion of SC biology, for which a number of excellent

reviews already exist [4–6], but rather to examine how

metabolic reprogramming of SCs may play a role in

determining SC fate.

The skeletal muscle stem cell

Adult SCs exist in a quiescent cell state (G0), with little

to no basal turnover [7]. During this quiescent phase,

SCs express (among others) the paired homeobox tran-

scription factor Pax7 and the myogenic regulatory fac-

tor Myf5. In one of the first studies to directly

demonstrate that quiescent SCs exist as a heterogeneous

population, Kuang et al. identified a subpopulation of
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quiescent SCs that do not express Myf5. These authors

proposed that this Pax7+Myf5� population of SCs

(~ 10% of all SCs) represents the population of ‘true’

muscle stem cells, capable of repopulating the quiescent

SC pool, whereas the Pax7+Myf5+ population repre-

sents a pool of committed muscle progenitor cells [8].

Furthermore, following activation, Pax7+Myf5� SCs

were found to divide both symmetrically and asymmet-

rically, the latter resulting in one Pax7+Myf5� SC and

one Pax7+Myf5+ SC.

In addition to differential protein segregation during

asymmetric SC division, DNA has also been found to

selectively segregate during cell division. In this model,

it has been observed that, during cell division, the tem-

plate DNA strand is retained by the daughter cell,

which will return to the niche (the muscle stem cell),

and the replicant strand is segregated into the daughter

cell, which will undergo further rounds of symmetric

division and eventually differentiate [9]. In this man-

ner, the true stem-like SC population has been pro-

posed to limit mutations in the DNA introduced

during replication, a process that has been termed the

‘immortal DNA strand’ hypothesis [10].

The creative use of transgenic mouse models has shed

further light on the heterogeneity of the endogenous SC

pool. Chakkalakal et al. used a transgenic mouse line

harboring an inducible histone H2B–green fluorescent

protein mutation to model SC turnover via transient

green fluorescent protein induction followed by a

20-month chase [11]. In this study, the authors demon-

strated two clear populations of SCs, label-retaining

cells (LRCs) and non-LRCs, with the LRC population

expressing higher levels of Pax7 and markers of quies-

cence, and lower levels of Myf5. Finally, in transplanta-

tion experiments, the LRC population of SCs showed a

greater propensity for self-renewal, providing support

for the LRC population containing the SC stem popu-

lation [11].

Since the identification of heterogeneity among the

SC population, numerous studies have identified simi-

lar small subpopulations of ‘stem-like’ cells, which

have been referred to as side-population cells, reserve

cells, LRCs, and/or muscle-derived stem cells. The sys-

tem is further complicated by the discovery that non-

myogenic cells can also contribute to the myogenic

lineage, such as PW1+/Pax7� interstitial cells and me-

sangioblasts [12,13].

In response to an activating signal, such as physical

or chemically induced trauma, SCs leave the quiescent

cell state (G0) and enter the cell cycle (G1; Fig. 2). Dur-

ing this phase, expression of the master myogenic regu-

lator MyoD1 is induced, and SCs undergo multiple

rounds of proliferation. Cycles of proliferation are fol-

lowed by cellular differentiation [indicated via upregu-

lation of myogenin (MyoG)], fusion, and growth and

maturation to form mature myofibers. A small popula-

tion of proliferating SCs (probably the SC stem cell

population) exit the cell cycle early and return to the

quiescent state; in this way, SCs are able to repopulate

after a bout of activation and proliferation [5,14].

Over the last few years, a number of researchers

have focused on the active regulation of the quiescent

SC state, with investigations identifying numerous fac-

tors that maintain and/or restore quiescence to a previ-

ously activated SC. In one such study, Shea et al.

demonstrated the importance of the receptor tyrosine

kinase inhibitor Sprouty1 (Spry1) for both the mainte-

nance of quiescence and promotion of the self-renewal

capacity of SCs [15]. A follow-up study by this group

went on to demonstrate that Spry1 expression was ele-

vated in the LRC population of SCs [11], providing

further support for a role for Spry1 in the process of

SC self-renewal. Furthermore, Spry1 was found to be

negatively regulated via fibroblast growth factor 2

released from the muscle fiber and its receptor present

on the SC, such that an increase in fibroblast growth

factor 2 in the fiber inhibited SC Spry1 and led to SC

activation. These exciting results demonstrate the cros-

stalk that exists between the skeletal muscle fiber and

the SC pool [16].

The space that surrounds the SC between the basal

lamina and the sarcolemma has been termed the SC

niche. The majority of adult stem cells have been

found to localize to a specialized niche [17], and a

Pax7 CD31 DAPI
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Fig. 1. Immunofluorescence/differential interference contrast

image highlighting the colocalization of SCs [marked by Pax7

(green) staining] with blood vessels [marked by CD31 (red)

staining] in skeletal muscle [2]. Nuclei are stained with 4′,6-

diamidino-2-phenylindole (DAPI) (blue), and myonuclei can be

identified as the nuclei located within the myofiber.
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number of exciting studies have proposed that stem

cell function can be regulated via changes to the niche

environment [11,18]. It is interesting to speculate that

the metabolic milieu of the SC niche may be different

from that of the muscle fiber and/or the extracellular

space. Thus, damage or trauma to the muscle would

be expected to destroy the niche and expose the SC to

an altered metabolic environment, leading to rapid

changes in both nutrient uptake and intracellular

metabolism – a result likely to lead to changes in

metabolite levels. Similarly, any inflammatory response

that was initiated in response to injury or trauma

would be expected to alter the availability of both

nutrients and oxygen, owing to the infiltration of

energy-demanding immune cells (for review see [19]).

This infiltration of immune cells would likely lead to a

hypoxic environment low in nutrients during the early

stages of damage to skeletal muscle.

Whereas the last few decades have seen a great

expansion in our understanding of the transcriptional

regulation of the processes of activation, specification,

proliferation and differentiation of SCs, it is likely that

the next decade will focus on the initiating signals that

lead to the activation of these complex transcriptional

networks. This review will aim to discuss our current

understanding of how metabolic cell status can inform

cell fate decisions and cellular proliferation in other

stem cell populations, as well as to look at what has

previously been described in tumor cells and how this

might relate to SC function. The major metabolic

pathways will first be briefly described.

Oxidative versus glycolytic
metabolism

SCs, like all other cells, require energy to carry out the

reactions necessary for life. However, it is clear that

the energetic demands placed on quiescent, prolif-

erating and differentiating cells are likely to be very

different. Furthermore, both proliferating and differen-

tiating cells must rapidly generate new biomass in the

form of nucleotides, proteins, and phospholipids, to

support rapid cell division and growth.

The breakdown of ATP into ADP or AMP and

inorganic phosphate is the predominant source of cel-

lular energy used to drive enzymatic reactions, and is

required to maintain cellular homeostasis. The genera-

tion of ATP predominantly occurs in the mitochondria

via oxidative phosphorylation (OXPHOS), or in the

cytoplasm via glycolysis, and a brief overview of these

major pathways is given in Fig. 3, and in more detail

in a number of excellent reviews [20,21]. Substrate

(fats, carbohydrates, and proteins) and oxygen avail-

ability, as well as energy demand, can dictate the path-

way used for ATP generation. At the cellular level,

both free fatty acids (FFAs) and glucose are broken

down into CoA-SAc in the presence of oxygen, via

b-oxidation (FFAs) or glycolysis (glucose). CoA-SAc,

in turn, enters the tricarboxylic cycle (TCA) (also

referred to as the citric acid or Krebs cycle), resulting

in the reduction of NAD+ to NADH, which is used

to drive complex I (the NADH dehydrogenase), and

the production of succinate, which is used to drive

complex II (the succinate dehydrogenase) of the mito-

chondrial electron transport chain to generate ATP.

In the absence of oxygen, glucose is shunted away

from the OXPHOS pathway, and ATP is instead gen-

erated via anaerobic glycolysis, a process leading to

the conversion of pyruvate into lactate, instead of

CoA-SAc. Glycolysis is an inefficient method of gener-

ating ATP, as each molecule of glucose generates a net
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Fig. 2. Proposed model of the SC life cycle. SCs exist as a

heterogeneous population, as determined via Myf5 positivity

(among other markers), in the quiescent (G0) state. Upon receiving

an activating signal, SCs enter the cell cycle (G1), upregulate

MyoD, and undergo multiple rounds of proliferation and expansion.

This expansion process is then followed by the eventual terminal

differentiation of SCs (marked via the expression of MyoG), fusion,

and maturation. A subpopulation of SCs (proposed to be Myf5-

negative) re-enter the quiescent state, allowing for the self-renewal

of the SC population and prevention of SC exhaustion.
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gain of two ATP molecules; in the OXPHOS pathway,

32–36 molecules of ATP are generated. Although it is

relatively inefficient, glycolysis provides a number of

important advantages for cells, including the ability to

rapidly generate ATP in response to acute changes in

energy demand [22], as well as generating the necessary

glycolytic intermediates for the biosynthesis of new

macromolecules via the pentose phosphate pathway

(PPP) (Fig. 3).

SC metabolism during quiescence,
specification, and proliferation

The metabolic regulation of skeletal muscle at both

the whole muscle and single-fiber levels has received

significant attention over the last century [23–25]; how-

ever, very little is known about the energy demands

and metabolic status of SCs, or how the energy

demands may change as SCs shift from quiescence to

an actively proliferating state, and then again to differ-

entiation. As compared with actively proliferating SCs

(and myofibers), quiescent SCs are small in size, and

are composed primarily of the nucleus surrounded by

a small layer of cytoplasm. Like many stem cell popu-

lations [26], SCs contain a paucity of mitochondria,

which appear to be tightly packed around the nucleus

[27]. Following differentiation and fusion into myotu-

bes/myofibers, there is a dramatic increase in both the

density of mitochondria, and the complexity and orga-

nization.

It is interesting to note that SC numbers can be

influenced by the fiber that they are attached to, with
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Fig. 3. Metabolic pathways leading to ATP generation. Fatty acids (FAs) and glucose serve as the two major energy substrates to generate

ATP (glutamine is a third substrate but is not described here). Whereas both FAs and glucose can be used to generate ATP, only glucose

can generate the glycolytic intermediates required for macromolecular synthesis. ETC, electron transport chain.
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more SCs being associated with fibers that are pre-

dominantly oxidative (slow, type I fibers) than with

fibers that rely primarily on glycolysis (fast, type II

fibers) [2,28]. However, whether this is attributable to

direct signaling from the fiber to the SC population

and what role the metabolic status of the fiber may

play in SC biology have yet to be investigated. An

interesting corollary to the observation that oxidative

fibers contain more SCs is the finding that aging is

associated with an increase in the proportion of oxida-

tive fibers [29,30], but the number of SCs decreases

[11]. These disparate findings between the metabolic

status of the fiber and the SC number during aging is

worthy of further investigation, as is the underlying

question of whether the metabolic status of the fiber

influences SC number.

With the advent of large-scale microarray technol-

ogy and, more recently, whole transcriptome sequenc-

ing (RNA sequencing), our ability to investigate the

gene profiles of different SC states has been greatly

enhanced [31,32]. Fukada et al. used a combination of

fluorescence-activated cell sorting and Affymetrix

microarrays to probe the gene expression of both qui-

escent SCs and cultured proliferating SCs [31]. In addi-

tion to identifying a number of expected changes in

genes that regulate cell–cell adhesion in quiescent SCs,

these authors identified an enrichment of genes that

regulate lipid transport. A similar observation has

been made in hematopoietic stem cells, which have

been found to consume high levels of fatty acids

[33,34]. Lipid biosynthesis and/or liberation of fatty

acids from lipid stores is essential for integration into

new plasma membranes, but fatty acids can also act as

second messenger signaling molecules, as is the case

with arachidonic acid, prostaglandins, and diacylyglyc-

erol. Whether these signaling molecules are present in

quiescent SCs and what role (if any) they play in

maintaining the quiescent state or cell identity remain

to be seen [35].

In one of the first studies to examine metabolic

activity in quiescent SCs, Rocheteau et al. identified

two distinct populations of quiescent SCs based on

Pax7 expression levels: a Pax7Hi population and a

Pax7Lo population [9]. The Pax7Hi population of SCs

showed reduced mitochondrial staining and levels of

ATP production, suggesting that they were metaboli-

cally quieter than the Pax7Lo SC population. Further-

more, the expression levels of both mitochondrial

transcription factor A, mitochondrial-specific polymer-

ase c (PolG) and polymerase c2 were reduced in the

Pax7Hi population of SCs. Interestingly, the Pax7Hi

population took longer to undergo first division,

expressed higher levels of the Cxcr4 and CD34 genes

(markers of ‘stemness’), underwent template DNA

strand selection, and was identified as the population

responsible for SC self-renewal.

In another study, the viability of SCs isolated from

cadavers was examined [27]. Although the number of

viable SCs progressively declined, a population of

functional and viable SCs could still be isolated at

17 days post-mortem. Like the population of Pax7Hi

cells, the viable SCs from cadavers were found to exist

at a lower metabolic state, as demonstrated by a

reduced level of oxygen consumption and ATP pro-

duction. These results suggest that differences in

metabolism exist in the heterogeneous population of

SCs, and that these differences are associated with

both cell fate decisions leading to self-renewal and SC

survival.

Further evidence of a link between metabolic status

and stem cell function is provided by a number of

studies that have found that caloric restriction (CR)

helps to maintain stem cell function with aging [36–
38]. Cerletti et al. found that the mitochondrial abun-

dance and oxygen consumption of SCs was increased

in CR mice, and this was associated with an increase

in SC transplant efficiency [36]. These findings are

interesting, as CR has been found to induce the activ-

ity of both AMP-activated kinase (AMPK), and the

class III histone deacetylase SIRT1, two proteins that

act as energy and redox sensors, respectively (discussed

in more detail below). Although very little is known

about the role of these proteins in SC quiescence,

increased AMPK activity has been proposed to inhibit

both cell proliferation and differentiation [39–41], and
SIRT1 has been found to inhibit cell differentiation

[39,42–44]. Cerletti et al. found an increase in the level

of SIRT1 protein in SCs isolated from CR mice; how-

ever, AMPK was not investigated. Further studies will

be required to help identify the link between these two

important regulators, the regulation of SC quiescence,

activation, and proliferation, and the maintenance of

cell identity.

It is worth noting that Rocheteau et al. identified

SCs showing the lowest level of mitochondrial activity

as the population most capable of replenishing the SC

pool [9]. In contrast, Cerletti et al. proposed the ele-

vated SC mitochondrial activity as the likely mecha-

nism for the observed increase in SC transplant

efficiency [36]. Although not investigated by these

authors, it would be interesting to examine whether

donor SCs from CR animals contribute to the quies-

cent SC pool of the host animal, or whether the donor

SCs are limited to contributing to differentiated myofi-

bers. Similarly, a measure of the frequency of symmet-

ric versus asymmetric divisions in the CR population
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of SCs may provide insights into the mechanism of

these interesting findings.

Metabolic reprogramming during SC
differentiation and skeletal muscle
growth

In contrast to the early stages of the SC cycle (quies-

cence, specification/activation, and proliferation), the

importance of nutrient availability and metabolism in

the process of differentiation has been well described.

Utilizing the C2C12 myogenic cell line, a number of

early studies demonstrated a clear reliance upon gly-

colysis in proliferating myoblasts, with an increase in

both mitochondrial density and OXPHOS activity fol-

lowing differentiation [45–47]. In addition, gene

expression analyses have revealed dramatic changes in

the expression levels of genes that regulate both

nucleic acid and protein metabolism, with an overall

reduction in both of these processes following differen-

tiation [48].

In their 2008 study, Fulco et al. demonstrated that

glucose restriction significantly impaired the differenti-

ation of C2C12 cells, and this defect in differentiation

induced by glucose depletion could not be overcome

by incubation with FFAs, suggesting that glycolytic

byproducts may be required for successful differentia-

tion and growth [39]. These authors also went on to

show that the inhibition of differentiation of C2C12

cells by glucose restriction was dependent on both

AMPK and SIRT1.

As discussed, both AMPK and SIRT1 are able to

respond to changes in the local metabolic environment

to initiate changes in gene transcription; AMPK is

activated in response to a rise in the AMP/ATP ratio

(as occurs during a decrease in nutrient availability, or

a rise in energy expenditure [49]), whereas SIRT1

requires NAD+ to induce substrate deacetylation

[50,51]. Interestingly, the levels of intracellular NAD+

are believed to be directly regulated via cellular metab-

olism, with glycolysis leading to a decrease in NAD+

levels and an increase in OXPHOS activity (Fig. 3)

[44]. Unexpectedly, the levels of NAD+ have been

found to decrease with C2C12 differentiation, despite

an increase in OXPHOS activity [39], so there are

clearly other factors regulating the level of cellular

NAD+ during changes in cell state.

Both AMPK and SIRT1 have been found to regu-

late the transcriptional activity of the peroxisome pro-

liferator-activated receptor-c coactivator 1a (PGC1a),
which is believed to be a master regulator of mito-

chondrial biogenesis. Interestingly, AMPK has been

found to regulate PGC1a activity via SIRT1-mediated

deacetylation, leading to increased PGC1a transcrip-

tional activity [52,53], and increased PGC1a activity

has been shown to inhibit C2C12 differentiation [40].

Together, these results indicate that, for differentiation

to proceed successfully, the activities of both SIRT1

and AMPK need to be downregulated.

Lessons from development, cancer,
and other stem cells – pyruvate kinase

Through research in developmental, cancer and stem

cell biology, it has become apparent that cellular

metabolism plays a large role in the determination of

cell fate. Studies investigating the metabolic changes

occurring in the developing embryo have identified a

shift from OXPHOS in the single-cell embryo to gly-

colysis in the morula and blastocyst stages [54]. This

switch to glycolysis is believed to allow the developing

embryo to strike a balance between the catabolic pro-

cesses needed to generate ATP, and the production of

nucleotides, proteins and phospholipids needed for the

anabolic processes required for cell growth [55].

As development proceeds, stem cell populations

become specified to different lineages, a process in

which alterations in energy supply and demand have

been proposed to play an important role [55]. A study

by Yanes et al. used MS-based metabolomics to iden-

tify a metabolic signature for pluripotent embryonic

stem cells (ESCs) and differentiated cardiomyoblasts

and neuronal cells [56]. As part of the identified signa-

ture, ESCs were found to contain a higher proportion

of unsaturated metabolites, whereas differentiated cells

contained higher proportions of saturated FFAs and

acyl-carnitines. Unsaturated metabolites are rapidly

released from the cell membrane in response to stress,

and are highly prone to oxidation. The authors pro-

posed that the high levels of these metabolites in ESCs

confer metabolic plasticity, priming these cells for dif-

ferentiation [56]. Given the colocalization of SCs and

blood vessels, it would be interesting to identify a simi-

lar metabolomic signature for both quiescent and

active SCs.

Prior to birth, the mammalian fetus receives contin-

ual nutrients high in carbohydrates and amino acids

from the mother; in contrast, the immediate postnatal

period is marked by a shift towards an intermittent

nutrient supply that is high in fats (milk) [57]. This dra-

matic shift in nutrient composition and availability

occurs during a period marked by changes in both SC

number and SC activity. In the embryo, rapid cellular

proliferation, migration and differentiation are required

to generate the embryonic and fetal muscles. The early

postnatal phase is marked by further SC proliferation,
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as well as entry into the SC niche and quiescence for

the first time. Whether the change in whole body

metabolism during this early postnatal phase is linked

to the change in SC function is worthy of further inves-

tigation, particularly in light of the previous discussion

regarding lipid transporters in quiescent SCs.

Differential splicing of the muscle isoform of pyru-

vate kinase M (PKM) at exons 9 and 10 has been

found to be an important regulator of the decision to

shunt glucose breakdown products to either form

CoA-SAc for entry into the mitochondria and the

TCA cycle, or to instead enter the PPP to produce nu-

cleotides, proteins and phospholipids for cell growth

[23,58]. Inclusion of exon 9 produces PKM1, which

catalyzes the dephosphorylation of phosphoenolpyr-

uvate, and promotes the entry of pyruvate into the

mitochondria for conversion to CoA-SAc. In contrast,

exon 10 inclusion produces the PKM2 splice isoform,

which has a reduced affinity for phosphoenolpyruvate

and leads to the build-up of glycolytic intermediates

that are available for entry into the PPP, even in the

presence of oxygen [23]. In tumorigenic cells, this pro-

cess has been referred to as aerobic glycolysis, or the

Warburg effect [59]. Interestingly, highly proliferative

cells such as ESCs and tumor cells show elevated levels

of PKM2, whereas fully differentiated cells have high

levels of PKM1 [60,61]. The increased expression of

PKM2 in highly proliferative cells has been proposed

to be essential to allow the cells to generate sufficient

intermediates for the generation of new macromole-

cules through the PPP, including nucleotides and

amino acids.

In 1995, Harada et al. found that PKM2 predomi-

nated in proliferating C2C12 myoblasts, but, following

induction of differentiation, the level of PKM1 rapidly

increased, so that it became the predominant splice

isoform [62]. A more recent study confirmed these

results in C2C12 cells at the protein level, and

extended this finding to identify three heterogeneous

nuclear RNPs (hnRNPs) (hnRNPA1, hnRNPA2, and

polypyrimidine tract binding protein 1) as regulators

of the differential splicing of PKM. The hnRNPs were

found to repressively bind to the flanking regions of

exon 9 of the PKM gene, resulting in exon 10 inclu-

sion (PKM2 isoform) in proliferating C2C12 cells,

whereas downregulation of the hnRNPs and exon 9

inclusion (PKM1) was seen in differentiating C2C12

myotubes [63].

PKM2 clearly plays an important role in regulating

glucose metabolism and entry into the PPP, but a ser-

ies of recent studies have also suggested that it may

play an important role in the regulation of transcrip-

tion in rapidly proliferating cancer cells. Yang et al.

first demonstrated that PKM2 (and not PKM1) trans-

located into the nuclei of cancer cells following epider-

mal growth factor receptor activation [64]. In a follow-

up study, these authors went on to show that this epi-

dermal growth factor receptor-dependent translocation

of PKM2 led to the phosphorylation of histone H3 on

Thr11, which subsequently led to acetylation on the

adjacent Lys9 and transcription of the cell cycle regu-

lators cyclin D1 and C-myc [65]. These exciting find-

ings, combined with those previously indicating

preferential expression of PKM2 in proliferating

C2C12 cells, may indicate a novel role for PKM2 in

regulating the proliferation of SCs.

Conclusions

Whereas a wealth of information exists regarding the

transcriptional regulation of SCs, very little is known

about the initiating signal(s) leading to the activation

of these pathways. Recent work in both cancer and

stem cells has identified changes in cellular metabolism

as an important regulator of cell fate, and studies link-

ing cellular metabolism to SC function are beginning

to appear. With the ongoing advances in our ability to

combine molecular and cellular biology with cellular

physiology, it will be interesting to follow future devel-

opments in the re-emerging field of cellular metabolism

and stem cell fate.
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