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Abstract: Various stem cells gradually turned to be critical players in tissue engineering and

regenerative medicine therapies. Current evidence has demonstrated that in addition to growth

factors and the extracellular matrix, multiple metabolic pathways definitively provide important

signals for stem cell self-renewal and differentiation. In this review, we mainly focus on a detailed

overview of stem cell metabolism in vitro. In stem cell metabolic biology, the dynamic balance of

each type of stem cell can vary according to the properties of each cell type, and they share some

common points. Clearly defining the metabolic flux alterations in stem cells may help to shed light

on stemness features and differentiation pathways that control the fate of stem cells.

Keywords: glycolysis; mitochondria; oxidative phosphorylation; stem cells; regenerative medicine

1. Introduction

Stem cells, which can be generated not only from adult tissues but also from embryonic tissues,

have gradually turned out to be critical players in regenerative medicine therapies. In addition,

terminal somatic cells can be converted from a differentiated state to a pluripotent state similar to

embryonic stem cells (ESCs) by overexpressing transcription factors, namely induced pluripotent stem

cells (iPSCs) [1]. iPSCs exhibit levels of OCT4 or NANOG that are similar to ESCs so that they display

a high level of pluripotency and self-renewal similar to that of ESCs. Both types of cells can indefinitely

self-renew and are superior in their primitive stemness, giving rise to virtually any somatic cell type.

In contrast, stem cells derived from adult tissue benefit from their easy access and abundant supply,

but their potency is limited by their differentiation capacity.

Current evidence has demonstrated that in addition to growth factors and extracellular matrix

cues, various metabolic pathways definitively provide important signals for the self-renewal

and differentiation potency of stem cells [2] (Figure 1). The metabolic profile distinguishes the

undifferentiated state from the differentiated state of stem cells, with a dynamic mitochondrial

morphology and a shift from glycolysis to mitochondrial oxidative phosphorylation (OXPHOS) [3–7].

Glycolysis rapidly fulfills energy requirements by producing pyruvate in the cytosol, which is only

accompanied by a net gain of two moles of adenosine triphosphate (ATP) per mole of glucose. However,

pyruvate is likely to enter the tricarboxylic acid (TCA) cycle for OXPHOS and generate reducing

equivalents to efficiently produce ATP for a significantly higher energy yield than glycolysis [8]. In fact,

the mitochondrial metabolites including ATP, intracellular Ca2+ homeostasis, and reactive oxygen

species (ROS) are crucial for multiple cellular processes. In stem cell metabolic biology, the dynamic
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balance of each type of stem cell can vary according to the properties of each cell type, and they share

some common points. In this review, we mainly discuss how various stem cells metabolize to self-renew

and differentiate in vitro. Understanding the mitochondrial properties of stem cells may effectively

clarify the stemness and differentiation pathways that control stem cells for regenerative medicine.

 

Figure 1. Metabolic pathways may provide important signals to direct the self-renewal and

differentiation potency of stem cells.

2. Energy Metabolism and Stem Cell Fate

In mammalian cells, several vital biosynthetic pathways and the generation of ATP are

primarily accomplished through the harmonious expression of proteins encoded by nuclear DNA

and mitochondrial DNA (mtDNA) [9]. Additionally, the extent, efficacy and coordination of mtDNA

processing are pivotal parameters of the mitochondrial status in living cells [10]. ATP demand can

be measured with specific analyzers, ATP determination kits or other methods according to different

requirements [11–13]. Furthermore, defects in the mitochondrial electron transport chain (ETC) are

associated with mtDNA damage and will consequently increase ROS production [14]. Uncoupling

protein 2 (UCP-2) effectively reduces carbon substrates in OXPHOS by transporting four carbon

TCA cycle intermediates out of the mitochondria [15]. The pyruvate dehydrogenase (PDH) complex

effectively oxidizes pyruvate to generate acetyl coenzyme a (AcCoA) and CO2 [16]. AcCoA can

form citrate by condensing with oxaloacetate and can subsequently be transferred to the cytosol

to further metabolize to provide carbon for lipid biosynthesis [16]. The TCA cycle also provides

AcCoA for acetylation and lipogenesis, whereas deprivation of nutrients can lead to limited substrates

in the cytosol [17]. In addition, mitochondrial glucose oxidation releases ROS, which may lead to

accumulated damage and an impaired reconstitution capacity [18]. Further, PGCs are essential for

mitochondrial biogenesis and the production of several ROS-detoxifying enzymes after exposure to

oxidative stress [19]. The balanced expression of regulatory proteins guarantees genomic stability

through the cell cycle activation when stem cells respond to DNA damage or oxidative stress [20].

Highly proliferative stem cells convert pyruvate with lactate dehydrogenase (LDH) to lactate

at high rates to meet energy requirements, and consequently, glucose metabolism is kept separate

from oxidative metabolism [21,22]. When stem cells divide to proliferate, the older mitochondria are

asymmetrically apportioned into one daughter cell, and the younger mitochondria are apportioned to

another daughter cell [23]. Then, one cell maintains stem cell characteristics, and the other assumes a

more lineage-specific role [24]. After specified lineage differentiation, mtDNA levels and emerging

energy requirements are gradually increased in support of mitochondrial biogenesis [25,26]. Indeed,

the spherical and cristae-poor mitochondria of undifferentiated stem cells are transformed into

tubular and cristae-rich structures to guarantee sufficient ATP for energy metabolism after specific
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lineage differentiation [26]. Concomitantly, the production of mitochondrial-related key enzymes and

mitochondrial ROS are improved, but the expression levels of glycolytic genes and the production of

antioxidant defenses are suppressed [26–30]. The addition of saturated metabolites to differentiation

media promotes lineage transition, whereas unsaturated fatty acids impair lineage specification by

inhibition of the eicosanoid pathway [30]. Furthermore, fatty acid oxidation (FAO) produces one

molecule of AcCoA in each cycle and two molecule of AcCoA in the final cycle, with AcCoA-induced

oxaloacetate to produce citrate for the generation of NADPH [31]. FAO also acts to maintain enough

production of ATP and NADPH to counteract oxidative stress during metabolic stress [32,33]. Along

with these, other amino acids and TCA-associated metabolisms were also related to the self-renewal

and differentiation of stem cells [34].

3. Totipotent Stem Cells

Totipotent stem cells (ESCs and iPSCs) refer to stem cells that are highly plastic and can potentially

be directed to any cell type. Somatic mitochondrial biology, including organelle morphology and

distribution, mtDNA content, expression levels of mitochondrial biogenesis related nuclear factors,

intracellular ATP production and lactate generation, reverts to an immature ESC-like state [35].

However, unsaturated fatty acids were expressed at increased levels in ESCs when compared to

iPSCs, which indicates that metabolic differences certainly exist in both pluripotent cell types [21].

Although the metabolic characteristics of iPSCs are not exactly the same as those of ESCs, both

of them primarily rely on glycolysis to meet energy requirements and in contrast to their somatic

counterparts [36]. Compared with mature fibroblasts, rapidly self-renewing ESCs and iPSCs have

significantly lower levels of mitochondrial activity, antioxidant enzymes, oxidative proteins, ROS

levels and lipid hydroperoxides [25,37,38]. Mitochondria within iPSCs and ESCs are transformed to a

mature morphology analogously, and metabolism changes from an anaerobic state to an aerobic state

upon differentiation [37].

3.1. ESCs

ESCs prefer high rates of glycolysis rather than OXPHOS even when they are cultured in

conditions with atmospheric oxygen [39]. Although ESCs generally have immature mitochondria,

they demonstrate the Warburg effect with high aerobic metabolism in spite of their high lactate

generation [39]. In contrast, another study showed that human ESCs generated the majority

of ATP through OXPHOS [11]. ESCs can be maintained in various culture media in vitro,

and pluripotent markers and mitochondrial status are concomitantly altered according to the current

microenvironment [40]. Moreover, their enhanced removal capacity helps to ensure low levels of

ROS to defend the genomic integrity of ESCs [29]. In one study, although the expression levels of

pluripotent markers were indistinguishable in ESCs with different mitochondrial membrane potentials,

mouse ESCs with a higher mitochondrial membrane potential exhibited elevated oxygen consumption,

improved mammalian target of rapamycin (mTOR) activity and higher secretion of lactate in vitro [41].

Regulation of anaplerotic pathways including glutaminolysis and pyruvate carboxylase are always

prerequisite for proliferating mouse ESCs to maintain the levels of TCA cycle in energy metabolism [42].

Let-7 serves as an important mediator in energetic metabolism and leads to a down-regulation of

the PI3K/AKT/insulin pathway but an up-regulated metabolism of fatty acid [43]. Growth factor

erv1-like serves to protect the integrity of structural and functional mitochondria and plays an

obligatory pro-survival role in the maintenance of pluripotency in murine ESCs [44], whereas ATAD3B

is a negative regulator of the ubiquitous ATAD3A and functions as an adaptor of mitochondrial

homeostasis in human ESCs [45].
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The activation of glycolysis, accelerated activation of the TCA cycle, activated lipid synthesis, and

activation of glutaminolysis are initiated during the early phase of ESC specific differentiation [46].

The abundance of proteins associated with RNA processing and protein folding is higher in

undifferentiated human ESCs, whereas the metabolism of proteins associated with redox, vitamin and

energy metabolism and ubiquitin dependent proteolysis is more abundant in differentiated cells [47].

Depletion of Ptpmt1 does not influence homeostasis in conditional knockout ESCs, whereas the

proliferation and differentiation abilities are likely to decrease through oxygen consumption and

enhanced glycolysis concomitantly [48]. Rapamycin acts to inhibit the mTOR activity by decreasing

metabolic activity and consequently promotes the mesodermal differentiation of ESCs [49]. Under

differentiating conditions, loss of PKC lambda/iota may lead to injury to mitochondrial organization

and maturation and a metabolic shift toward glycolysis [50]. Junctophilin2, which physically links

the mitochondria to the sarcoplasmic reticulum, is vital for proper mitochondrial function and

Ca2+ homeostasis in cardiomyogenic differentiation of mouse ESCs [51]. Agonists of peroxisome

proliferator-activated receptor a (PPARa), are able to accelerate the cardiomyogenesis of mouse

ESCs by increasing ROS production [52]. Ectopic expression of prohibitin 2 in mouse ESCs can

result in mitochondrial swelling and inhibit lineage-specific differentiation toward neurons [53].

Moreover, many lipid molecules are expressed differently in undifferentiated ESCs compared to

terminal neurons and cardiomyocytes, and consequently, the pluripotency of ESCs can be increased

and the expression levels of unsaturated fatty acids can be maintained by inhibiting the eicosanoid

signaling pathway [30]. Furthermore, the disruption of the rate-limiting enzyme for FAO may result

in decreased ATP production and attenuated resistant ability to nutrient deprivation in fatty acid

metabolism in ESCs [54].

3.2. iPSCs

After terminal somatic cells are reprogrammed to a pluripotent state, iPSCs exhibit morphology,

gene expression, self-renewal properties and differentiation potential that are almost indistinguishable

from those of ESCs. Successful reprogramming is always accompanied by a metabolic shift from

an oxidative state to glycolysis, and it will conversely shift after differentiation (Figure 2). Nuclear

reprogramming reverts mitochondria to an immature state with an oxidative capacity equivalent to

ESCs, whereas greater glycolytic capacity has been found in iPSCs with c-Myc when compared to cells

without c-Myc [55]. The estrogen-related receptor (ERR) α and γ, accompanied by their partnered

co-factors including peroxisome proliferator-activated receptor-gamma coactivator 1 (PGC-1) α and

β are transiently induced and consequently lead to a burst of OXPHOS activity at an early stage of

reprogramming [56]. Furthermore, the expressed proteome demonstrates that the protein expression

levels of ETC complexes I and IV are reduced during early-stage reprogramming, whereas ETC

complexes II, III, and V are momentarily increased in the midterm phase of mouse iPSC generation [57].

mtDNA mutagenesis is considered a critical factor in the reduction of iPSC reprogramming efficiency

by increasing mitochondrial H2O2, and mitochondria-targeted ubiquinone and N-acetyl-L-cysteine

can efficiently rescue the defects of mtDNA mutagenesis and enhance reprogramming efficacy [58].

In contrast, Prigione et al. demonstrated that mtDNA mutations may not necessarily influence the

accurate establishment of pluripotency and associated metabolic reprogramming [59]. Aged iPSCs

that fail to properly undergo in vitro neurogenesis present an increased number of mitochondria

per cell [60].
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Figure 2. Successful reprogramming is always accompanied by a metabolic shift from a pro-oxidative

state to glycolysis, and it will conversely shift after differentiation.

By inhibiting glycolysis or promoting oxidative metabolism, the reprogramming process can be

impaired, whereas enhancement of glycolysis improves reprogramming efficiency [61]. For example,

activation of AMP-activated protein kinase (AMPK) builds a metabolic barrier to reprogramming

by shifting away the glycolysis, which fuels the maintenance of stemness [62]. Inhibited expression

of dynamin-related protein 1 (DRP1) sustains the fused mitochondrial network and inhibits iPSC

reprogramming [63], whereas shRNA knockdown of DRP1 does not impair iPSC reprogramming but

only leads to mitochondrial fusion [64]. REX1, which increases the phosphorylation and activation of

DRP1, fission of the mitochondrial network and glycolytic metabolism in iPSCs, is required to maintain

self-renewal [65]. By down-regulating expression of the mitochondrial inner membrane protein,

reprogramming efficiency can be significantly reduced [66]. Additionally, an inhibitor of pyruvate

dehydrogenase kinase (PDK) activity named dichloroacetate decreases pluripotent iPSC generation

by increasing pyruvate transport into the mitochondria and TCA metabolism [67]. Mitochondrial

inhibition effectively converts the refractory intermediates to pluripotent states without supernumerary

genetic or epigenetic modifications [67,68]. Furthermore, the addition of antioxidants into the culture

medium of human iPSCs enhances genomic stability, repairing DNA damage and maintaining

low ROS [69].

According to two-dimensional differential gel electrophoresis, half of the identified proteins,

which are differentially expressed in iPSCs and the differentiated cells, are localized in the mitochondria

and participate in metabolic kinetics and pluripotent regulation [70]. Expression levels of PDH

phosphorylation and 3-phosphoinositide dependent protein kinase-1 (PDK1), which are likely to reduce

oxidation of glucose carbon in the TCA cycle, are significantly higher in human iPSCs compared with

terminally differentiated fibroblasts [36]. iPSCs proliferate slower after differentiation, accompanied by

a progressively fused mitochondrial network, decreased glycolysis, increased respiratory capacity and

improved mitochondrial oxidation [71]. Inhibition of the mitochondrial permeability transition pore

by cyclosporin A demonstrates an increased expression of mitochondria-related genes, mitochondrial

calcium, ATP level, mitochondrial membrane potential, and oxygen consumption rate (OCR),

which consequently leads to promotion of cardiomyogenic differentiation of iPSCs [72]. When iPSCss

from familial Parkinson’s disease patients were differentiated to neural cells, they demonstrated

cellular vulnerability related to mitochondrial dysfunction, but the defects could be recovered by

coenzyme Q(10), rapamycin or the LRRK2 kinase inhibitor GW5074 [73].



Int. J. Mol. Sci. 2016, 17, 253 6 of 15

4. Mesenchymal Stem Cells (MSCs)

Adult somatic stem cells are fibroblast-like and non-hematopoietic, and they can be isolated from

adult somatic tissues including bone marrow, adipose, placenta, umbilical cord, umbilical cord blood

and other resources [74]. They have emerged as a useful tool without ethical issues in regenerative

medicine; they have lower tumorigenicity compared with ESCs and iPSCs, and their potency and

organ availability are higher than that of lineage-specific stem cells [74].

In undifferentiated MSCs, mitochondrial activities are maintained at a low level, but glycolytic

activities are consistently maintained at a high level for a majority of glycolytic enzymes and

lactate production [75]. In detail, glycolysis contributes to greater than 97% of ATP production,

whereas OXPHOS contributes less than 3% of ATP production in the energy metabolism of

undifferentiated bone marrow MSCs [76]. Consistent with the metabolic signature, the reduction of

saturated FAO can reduce human bone marrow MSC proliferation and cause cell death to a certain

extent [76]. During hepatocyte maturation of MSCs, the expression levels of major polyunsaturated

fatty acids decreased but the expression levels of saturated fatty acids increased; however, these

alterations did not depend on ROS production and lipid peroxidation in differentiating cells [77].

Linoleic and oleic acids are able to inhibit MSC proliferation and altered the secretion of interleukin-6,

VEGF and nitric oxide [78]. After MSCs were cultured long-term in vitro, the down-regulated levels

of genes associated with cytoskeleton, mitochondria function, focal adhesion and differentiation

simultaneously resulted in alteration of mitochondrial morphology, decreased levels of antioxidants

and increased levels of ROS [79].

During the early stages of MSC differentiation, the new cell fate is redirected by down-regulating

the pluripotent specific genes, up-regulating the terminal-specific genes and switching the subsets

of metabolic enzymes [80]. The mtDNA copy number, content of respiratory enzymes, intracellular

ATP and OCR increase, but the levels of intracellular ROS dramatically decrease in osteogenic

MSCs, and exogenetic addition of mitochondrial inhibitors can delay the osteogenesis of MSCs [81].

Fluorescence lifetime imaging of NADH has been positively correlated with OCR and ATP production

during transition of glycolysis to OXPHOS [82]; JC-1 fluorescence has also been found to be strongly

correlated with the osteogenic differentiation ability of MSCs [83]. Hypoxia inducible factor (HIF)-1α

participates in regulating the metabolic fate and multipotency of human MSCs, and after osteogenic

differentiation, the expression of HIF-1α is reduced and leads to decreased glycolytic metabolism

and increased oxidative metabolism [84]. The mitochondrial ROS production released by the ETC

was able to initiate or enhance adipogenic differentiation in MSCs [38]. The antioxidants catalase and

superoxide dismutase (SOD) increase at day seven of adipogenic differentiation, and furthermore,

adipogenic differentiation of human MSCs has been demonstrated to show a shift toward higher

OCR [27]. The addition of mitochondrial-targeted antioxidants MitoCP/MitoCTPO or knockdown

of the Rieske Fe-S protein of complex III reduce ROS production and impair adipocyte lineage

specification [38]. Overexpression of miR-27a or miR-27b leads to inhibited prohibitin expression and

prohibitive adipocyte differentiation by impairing mitochondrial biogenesis and accumulating ROS

production [85].

5. Lineage-Specific Stem Cells

5.1. Hematopoietic Stem Cell (HSCs)

The mammalian HSC system consists of quiescent long-term (LT)-HSCs, short-term (ST)-HSCs,

multipotent progenitors and various lineage-restricted progeny [86]. When HSCs in whole bone

marrow are less differentiated, they exhibit fewer mitochondria and higher glycolytic capacity [5,87,88],

and the levels of antioxidant enzymes including superoxide dismutase, catalase and glutathione

peroxidase are higher in circulating progenitor cells than in LT-HSCs [89]. An enhanced glycolytic

status promotes LT-HSC cell cycle quiescence in vitro and in vivo [7]; mitochondria and levels

of ROS cooperate to balance self-renewal and cell division in cycling HSCs [90]. Moreover,
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12/15-lipoxygenase-dependent fatty acid metabolism maintains the quiescence of long-term HSCs,

and the defect in HSCs is related with reductive production of bioactive lipid mediators and ROS

and with a decreased Wnt signaling [91]. Peroxisome proliferator-activated receptors regulate critical

enzymes in FAO. The deletion of PPARδ leads to poor HSC self-renewal, whereas the pharmacologic

activation of PPARδ promotes self-renewal and asymmetric division [92]. Depletion of Ppard or Pml,

accompanied with inhibited mitochondrial FAO, leads to symmetrically committed HSCs in vitro and

in vivo [93]. The deletion of the cytoskeleton-modulating protein profilin 1 (pfn1) in HSCs leads to a

switch from glycolysis to OXPHOS with increased ROS levels and then results in loss of quiescence

and apoptosis of HSCs in vivo [94]. Aberrant ROS generation abrogates stem cell properties including

quiescence, self-renewal, and survival as well as the multi-lineage capacity of HSCs [95]. Indeed, lead

acetate perturbs the hematopoietic balance of adult HSCs by increasing intracellular ROS generation

and resulting in cellular mitochondrial defects [96]. FoxOs mitigates the ROS levels of hematopoietic

progenitors, which results in cell cycle arrest, cell apoptosis and oxidative stress resistance in HSCs [97].

Deletion of SOD2 or suppression of the ND75 subunit of complex I in hematopoietic progenitors

by increasing ROS production over general levels may induce progenitors from a premature status

to a mature status. Furthermore, overexpression of GTPx-1 or catalase damages lineage-specific

differentiation by reducing ROS production [98]. As HSCs in bone marrow age, there is an increase in

intracellular superoxide anions, hydrogen peroxide, nitric oxide, and peroxynitrite/hydroxyl compared

with young cells [99].

5.2. Neural Stem Cells (NSCs)

Endogenous NSCs, which exist in specific niches of the brain, restore neurons for the maintenance

of normal conditions and functions [100]. Even under physiologically normoxic O2 conditions,

the levels of mitochondrial oxidative metabolism, glycolysis and ROS in NSCs have been observed to

be similar to those exposed to 20% O2, but cell populations in normoxic O2 conditions possess better

resistance to in vitro inflammatory injury [101]. NSCs have been demonstrated to be dependent on

fatty acid synthase-mediated lipogenesis for the proliferation and neurogenetic differentiation [102].

Inhibition of the rate-limiting enzyme of oleic acid synthesis rescues proliferative impairments of adult

neurogenic niches in Alzheimer's disease mice [103]. Polyunsaturated fatty acid promotes NSCs to

express FAO related enzymes and continuously increase the oxygen consumption; after treatment

with etomoxir, an inhibitor of FAO, the oxygen consumption and the proliferation of NSCs decreases

but the cellular survival is not altered [104]. Increased expression of fatty acid synthase redirects fatty

acid metabolism for the support of the anabolic requirements of proliferating stem cells. In contrast,

inhibition or deletion of fatty acid synthase reduces proliferation of NSCs [102].

In accordance with the dynamic regularity of other stem cells, the mitochondrial mass,

mtDNA copy number and respiration capacity are robustly improved after the differentiation of

NSCs [105]. Ca2+-mediated ROS metabolic cues regulate the differentiation efficiency by regulating

the Wnt/β-catenin signaling pathway [106], and the inhibition of the mitochondrial permeability

transition pore, which serves as a signaling regulator, suppressing neuronal differentiation [107].

The increased respiration activity constrains mtDNA in NSCs vulnerable to oxidative damage,

and defects in mitochondrial 8-oxoguanine DNA glycosylase function leads to the accumulation

of mtDNA damage during differentiation [105]. Although there is no alteration of mitochondrial

mass in NSCs, mitochondrial biogenesis increases after initiation of human NSC differentiation into

motor neurons [108]. Hepatocyte growth factor and metallothionein 2 are always expressed at lower

levels in neural stem cells without functional transcripts of Prdm16 [109–111]. However, genetic

mitochondrial damage is not likely to alter the generation, maintenance or multipotency of glia-like

central NSCs [112]. Intriguingly, oligodendrocyte lineage cells contribute considerably to the metabolic

activity of the central nervous system at late differentiation stages [113].
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6. Hypoxia, Energy Metabolism and Stem Cell Fate

Niches provide essential factors for the maintenance of self-renewal and prevention of

differentiation in stem cells, and these niches are where oxygen concentration is extremely low and

stem cells are rigorously regulated [114,115]. Because oxygen serves as the final electron acceptor of

OXPHOS, aerobic metabolism is fundamental in mammalian cells under normoxic environments [116].

For most cell types, hypoxia serves as a modulator of cell proliferation and has been found to decrease

the levels of respiratory enzymes and OCR but increase the production of glycolytic enzymes and

lactate, which eventually forces the cells to rely more on glycolysis [117]. When the availability of

molecular oxygen is limited under hypoxic conditions, the activity of ETC is decreased, and energetic

needs are likely to shift from OXPHOS to glycolysis, and consequently, stem cells enhance their

self-renewal ability and maintenance of pluripotent capacity in vitro [118]. Although hypoxia enhances

the proliferative ability of stem cells and reduces their differentiation potency [40,41], opposing

observations have demonstrated that oxygen has minimal effects on undifferentiated cell growth

and phenotype but becomes influential under differentiating conditions [119]. In addition, the levels

of pluripotency and terminal markers, accompanied by proliferation ability have been shown to be

unaltered at 5% and 20% oxygen concentrations, with the apoptosis rate elevated under 5% oxygen

conditions [120]. ESCs increase anaerobic metabolism and survive oxygen starvation with negligible

cell death, but the total ATP production remains almost constant under hypoxic conditions [119].

MSCs have been demonstrated to be maintained in an undifferentiated state through the suppression

of mitochondrial activity in hypoxia [121], and they retained the ability to be differentiated into

chondrocytes, adipocytes and cardiomyocytes under hypoxic or ischemic conditions [122]. Under

normal metabolic conditions, ROS are produced in small quantities, but they can be significantly

increased after acute inhibition of the ETC or exposure to hypoxic environment [123].

Hypoxia directly decreases ETC activity, not only by reducing oxygen concentration but also by

activating the expression of HIFs [37–39]. The transcription factors of HIFs reduce the expression levels

of mitochondrial enzymes and further up-regulate glycolytic enzymes and glucose transporters [38,39].

HIFα proteins (HIF-1α, HIF-2α, and HIF-3α) demonstrate tissue-specific expression levels and various

functions [124] and are closely correlated with regulation of pluripotency factors [125]. However,

the role of the HIF family in the maintenance of pluripotent ability has emerged as a controversial

issue [126]. HIF-1 has been proven to inhibit the differentiation of ESCs [127], and HIF-2 regulates

the proliferation rather than self-renewal in stem cells [125]. When MSCs are cultured under hypoxic

conditions, the expression of HIF-1α and energy metabolism-associated genes are increased [128,129].

7. Conclusions

Self-renewal and differentiation abilities vary in stem cells, and the regulation of metabolic

pathways has been demonstrated to take part in regulating stem cell fates. We have here highlighted

the general norms of stem cell metabolism, but there are numerous important questions that remain to

be answered in stem cell biology: (1) How can we improve the function of stem cells by regulating

intracellular metabolism? (2) How can we improve reprogramming efficacy with metabolic cues

for direction of terminal somatic cells to high pluripotent cells? (3) Can we gain the comprehensive

understanding of how metabolic signaling molecules cooperate to regulate the stem cell lineage-specific

differentiation that is necessary for tissue engineering? (4) Will we discover if the energy metabolism

of tissue-derived stem cells including MSCs, HSCs and NSCs is similar to that of totipotent stem

cells? (5) What is known about the metabolic characteristics of adult somatic stem cells derived from

other resources? Heretofore, researches have mainly focused on bone marrow-derived MSCs; (6) It is

necessary to clarify the subnets of metabolic biology in hypoxic environments for the regulation of stem

cell development. Because of its critical role in regulating the self-renewal and differentiation process

of stem cells, metabolism will facilitate the optimization of in vitro maintenance and differentiation

protocols by adjusting biochemical properties for regenerative medicine.



Int. J. Mol. Sci. 2016, 17, 253 9 of 15

Acknowledgments: This work was supported by the National Natural Science Foundation of China
(No. 81471794), the Chinese High Tech Research & Development (863) Program (No. SS2013AA020102) and
the National Science and Technology Major Project (No. 2012ZX10002004).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast

cultures by defined factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]

2. Rehman, J. Empowering self-renewal and differentiation: The role of mitochondria in stem cells. J. Mol. Med.

2010, 88, 981–986. [CrossRef] [PubMed]

3. Westermann, B. Mitochondrial fusion and fission in cell life and death. Nat. Rev. Mol. Cell Biol. 2010,

11, 872–884. [CrossRef] [PubMed]

4. Ferree, A.; Shirihai, O. Mitochondrial dynamics: The intersection of form and function. Adv. Exp. Med. Biol.

2012, 748, 13–40. [PubMed]

5. Simsek, T.; Kocabas, F.; Zheng, J.; Deberardinis, R.J.; Mahmoud, A.I.; Olson, E.N.; Schneider, J.W.; Zhang, C.C.;

Sadek, H.A. The distinct metabolic profile of hematopoietic stem cells reflects their location in a hypoxic

niche. Cell Stem Cell 2010, 7, 380–390. [CrossRef] [PubMed]

6. Suda, T.; Takubo, K.; Semenza, G.L. Metabolic regulation of hematopoietic stem cells in the hypoxic niche.

Cell Stem Cell 2011, 9, 298–310. [CrossRef] [PubMed]

7. Takubo, K.; Nagamatsu, G.; Kobayashi, C.I.; Nakamura-Ishizu, A.; Kobayashi, H.; Ikeda, E.; Goda, N.;

Rahimi, Y.; Johnson, R.S.; Soga, T.; et al. Regulation of glycolysis by Pdk functions as a metabolic checkpoint

for cell cycle quiescence in hematopoietic stem cells. Cell Stem Cell 2013, 12, 49–61. [CrossRef] [PubMed]

8. Papa, S.; Martino, P.L.; Capitanio, G.; Gaballo, A.; de Rasmo, D.; Signorile, A.; Petruzzella, V. The oxidative

phosphorylation system in mammalian mitochondria. Adv. Exp. Med. Biol. 2012, 942, 3–37. [PubMed]

9. Wong, L.J. Molecular genetics of mitochondrial disorders. Dev. Disabil. Res. Rev. 2010, 16, 154–162. [CrossRef]

[PubMed]

10. Chatre, L.; Montagne, B.; Ricchetti, M. A Single-Cell Resolution Imaging Protocol of Mitochondrial DNA

Dynamics in Physiopathology, mTRIP, Which Also Evaluates Sublethal Cytotoxicity. Methods Mol. Biol. 2016,

1351, 49–65. [PubMed]

11. Birket, M.J.; Orr, A.L.; Gerencser, A.A.; Madden, D.T.; Vitelli, C.; Swistowski, A.; Brand, M.D.; Zeng, X.

A reduction in ATP demand and mitochondrial activity with neural differentiation of human embryonic

stem cells. J. Cell Sci. 2011, 124, 348–358. [CrossRef] [PubMed]

12. Coppi, E.; Pugliese, A.M.; Urbani, S.; Melani, A.; Cerbai, E.; Mazzanti, B.; Bosi, A.; Saccardi, R.; Pedata, F. ATP

modulates cell proliferation and elicits two different electrophysiological responses in human mesenchymal

stem cells. Stem Cells 2007, 25, 1840–1849. [CrossRef] [PubMed]

13. Buravkova, L.B.; Rylova, Y.V.; Andreeva, E.R.; Kulikov, A.V.; Pogodina, M.V.; Zhivotovsky, B.; Gogvadze, V.

Low ATP level is sufficient to maintain the uncommitted state of multipotent mesenchymal stem cells.

Biochim. Biophys. Acta 2013, 1830, 4418–4425. [CrossRef] [PubMed]

14. Ito, K.; Suda, T. Metabolic requirements for the maintenance of self-renewing stem cells. Nat. Rev. Mol.

Cell Biol. 2014, 15, 243–256. [CrossRef] [PubMed]

15. Vozza, A.; Parisi, G.; de Leonardis, F.; Lasorsa, F.M.; Castegna, A.; Amorese, D.; Marmo, R.; Calcagnile, V.M.;

Palmieri, L.; Ricquier, D.; et al. UCP2 transports C4 metabolites out of mitochondria, regulating glucose and

glutamine oxidation. Proc. Natl. Acad. Sci. USA 2014, 111, 960–965. [CrossRef] [PubMed]

16. Wellen, K.E.; Lu, C.; Mancuso, A.; Lemons, J.M.; Ryczko, M.; Dennis, J.W.; Rabinowitz, J.D.; Coller, H.A.;

Thompson, C.B. The hexosamine biosynthetic pathway couples growth factor-induced glutamine uptake to

glucose metabolism. Genes Dev. 2010, 24, 2784–2799. [CrossRef] [PubMed]

17. Wellen, K.E.; Hatzivassiliou, G.; Sachdeva, U.M.; Bui, T.V.; Cross, J.R.; Thompson, C.B. ATP-citrate lyase

links cellular metabolism to histone acetylation. Science 2009, 324, 1076–1080. [CrossRef] [PubMed]

18. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS

release. Physiol. Rev. 2014, 94, 909–950. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://dx.doi.org/10.1007/s00109-010-0678-2
http://www.ncbi.nlm.nih.gov/pubmed/20809088
http://dx.doi.org/10.1038/nrm3013
http://www.ncbi.nlm.nih.gov/pubmed/21102612
http://www.ncbi.nlm.nih.gov/pubmed/22729853
http://dx.doi.org/10.1016/j.stem.2010.07.011
http://www.ncbi.nlm.nih.gov/pubmed/20804973
http://dx.doi.org/10.1016/j.stem.2011.09.010
http://www.ncbi.nlm.nih.gov/pubmed/21982230
http://dx.doi.org/10.1016/j.stem.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23290136
http://www.ncbi.nlm.nih.gov/pubmed/22399416
http://dx.doi.org/10.1002/ddrr.104
http://www.ncbi.nlm.nih.gov/pubmed/20818730
http://www.ncbi.nlm.nih.gov/pubmed/26530674
http://dx.doi.org/10.1242/jcs.072272
http://www.ncbi.nlm.nih.gov/pubmed/21242311
http://dx.doi.org/10.1634/stemcells.2006-0669
http://www.ncbi.nlm.nih.gov/pubmed/17446563
http://dx.doi.org/10.1016/j.bbagen.2013.05.029
http://www.ncbi.nlm.nih.gov/pubmed/23742825
http://dx.doi.org/10.1038/nrm3772
http://www.ncbi.nlm.nih.gov/pubmed/24651542
http://dx.doi.org/10.1073/pnas.1317400111
http://www.ncbi.nlm.nih.gov/pubmed/24395786
http://dx.doi.org/10.1101/gad.1985910
http://www.ncbi.nlm.nih.gov/pubmed/21106670
http://dx.doi.org/10.1126/science.1164097
http://www.ncbi.nlm.nih.gov/pubmed/19461003
http://dx.doi.org/10.1152/physrev.00026.2013
http://www.ncbi.nlm.nih.gov/pubmed/24987008


Int. J. Mol. Sci. 2016, 17, 253 10 of 15

19. St-Pierre, J.; Drori, S.; Uldry, M.; Silvaggi, J.M.; Rhee, J.; Jager, S.; Handschin, C.; Zheng, K.; Lin, J.;

Yang, W.; et al. Suppression of reactive oxygen species and neurodegeneration by the PGC-1 transcriptional

coactivators. Cell 2006, 127, 397–408. [CrossRef] [PubMed]

20. Ito, K.; Hirao, A.; Arai, F.; Matsuoka, S.; Takubo, K.; Hamaguchi, I.; Nomiyama, K.; Hosokawa, K.;

Sakurada, K.; Nakagata, N.; et al. Regulation of oxidative stress by ATM is required for self-renewal

of haematopoietic stem cells. Nature 2004, 431, 997–1002. [CrossRef] [PubMed]

21. Panopoulos, A.D.; Yanes, O.; Ruiz, S.; Kida, Y.S.; Diep, D.; Tautenhahn, R.; Herrerias, A.; Batchelder, E.M.;

Plongthongkum, N.; Lutz, M.; et al. The metabolome of induced pluripotent stem cells reveals metabolic

changes occurring in somatic cell reprogramming. Cell Res. 2012, 22, 168–177. [CrossRef] [PubMed]

22. Lunt, S.Y.; Vander Heiden, M.G. Aerobic glycolysis: Meeting the metabolic requirements of cell proliferation.

Annu. Rev. Cell Dev. Biol. 2011, 27, 441–464. [CrossRef] [PubMed]

23. Katajisto, P.; Dohla, J.; Chaffer, C.L.; Pentinmikko, N.; Marjanovic, N.; Iqbal, S.; Zoncu, R.; Chen, W.;

Weinberg, R.A.; Sabatini, D.M. Asymmetric apportioning of aged mitochondria between daughter cells is

required for stemness. Science 2015, 348, 340–343. [CrossRef] [PubMed]

24. Rossi, D.J.; Bryder, D.; Seita, J.; Nussenzweig, A.; Hoeijmakers, J.; Weissman, I.L. Deficiencies in DNA

damage repair limit the function of haematopoietic stem cells with age. Nature 2007, 447, 725–729. [CrossRef]

[PubMed]

25. Cho, Y.M.; Kwon, S.; Pak, Y.K.; Seol, H.W.; Choi, Y.M.; Park do, J.; Park, K.S.; Lee, H.K. Dynamic changes

in mitochondrial biogenesis and antioxidant enzymes during the spontaneous differentiation of human

embryonic stem cells. Biochem. Biophys. Res. Commun. 2006, 348, 1472–1478. [CrossRef] [PubMed]

26. Chung, S.; Arrell, D.K.; Faustino, R.S.; Terzic, A.; Dzeja, P.P. Glycolytic network restructuring integral to the

energetics of embryonic stem cell cardiac differentiation. J. Mol. Cell. Cardiol. 2010, 48, 725–734. [CrossRef]

[PubMed]

27. Zhang, Y.; Marsboom, G.; Toth, P.T.; Rehman, J. Mitochondrial respiration regulates adipogenic differentiation

of human mesenchymal stem cells. PLoS ONE 2013, 8, e77077. [CrossRef] [PubMed]

28. Urao, N.; Ushio-Fukai, M. Redox regulation of stem/progenitor cells and bone marrow niche. Free Radic.

Biol. Med. 2013, 54, 26–39. [CrossRef] [PubMed]

29. Armstrong, L.; Tilgner, K.; Saretzki, G.; Atkinson, S.P.; Stojkovic, M.; Moreno, R.; Przyborski, S.; Lako, M.

Human induced pluripotent stem cell lines show stress defense mechanisms and mitochondrial regulation

similar to those of human embryonic stem cells. Stem Cells 2010, 28, 661–673. [CrossRef] [PubMed]

30. Yanes, O.; Clark, J.; Wong, D.M.; Patti, G.J.; Sanchez-Ruiz, A.; Benton, H.P.; Trauger, S.A.; Desponts, C.;

Ding, S.; Siuzdak, G. Metabolic oxidation regulates embryonic stem cell differentiation. Nat. Chem. Biol.

2010, 6, 411–417. [CrossRef] [PubMed]

31. Carracedo, A.; Cantley, L.C.; Pandolfi, P.P. Cancer metabolism: Fatty acid oxidation in the limelight.

Nat. Rev. Cancer 2013, 13, 227–232. [CrossRef] [PubMed]

32. Pike, L.S.; Smift, A.L.; Croteau, N.J.; Ferrick, D.A.; Wu, M. Inhibition of fatty acid oxidation by etomoxir

impairs NADPH production and increases reactive oxygen species resulting in ATP depletion and cell death

in human glioblastoma cells. Biochim. Biophys. Acta 2011, 1807, 726–734. [CrossRef] [PubMed]

33. Jeon, S.M.; Chandel, N.S.; Hay, N. AMPK regulates NADPH homeostasis to promote tumour cell survival

during energy stress. Nature 2012, 485, 661–665. [CrossRef] [PubMed]

34. Lu, C.; Ward, P.S.; Kapoor, G.S.; Rohle, D.; Turcan, S.; Abdel-Wahab, O.; Edwards, C.R.; Khanin, R.;

Figueroa, M.E.; Melnick, A.; et al. IDH mutation impairs histone demethylation and results in a block

to cell differentiation. Nature 2012, 483, 474–478. [CrossRef] [PubMed]

35. Tamai, M.; Yamashita, A.; Tagawa, Y. Mitochondrial development of the in vitro hepatic organogenesis

model with simultaneous cardiac mesoderm differentiation from murine induced pluripotent stem cells.

J. Biosci. Bioeng. 2011, 112, 495–500. [CrossRef] [PubMed]

36. Varum, S.; Rodrigues, A.S.; Moura, M.B.; Momcilovic, O.; Easley, C.A., IV; Ramalho-Santos, J.; van Houten, B.;

Schatten, G. Energy metabolism in human pluripotent stem cells and their differentiated counterparts.

PLoS ONE 2011, 6, e20914. [CrossRef] [PubMed]

37. Prigione, A.; Fauler, B.; Lurz, R.; Lehrach, H.; Adjaye, J. The senescence-related mitochondrial/oxidative

stress pathway is repressed in human induced pluripotent stem cells. Stem Cells 2010, 28, 721–733. [CrossRef]

[PubMed]

http://dx.doi.org/10.1016/j.cell.2006.09.024
http://www.ncbi.nlm.nih.gov/pubmed/17055439
http://dx.doi.org/10.1038/nature02989
http://www.ncbi.nlm.nih.gov/pubmed/15496926
http://dx.doi.org/10.1038/cr.2011.177
http://www.ncbi.nlm.nih.gov/pubmed/22064701
http://dx.doi.org/10.1146/annurev-cellbio-092910-154237
http://www.ncbi.nlm.nih.gov/pubmed/21985671
http://dx.doi.org/10.1126/science.1260384
http://www.ncbi.nlm.nih.gov/pubmed/25837514
http://dx.doi.org/10.1038/nature05862
http://www.ncbi.nlm.nih.gov/pubmed/17554309
http://dx.doi.org/10.1016/j.bbrc.2006.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16920071
http://dx.doi.org/10.1016/j.yjmcc.2009.12.014
http://www.ncbi.nlm.nih.gov/pubmed/20045004
http://dx.doi.org/10.1371/journal.pone.0077077
http://www.ncbi.nlm.nih.gov/pubmed/24204740
http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.532
http://www.ncbi.nlm.nih.gov/pubmed/23085514
http://dx.doi.org/10.1002/stem.307
http://www.ncbi.nlm.nih.gov/pubmed/20073085
http://dx.doi.org/10.1038/nchembio.364
http://www.ncbi.nlm.nih.gov/pubmed/20436487
http://dx.doi.org/10.1038/nrc3483
http://www.ncbi.nlm.nih.gov/pubmed/23446547
http://dx.doi.org/10.1016/j.bbabio.2010.10.022
http://www.ncbi.nlm.nih.gov/pubmed/21692241
http://dx.doi.org/10.1038/nature11066
http://www.ncbi.nlm.nih.gov/pubmed/22660331
http://dx.doi.org/10.1038/nature10860
http://www.ncbi.nlm.nih.gov/pubmed/22343901
http://dx.doi.org/10.1016/j.jbiosc.2011.07.005
http://www.ncbi.nlm.nih.gov/pubmed/21816670
http://dx.doi.org/10.1371/journal.pone.0020914
http://www.ncbi.nlm.nih.gov/pubmed/21698063
http://dx.doi.org/10.1002/stem.404
http://www.ncbi.nlm.nih.gov/pubmed/20201066


Int. J. Mol. Sci. 2016, 17, 253 11 of 15

38. Tormos, K.V.; Anso, E.; Hamanaka, R.B.; Eisenbart, J.; Joseph, J.; Kalyanaraman, B.; Chandel, N.S.

Mitochondrial complex III ROS regulate adipocyte differentiation. Cell Metab. 2011, 14, 537–544. [CrossRef]

[PubMed]

39. Turner, J.; Quek, L.E.; Titmarsh, D.; Kromer, J.O.; Kao, L.P.; Nielsen, L.; Wolvetang, E.; Cooper-White, J.

Metabolic profiling and flux analysis of MEL-2 human embryonic stem cells during exponential growth at

physiological and atmospheric oxygen concentrations. PLoS ONE 2014, 9, e112757. [CrossRef]

40. Ramos-Mejia, V.; Bueno, C.; Roldan, M.; Sanchez, L.; Ligero, G.; Menendez, P.; Martin, M. The adaptation of

human embryonic stem cells to different feeder-free culture conditions is accompanied by a mitochondrial

response. Stem Cells Dev. 2012, 21, 1145–1155. [CrossRef] [PubMed]

41. Schieke, S.M.; Ma, M.; Cao, L.; McCoy, J.P., Jr.; Liu, C.; Hensel, N.F.; Barrett, A.J.; Boehm, M.; Finkel, T.

Mitochondrial metabolism modulates differentiation and teratoma formation capacity in mouse embryonic

stem cells. J. Biol. Chem. 2008, 283, 28506–28512. [CrossRef] [PubMed]

42. Fernandes, T.G.; Fernandes-Platzgummer, A.M.; da Silva, C.L.; Diogo, M.M.; Cabral, J.M. Kinetic and

metabolic analysis of mouse embryonic stem cell expansion under serum-free conditions. Biotechnol. Lett.

2010, 32, 171–179. [CrossRef] [PubMed]

43. Kuppusamy, K.T.; Jones, D.C.; Sperber, H.; Madan, A.; Fischer, K.A.; Rodriguez, M.L.; Pabon, L.; Zhu, W.Z.;

Tulloch, N.L.; Yang, X.; et al. Let-7 family of microRNA is required for maturation and adult-like metabolism

in stem cell-derived cardiomyocytes. Proc. Natl. Acad. Sci. USA 2015, 112, E2785–E2794. [CrossRef]

[PubMed]

44. Todd, L.R.; Gomathinayagam, R.; Sankar, U. A novel Gfer-Drp1 link in preserving mitochondrial dynamics

and function in pluripotent stem cells. Autophagy 2010, 6, 821–822. [CrossRef] [PubMed]

45. Merle, N.; Feraud, O.; Gilquin, B.; Hubstenberger, A.; Kieffer-Jacquinot, S.; Assard, N.; Bennaceur-Griscelli, A.;

Honnorat, J.; Baudier, J. ATAD3B is a human embryonic stem cell specific mitochondrial protein, re-expressed

in cancer cells, that functions as dominant negative for the ubiquitous ATAD3A. Mitochondrion 2012,

12, 441–448. [CrossRef] [PubMed]

46. Van Dartel, D.A.; Schulpen, S.H.; Theunissen, P.T.; Bunschoten, A.; Piersma, A.H.; Keijer, J. Dynamic

changes in energy metabolism upon embryonic stem cell differentiation support developmental toxicant

identification. Toxicology 2014, 324, 76–87. [CrossRef] [PubMed]

47. Fathi, A.; Hatami, M.; Vakilian, H.; Han, C.L.; Chen, Y.J.; Baharvand, H.; Salekdeh, G.H. Quantitative

proteomics analysis highlights the role of redox hemostasis and energy metabolism in human embryonic

stem cell differentiation to neural cells. J. Proteom. 2014, 101, 1–16. [CrossRef] [PubMed]

48. Shen, J.; Liu, X.; Yu, W.M.; Liu, J.; Nibbelink, M.G.; Guo, C.; Finkel, T.; Qu, C.K. A critical role of mitochondrial

phosphatase Ptpmt1 in embryogenesis reveals a mitochondrial metabolic stress-induced differentiation

checkpoint in embryonic stem cells. Mol. Cell. Biol. 2011, 31, 4902–4916. [CrossRef] [PubMed]

49. Zhou, J.; Su, P.; Wang, L.; Chen, J.; Zimmermann, M.; Genbacev, O.; Afonja, O.; Horne, M.C.; Tanaka, T.;

Duan, E.; et al. mTOR supports long-term self-renewal and suppresses mesoderm and endoderm activities

of human embryonic stem cells. Proc. Natl. Acad. Sci. USA 2009, 106, 7840–7845. [CrossRef] [PubMed]

50. Mahato, B.; Home, P.; Rajendran, G.; Paul, A.; Saha, B.; Ganguly, A.; Ray, S.; Roy, N.; Swerdlow, R.H.; Paul, S.

Regulation of mitochondrial function and cellular energy metabolism by protein kinase C-lambda/iota:

A novel mode of balancing pluripotency. Stem Cells 2014, 32, 2880–2892. [CrossRef] [PubMed]

51. Liang, X.; Mei, Y.; Huang, X.; Shen, G.; Zhu, D.; Yu, Y.; Wang, J.; Lou, Y. Junctophilin 2 knockdown interfere

with mitochondrium status in ESC-CMs and cardiogenesis of ES cells. J. Cell. Biochem. 2012, 113, 2884–2894.

[CrossRef] [PubMed]

52. Sharifpanah, F.; Wartenberg, M.; Hannig, M.; Piper, H.M.; Sauer, H. Peroxisome proliferator-activated

receptor α agonists enhance cardiomyogenesis of mouse ES cells by utilization of a reactive oxygen

species-dependent mechanism. Stem Cells 2008, 26, 64–71. [CrossRef] [PubMed]

53. Kowno, M.; Watanabe-Susaki, K.; Ishimine, H.; Komazaki, S.; Enomoto, K.; Seki, Y.; Wang, Y.Y.; Ishigaki, Y.;

Ninomiya, N.; Noguchi, T.A.; et al. Prohibitin 2 regulates the proliferation and lineage-specific differentiation

of mouse embryonic stem cells in mitochondria. PLoS ONE 2014, 9, e81552. [CrossRef] [PubMed]

54. Zaugg, K.; Yao, Y.; Reilly, P.T.; Kannan, K.; Kiarash, R.; Mason, J.; Huang, P.; Sawyer, S.K.; Fuerth, B.;

Faubert, B.; et al. Carnitine palmitoyltransferase 1C promotes cell survival and tumor growth under

conditions of metabolic stress. Genes Dev. 2011, 25, 1041–1051. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cmet.2011.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21982713
http://dx.doi.org/10.1371/journal.pone.0112757
http://dx.doi.org/10.1089/scd.2011.0248
http://www.ncbi.nlm.nih.gov/pubmed/21671728
http://dx.doi.org/10.1074/jbc.M802763200
http://www.ncbi.nlm.nih.gov/pubmed/18713735
http://dx.doi.org/10.1007/s10529-009-0108-0
http://www.ncbi.nlm.nih.gov/pubmed/19705070
http://dx.doi.org/10.1073/pnas.1424042112
http://www.ncbi.nlm.nih.gov/pubmed/25964336
http://dx.doi.org/10.4161/auto.6.6.12625
http://www.ncbi.nlm.nih.gov/pubmed/20581476
http://dx.doi.org/10.1016/j.mito.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22664726
http://dx.doi.org/10.1016/j.tox.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25089837
http://dx.doi.org/10.1016/j.jprot.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24530625
http://dx.doi.org/10.1128/MCB.05629-11
http://www.ncbi.nlm.nih.gov/pubmed/21986498
http://dx.doi.org/10.1073/pnas.0901854106
http://www.ncbi.nlm.nih.gov/pubmed/19416884
http://dx.doi.org/10.1002/stem.1817
http://www.ncbi.nlm.nih.gov/pubmed/25142417
http://dx.doi.org/10.1002/jcb.24164
http://www.ncbi.nlm.nih.gov/pubmed/22511307
http://dx.doi.org/10.1634/stemcells.2007-0532
http://www.ncbi.nlm.nih.gov/pubmed/17951219
http://dx.doi.org/10.1371/journal.pone.0081552
http://www.ncbi.nlm.nih.gov/pubmed/24709813
http://dx.doi.org/10.1101/gad.1987211
http://www.ncbi.nlm.nih.gov/pubmed/21576264


Int. J. Mol. Sci. 2016, 17, 253 12 of 15

55. Folmes, C.D.; Martinez-Fernandez, A.; Faustino, R.S.; Yamada, S.; Perez-Terzic, C.; Nelson, T.J.; Terzic, A.

Nuclear reprogramming with c-Myc potentiates glycolytic capacity of derived induced pluripotent stem

cells. J. Cardiovasc. Transl. Res. 2013, 6, 10–21. [CrossRef] [PubMed]

56. Kida, Y.S.; Kawamura, T.; Wei, Z.; Sogo, T.; Jacinto, S.; Shigeno, A.; Kushige, H.; Yoshihara, E.; Liddle, C.;

Ecker, J.R.; et al. ERRs Mediate a Metabolic Switch Required for Somatic Cell Reprogramming to Pluripotency.

Cell Stem Cell 2015, 16, 547–555. [CrossRef] [PubMed]

57. Hansson, J.; Rafiee, M.R.; Reiland, S.; Polo, J.M.; Gehring, J.; Okawa, S.; Huber, W.; Hochedlinger, K.;

Krijgsveld, J. Highly coordinated proteome dynamics during reprogramming of somatic cells to pluripotency.

Cell Rep. 2012, 2, 1579–1592. [CrossRef] [PubMed]

58. Hamalainen, R.H.; Ahlqvist, K.J.; Ellonen, P.; Lepisto, M.; Logan, A.; Otonkoski, T.; Murphy, M.P.;

Suomalainen, A. mtDNA Mutagenesis Disrupts Pluripotent Stem Cell Function by Altering Redox Signaling.

Cell Rep. 2015, 11, 1614–1624. [CrossRef] [PubMed]

59. Prigione, A.; Lichtner, B.; Kuhl, H.; Struys, E.A.; Wamelink, M.; Lehrach, H.; Ralser, M.; Timmermann, B.;

Adjaye, J. Human induced pluripotent stem cells harbor homoplasmic and heteroplasmic mitochondrial

DNA mutations while maintaining human embryonic stem cell-like metabolic reprogramming. Stem Cells

2011, 29, 1338–1348. [PubMed]

60. Masotti, A.; Celluzzi, A.; Petrini, S.; Bertini, E.; Zanni, G.; Compagnucci, C. Aged iPSCs display an uncommon

mitochondrial appearance and fail to undergo in vitro neurogenesis. Aging 2014, 6, 1094–1108. [PubMed]

61. Zhu, S.; Li, W.; Zhou, H.; Wei, W.; Ambasudhan, R.; Lin, T.; Kim, J.; Zhang, K.; Ding, S. Reprogramming of

human primary somatic cells by OCT4 and chemical compounds. Cell Stem Cell 2010, 7, 651–655. [CrossRef]

[PubMed]

62. Vazquez-Martin, A.; Vellon, L.; Quiros, P.M.; Cufi, S.; Ruiz de Galarreta, E.; Oliveras-Ferraros, C.; Martin, A.G.;

Martin-Castillo, B.; Lopez-Otin, C.; Menendez, J.A. Activation of AMP-activated protein kinase (AMPK)

provides a metabolic barrier to reprogramming somatic cells into stem cells. Cell Cycle 2012, 11, 974–989.

[CrossRef] [PubMed]

63. Vazquez-Martin, A.; Cufi, S.; Corominas-Faja, B.; Oliveras-Ferraros, C.; Vellon, L.; Menendez, J.A.

Mitochondrial fusion by pharmacological manipulation impedes somatic cell reprogramming to

pluripotency: New insight into the role of mitophagy in cell stemness. Aging 2012, 4, 393–401. [PubMed]

64. Wang, L.; Ye, X.; Zhao, Q.; Zhou, Z.; Dan, J.; Zhu, Y.; Chen, Q.; Liu, L. Drp1 is dispensable for

mitochondria biogenesis in induction to pluripotency but required for differentiation of embryonic stem

cells. Stem Cells Dev. 2014, 23, 2422–2434. [CrossRef] [PubMed]

65. Son, M.Y.; Choi, H.; Han, Y.M.; Cho, Y.S. Unveiling the critical role of REX1 in the regulation of human stem

cell pluripotency. Stem Cells 2013, 31, 2374–2387. [CrossRef] [PubMed]

66. Liu, W.; Long, Q.; Chen, K.; Li, S.; Xiang, G.; Chen, S.; Liu, X.; Li, Y.; Yang, L.; Dong, D.; et al. Mitochondrial

metabolism transition cooperates with nuclear reprogramming during induced pluripotent stem cell

generation. Biochem. Biophys. Res. Commun. 2013, 431, 767–771. [CrossRef] [PubMed]

67. Folmes, C.D.; Nelson, T.J.; Martinez-Fernandez, A.; Arrell, D.K.; Lindor, J.Z.; Dzeja, P.P.; Ikeda, Y.;

Perez-Terzic, C.; Terzic, A. Somatic oxidative bioenergetics transitions into pluripotency-dependent glycolysis

to facilitate nuclear reprogramming. Cell Metab. 2011, 14, 264–271. [CrossRef] [PubMed]

68. Son, M.J.; Jeong, B.R.; Kwon, Y.; Cho, Y.S. Interference with the mitochondrial bioenergetics fuels

reprogramming to pluripotency via facilitation of the glycolytic transition. Int. J. Biochem. Cell Biol. 2013,

45, 2512–2518. [CrossRef] [PubMed]

69. Luo, L.; Kawakatsu, M.; Guo, C.W.; Urata, Y.; Huang, W.J.; Ali, H.; Doi, H.; Kitajima, Y.; Tanaka, T.;

Goto, S.; et al. Effects of antioxidants on the quality and genomic stability of induced pluripotent stem cells.

Sci. Rep. 2014, 4, 3779. [CrossRef] [PubMed]

70. Enomoto, K.; Watanabe-Susaki, K.; Kowno, M.; Takada, H.; Intoh, A.; Yamanaka, Y.; Hirano, H.; Sugino, H.;

Asashima, M.; Kurisaki, A. Identification of novel proteins differentially expressed in pluripotent embryonic

stem cells and differentiated cells. J. Med. Investig. 2015, 62, 130–136. [CrossRef] [PubMed]

71. Zhang, J.; Khvorostov, I.; Hong, J.S.; Oktay, Y.; Vergnes, L.; Nuebel, E.; Wahjudi, P.N.; Setoguchi, K.; Wang, G.;

Do, A.; Jung, H.J.; et al. UCP2 regulates energy metabolism and differentiation potential of human pluripotent

stem cells. EMBO J. 2011, 30, 4860–4873. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12265-012-9431-2
http://www.ncbi.nlm.nih.gov/pubmed/23247633
http://dx.doi.org/10.1016/j.stem.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25865501
http://dx.doi.org/10.1016/j.celrep.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23260666
http://dx.doi.org/10.1016/j.celrep.2015.05.009
http://www.ncbi.nlm.nih.gov/pubmed/26027936
http://www.ncbi.nlm.nih.gov/pubmed/21732474
http://www.ncbi.nlm.nih.gov/pubmed/25567319
http://dx.doi.org/10.1016/j.stem.2010.11.015
http://www.ncbi.nlm.nih.gov/pubmed/21112560
http://dx.doi.org/10.4161/cc.11.5.19450
http://www.ncbi.nlm.nih.gov/pubmed/22333578
http://www.ncbi.nlm.nih.gov/pubmed/22713507
http://dx.doi.org/10.1089/scd.2014.0059
http://www.ncbi.nlm.nih.gov/pubmed/24937776
http://dx.doi.org/10.1002/stem.1509
http://www.ncbi.nlm.nih.gov/pubmed/23939908
http://dx.doi.org/10.1016/j.bbrc.2012.12.148
http://www.ncbi.nlm.nih.gov/pubmed/23333381
http://dx.doi.org/10.1016/j.cmet.2011.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21803296
http://dx.doi.org/10.1016/j.biocel.2013.07.023
http://www.ncbi.nlm.nih.gov/pubmed/23939289
http://dx.doi.org/10.1038/srep03779
http://www.ncbi.nlm.nih.gov/pubmed/24445363
http://dx.doi.org/10.2152/jmi.62.130
http://www.ncbi.nlm.nih.gov/pubmed/26399336
http://dx.doi.org/10.1038/emboj.2011.401
http://www.ncbi.nlm.nih.gov/pubmed/22085932


Int. J. Mol. Sci. 2016, 17, 253 13 of 15

72. Cho, S.W.; Park, J.S.; Heo, H.J.; Park, S.W.; Song, S.; Kim, I.; Han, Y.M.; Yamashita, J.K.; Youm, J.B.; Han, J.; et al.

Dual modulation of the mitochondrial permeability transition pore and redox signaling synergistically

promotes cardiomyocyte differentiation from pluripotent stem cells. J. Am. Heart Assoc. 2014, 3, e000693.

[CrossRef] [PubMed]

73. Cooper, O.; Seo, H.; Andrabi, S.; Guardia-Laguarta, C.; Graziotto, J.; Sundberg, M.; McLean, J.R.;

Carrillo-Reid, L.; Xie, Z.; Osborn, T.; et al. Pharmacological rescue of mitochondrial deficits in iPSC-derived

neural cells from patients with familial Parkinson’s disease. Sci. Transl. Med. 2012, 4, 141ra190. [CrossRef]

[PubMed]

74. Hu, C.; Li, L. In Vitro and In Vivo Hepatic Differentiation of Adult Somatic Stem Cells and Extraembryonic

Stem Cells for Treating End Stage Liver Diseases. Stem Cells Int. 2015, 2015, 871972. [CrossRef] [PubMed]

75. Chen, C.T.; Shih, Y.R.; Kuo, T.K.; Lee, O.K.; Wei, Y.H. Coordinated changes of mitochondrial biogenesis and

antioxidant enzymes during osteogenic differentiation of human mesenchymal stem cells. Stem Cells 2008,

26, 960–968. [CrossRef] [PubMed]

76. Fillmore, N.; Huqi, A.; Jaswal, J.S.; Mori, J.; Paulin, R.; Haromy, A.; Onay-Besikci, A.; Ionescu, L.; Thebaud, B.;

Michelakis, E.; et al. Effect of fatty acids on human bone marrow mesenchymal stem cell energy metabolism

and survival. PLoS ONE 2015, 10, e0120257. [CrossRef]

77. Esmaeli, S.; Allameh, A.; Soleimani, M.; Rahbarizadeh, F.; Frouzandeh-Moghadam, M. The role of albumin

and PPAR-α in differentiation-dependent change of fatty acid profile during differentiation of mesenchymal

stem cells to hepatocyte-like cells. Cell. Biochem. Funct. 2014, 32, 410–419. [CrossRef] [PubMed]

78. Smith, A.N.; Muffley, L.A.; Bell, A.N.; Numhom, S.; Hocking, A.M. Unsaturated fatty acids induce

mesenchymal stem cells to increase secretion of angiogenic mediators. J. Cell. Physiol. 2012, 227, 3225–3233.

[CrossRef] [PubMed]

79. Geissler, S.; Textor, M.; Kuhnisch, J.; Konnig, D.; Klein, O.; Ode, A.; Pfitzner, T.; Adjaye, J.; Kasper, G.;

Duda, G.N. Functional comparison of chronological and in vitro aging: Differential role of the cytoskeleton

and mitochondria in mesenchymal stromal cells. PLoS ONE 2012, 7, e52700. [CrossRef] [PubMed]

80. Phinney, D.G.; Di Giuseppe, M.; Njah, J.; Sala, E.; Shiva, S.; St Croix, C.M.; Stolz, D.B.; Watkins, S.C.; Di, Y.P.;

Leikauf, G.D.; et al. Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and shuttle

microRNAs. Nat. Commun. 2015, 6, 8472. [CrossRef] [PubMed]

81. Chen, C.T.; Hsu, S.H.; Wei, Y.H. Mitochondrial bioenergetic function and metabolic plasticity in stem cell

differentiation and cellular reprogramming. Biochim. Biophys. Acta 2012, 1820, 571–576. [CrossRef] [PubMed]

82. Guo, H.W.; Yu, J.S.; Hsu, S.H.; Wei, Y.H.; Lee, O.K.; Dong, C.Y.; Wang, H.W. Correlation of NADH fluorescence

lifetime and oxidative phosphorylation metabolism in the osteogenic differentiation of human mesenchymal

stem cell. J. Biomed. Opt. 2015, 20, 017004. [CrossRef] [PubMed]

83. Pietila, M.; Lehtonen, S.; Narhi, M.; Hassinen, I.E.; Leskela, H.V.; Aranko, K.; Nordstrom, K.; Vepsalainen, A.;

Lehenkari, P. Mitochondrial function determines the viability and osteogenic potency of human mesenchymal

stem cells. Tissue Eng. Part C Methods 2010, 16, 435–445. [CrossRef] [PubMed]

84. Palomaki, S.; Pietila, M.; Laitinen, S.; Pesala, J.; Sormunen, R.; Lehenkari, P.; Koivunen, P. HIF-1α is

upregulated in human mesenchymal stem cells. Stem Cells 2013, 31, 1902–1909. [CrossRef] [PubMed]

85. Kang, T.; Lu, W.; Xu, W.; Anderson, L.; Bacanamwo, M.; Thompson, W.; Chen, Y.E.; Liu, D. MicroRNA-27

(miR-27) targets prohibitin and impairs adipocyte differentiation and mitochondrial function in human

adipose-derived stem cells. J. Biol. Chem. 2013, 288, 34394–34402. [CrossRef] [PubMed]

86. Zon, L.I. Intrinsic and extrinsic control of haematopoietic stem-cell self-renewal. Nature 2008, 453, 306–313.

[CrossRef] [PubMed]

87. Noda, S.; Horiguchi, K.; Ichikawa, H.; Miyoshi, H. Repopulating activity of ex vivo-expanded murine

hematopoietic stem cells resides in the CD48´c-Kit+Sca-1+lineage marker´ cell population. Stem Cells 2008,

26, 646–655. [CrossRef] [PubMed]

88. Norddahl, G.L.; Pronk, C.J.; Wahlestedt, M.; Sten, G.; Nygren, J.M.; Ugale, A.; Sigvardsson, M.; Bryder, D.

Accumulating mitochondrial DNA mutations drive premature hematopoietic aging phenotypes distinct

from physiological stem cell aging. Cell Stem Cell 2011, 8, 499–510. [CrossRef] [PubMed]

89. Dernbach, E.; Urbich, C.; Brandes, R.P.; Hofmann, W.K.; Zeiher, A.M.; Dimmeler, S. Antioxidative

stress-associated genes in circulating progenitor cells: Evidence for enhanced resistance against oxidative

stress. Blood 2004, 104, 3591–3597. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/JAHA.113.000693
http://www.ncbi.nlm.nih.gov/pubmed/24627421
http://dx.doi.org/10.1126/scitranslmed.3003985
http://www.ncbi.nlm.nih.gov/pubmed/22764206
http://dx.doi.org/10.1155/2015/871972
http://www.ncbi.nlm.nih.gov/pubmed/26347063
http://dx.doi.org/10.1634/stemcells.2007-0509
http://www.ncbi.nlm.nih.gov/pubmed/18218821
http://dx.doi.org/10.1371/journal.pone.0120257
http://dx.doi.org/10.1002/cbf.3031
http://www.ncbi.nlm.nih.gov/pubmed/24585388
http://dx.doi.org/10.1002/jcp.24013
http://www.ncbi.nlm.nih.gov/pubmed/22105830
http://dx.doi.org/10.1371/journal.pone.0052700
http://www.ncbi.nlm.nih.gov/pubmed/23285157
http://dx.doi.org/10.1038/ncomms9472
http://www.ncbi.nlm.nih.gov/pubmed/26442449
http://dx.doi.org/10.1016/j.bbagen.2011.09.013
http://www.ncbi.nlm.nih.gov/pubmed/21983491
http://dx.doi.org/10.1117/1.JBO.20.1.017004
http://www.ncbi.nlm.nih.gov/pubmed/25629291
http://dx.doi.org/10.1089/ten.tec.2009.0247
http://www.ncbi.nlm.nih.gov/pubmed/19839730
http://dx.doi.org/10.1002/stem.1435
http://www.ncbi.nlm.nih.gov/pubmed/23744828
http://dx.doi.org/10.1074/jbc.M113.514372
http://www.ncbi.nlm.nih.gov/pubmed/24133204
http://dx.doi.org/10.1038/nature07038
http://www.ncbi.nlm.nih.gov/pubmed/18480811
http://dx.doi.org/10.1634/stemcells.2007-0623
http://www.ncbi.nlm.nih.gov/pubmed/18079432
http://dx.doi.org/10.1016/j.stem.2011.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21549326
http://dx.doi.org/10.1182/blood-2003-12-4103
http://www.ncbi.nlm.nih.gov/pubmed/15161665


Int. J. Mol. Sci. 2016, 17, 253 14 of 15

90. Rimmele, P.; Liang, R.; Bigarella, C.L.; Kocabas, F.; Xie, J.; Serasinghe, M.N.; Chipuk, J.; Sadek, H.; Zhang, C.C.;

Ghaffari, S. Mitochondrial metabolism in hematopoietic stem cells requires functional FOXO3. EMBO Rep.

2015, 16, 1164–1176. [CrossRef] [PubMed]

91. Kinder, M.; Wei, C.; Shelat, S.G.; Kundu, M.; Zhao, L.; Blair, I.A.; Pure, E. Hematopoietic stem cell function

requires 12/15-lipoxygenase-dependent fatty acid metabolism. Blood 2010, 115, 5012–5022. [CrossRef] [PubMed]

92. Ito, K.; Carracedo, A.; Weiss, D.; Arai, F.; Ala, U.; Avigan, D.E.; Schafer, Z.T.; Evans, R.M.; Suda, T.;

Lee, C.H.; et al. A PML-PPAR-delta pathway for fatty acid oxidation regulates hematopoietic stem cell

maintenance. Nat. Med. 2012, 18, 1350–1358. [CrossRef] [PubMed]

93. Ito, K. Newly Identified Roles of PML in Stem Cell Biology. Front. Oncol. 2013, 3, 50. [CrossRef] [PubMed]

94. Zheng, J.; Lu, Z.; Kocabas, F.; Bottcher, R.T.; Costell, M.; Kang, X.; Liu, X.; Deberardinis, R.J.; Wang, Q.;

Chen, G.Q.; et al. Profilin 1 is essential for retention and metabolism of mouse hematopoietic stem cells in

bone marrow. Blood 2014, 123, 992–1001. [CrossRef] [PubMed]

95. Kobayashi, C.I.; Suda, T. Regulation of reactive oxygen species in stem cells and cancer stem cells.

J. Cell. Physiol. 2012, 227, 421–430. [CrossRef] [PubMed]

96. Liu, J.; Jia, D.Y.; Cai, S.Z.; Li, C.P.; Zhang, M.S.; Zhang, Y.Y.; Yan, C.H.; Wang, Y.P. Mitochondria defects

are involved in lead-acetate-induced adult hematopoietic stem cell decline. Toxicol. Lett. 2015, 235, 37–44.

[CrossRef] [PubMed]

97. Tothova, Z.; Kollipara, R.; Huntly, B.J.; Lee, B.H.; Castrillon, D.H.; Cullen, D.E.; McDowell, E.P.;

Lazo-Kallanian, S.; Williams, I.R.; Sears, C.; et al. FoxOs are critical mediators of hematopoietic stem

cell resistance to physiologic oxidative stress. Cell 2007, 128, 325–339. [CrossRef] [PubMed]

98. Owusu-Ansah, E.; Banerjee, U. Reactive oxygen species prime Drosophila haematopoietic progenitors for

differentiation. Nature 2009, 461, 537–541. [CrossRef] [PubMed]

99. Porto, M.L.; Rodrigues, B.P.; Menezes, T.N.; Ceschim, S.L.; Casarini, D.E.; Gava, A.L.; Pereira, T.M.;

Vasquez, E.C.; Campagnaro, B.P.; Meyrelles, S.S. Reactive oxygen species contribute to dysfunction of bone

marrow hematopoietic stem cells in aged C57BL/6 J mice. J. Biomed. Sci. 2015, 22, 1–13. [CrossRef] [PubMed]

100. Suksuphew, S.; Noisa, P. Neural stem cells could serve as a therapeutic material for age-related

neurodegenerative diseases. World J. Stem Cells 2015, 7, 502–511. [CrossRef] [PubMed]

101. Sun, X.; Voloboueva, L.A.; Stary, C.M.; Giffard, R.G. Physiologically normal 5% O2 supports neuronal

differentiation and resistance to inflammatory injury in neural stem cell cultures. J. Neurosci. Res. 2015,

93, Spc1. [CrossRef]

102. Knobloch, M.; Braun, S.M.; Zurkirchen, L.; von Schoultz, C.; Zamboni, N.; Arauzo-Bravo, M.J.; Kovacs, W.J.;

Karalay, O.; Suter, U.; Machado, R.A.; et al. Metabolic control of adult neural stem cell activity by

Fasn-dependent lipogenesis. Nature 2013, 493, 226–230. [CrossRef] [PubMed]

103. Hamilton, L.K.; Dufresne, M.; Joppe, S.E.; Petryszyn, S.; Aumont, A.; Calon, F.; Barnabe-Heider, F.; Furtos, A.;

Parent, M.; Chaurand, P.; et al. Aberrant Lipid Metabolism in the Forebrain Niche Suppresses Adult

Neural Stem Cell Proliferation in an Animal Model of Alzheimer’s Disease. Cell Stem Cell 2015, 17, 397–411.

[CrossRef] [PubMed]

104. Stoll, E.A.; Makin, R.; Sweet, I.R.; Trevelyan, A.J.; Miwa, S.; Horner, P.J.; Turnbull, D.M. Neural Stem Cells in

the Adult Subventricular Zone Oxidize Fatty Acids to Produce Energy and Support Neurogenic Activity.

Stem Cells 2015, 33, 2306–2319. [CrossRef] [PubMed]

105. Wang, W.; Osenbroch, P.; Skinnes, R.; Esbensen, Y.; Bjoras, M.; Eide, L. Mitochondrial DNA integrity

is essential for mitochondrial maturation during differentiation of neural stem cells. Stem Cells 2010,

28, 2195–2204. [CrossRef] [PubMed]

106. Rharass, T.; Lemcke, H.; Lantow, M.; Kuznetsov, S.A.; Weiss, D.G.; Panakova, D. Ca2+-mediated

mitochondrial reactive oxygen species metabolism augments Wnt/beta-catenin pathway activation to

facilitate cell differentiation. J. Biol. Chem. 2014, 289, 27937–27951. [CrossRef] [PubMed]

107. Hou, Y.; Mattson, M.P.; Cheng, A. Permeability transition pore-mediated mitochondrial superoxide flashes

regulate cortical neural progenitor differentiation. PLoS ONE 2013, 8, e76721. [CrossRef]

108. O’Brien, L.C.; Keeney, P.M.; Bennett, J.P., Jr. Differentiation of Human Neural Stem Cells into Motor Neurons

Stimulates Mitochondrial Biogenesis and Decreases Glycolytic Flux. Stem Cells Dev. 2015, 24, 1984–1994.

[CrossRef] [PubMed]

109. Chuikov, S.; Levi, B.P.; Smith, M.L.; Morrison, S.J. Prdm16 promotes stem cell maintenance in multiple

tissues, partly by regulating oxidative stress. Nat. Cell Biol. 2010, 12, 999–1006. [CrossRef] [PubMed]

http://dx.doi.org/10.15252/embr.201439704
http://www.ncbi.nlm.nih.gov/pubmed/26209246
http://dx.doi.org/10.1182/blood-2009-09-243139
http://www.ncbi.nlm.nih.gov/pubmed/20357242
http://dx.doi.org/10.1038/nm.2882
http://www.ncbi.nlm.nih.gov/pubmed/22902876
http://dx.doi.org/10.3389/fonc.2013.00050
http://www.ncbi.nlm.nih.gov/pubmed/23504288
http://dx.doi.org/10.1182/blood-2013-04-498469
http://www.ncbi.nlm.nih.gov/pubmed/24385538
http://dx.doi.org/10.1002/jcp.22764
http://www.ncbi.nlm.nih.gov/pubmed/21448925
http://dx.doi.org/10.1016/j.toxlet.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25800560
http://dx.doi.org/10.1016/j.cell.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17254970
http://dx.doi.org/10.1038/nature08313
http://www.ncbi.nlm.nih.gov/pubmed/19727075
http://dx.doi.org/10.1186/s12929-015-0201-8
http://www.ncbi.nlm.nih.gov/pubmed/26498041
http://dx.doi.org/10.4252/wjsc.v7.i2.502
http://www.ncbi.nlm.nih.gov/pubmed/25815135
http://dx.doi.org/10.1002/jnr.23675
http://dx.doi.org/10.1038/nature11689
http://www.ncbi.nlm.nih.gov/pubmed/23201681
http://dx.doi.org/10.1016/j.stem.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26321199
http://dx.doi.org/10.1002/stem.2042
http://www.ncbi.nlm.nih.gov/pubmed/25919237
http://dx.doi.org/10.1002/stem.542
http://www.ncbi.nlm.nih.gov/pubmed/20954243
http://dx.doi.org/10.1074/jbc.M114.573519
http://www.ncbi.nlm.nih.gov/pubmed/25124032
http://dx.doi.org/10.1371/journal.pone.0076721
http://dx.doi.org/10.1089/scd.2015.0076
http://www.ncbi.nlm.nih.gov/pubmed/25892363
http://dx.doi.org/10.1038/ncb2101
http://www.ncbi.nlm.nih.gov/pubmed/20835244


Int. J. Mol. Sci. 2016, 17, 253 15 of 15

110. Ozaki, M.; Haga, S.; Zhang, H.Q.; Irani, K.; Suzuki, S. Inhibition of hypoxia/reoxygenation-induced oxidative

stress in HGF-stimulated antiapoptotic signaling: Role of PI3-K and Akt kinase upon rac1. Cell Death Differ.

2003, 10, 508–515. [CrossRef] [PubMed]

111. West, A.K.; Hidalgo, J.; Eddins, D.; Levin, E.D.; Aschner, M. Metallothionein in the central nervous system:

Roles in protection, regeneration and cognition. Neurotoxicology 2008, 29, 489–503. [CrossRef] [PubMed]

112. Diaz-Castro, B.; Pardal, R.; Garcia-Flores, P.; Sobrino, V.; Duran, R.; Piruat, J.I.; Lopez-Barneo, J.

Resistance of glia-like central and peripheral neural stem cells to genetically induced mitochondrial

dysfunction-differential effects on neurogenesis. EMBO Rep. 2015, 16, 1511–1519. [CrossRef] [PubMed]

113. Amaral, A.I.; Hadera, M.G.; Tavares, J.M.; Kotter, M.R.; Sonnewald, U. Characterization of glucose-related

metabolic pathways in differentiated rat oligodendrocyte lineage cells. Glia 2016, 64, 21–34. [CrossRef]

[PubMed]

114. Stewart, R.; Stojkovic, M.; Lako, M. Mechanisms of self-renewal in human embryonic stem cells. Eur. J. Cancer

2006, 42, 1257–1272. [CrossRef] [PubMed]

115. Simon, M.C.; Keith, B. The role of oxygen availability in embryonic development and stem cell function.

Nat. Rev. Mol. Cell Biol. 2008, 9, 285–296. [CrossRef] [PubMed]

116. Lees, J.G.; Rathjen, J.; Sheedy, J.R.; Gardner, D.K.; Harvey, A.J. Distinct profiles of human embryonic stem cell

metabolism and mitochondria identified by oxygen. Reproduction 2015, 150, 367–382. [CrossRef] [PubMed]

117. Saini, U.; Gumina, R.J.; Wolfe, B.; Kuppusamy, M.L.; Kuppusamy, P.; Boudoulas, K.D. Preconditioning

mesenchymal stem cells with caspase inhibition and hyperoxia prior to hypoxia exposure increases cell

proliferation. J. Cell. Biochem. 2013, 114, 2612–2623. [CrossRef] [PubMed]

118. Jezek, P.; Plecita-Hlavata, L.; Smolkova, K.; Rossignol, R. Distinctions and similarities of cell bioenergetics

and the role of mitochondria in hypoxia, cancer, and embryonic development. Int. J. Biochem. Cell Biol. 2010,

42, 604–622. [CrossRef] [PubMed]

119. Powers, D.E.; Millman, J.R.; Huang, R.B.; Colton, C.K. Effects of oxygen on mouse embryonic stem cell

growth, phenotype retention, and cellular energetics. Biotechnol. Bioeng. 2008, 101, 241–254. [CrossRef]

[PubMed]

120. Harvey, A.J.; Rathjen, J.; Yu, L.J.; Gardner, D.K. Oxygen modulates human embryonic stem cell metabolism

in the absence of changes in self-renewal. Reprod. Fertil. Dev. 2014. [CrossRef] [PubMed]

121. Hsu, S.H.; Chen, C.T.; Wei, Y.H. Inhibitory effects of hypoxia on metabolic switch and osteogenic

differentiation of human mesenchymal stem cells. Stem Cells 2013, 31, 2779–2788. [CrossRef] [PubMed]

122. Mylotte, L.A.; Duffy, A.M.; Murphy, M.; O’Brien, T.; Samali, A.; Barry, F.; Szegezdi, E. Metabolic flexibility

permits mesenchymal stem cell survival in an ischemic environment. Stem Cells 2008, 26, 1325–1336.

[CrossRef] [PubMed]

123. Chen, Q.; Vazquez, E.J.; Moghaddas, S.; Hoppel, C.L.; Lesnefsky, E.J. Production of reactive oxygen species

by mitochondria: Central role of complex III. J. Biol. Chem. 2003, 278, 36027–36031. [CrossRef] [PubMed]

124. Gordan, J.D.; Bertout, J.A.; Hu, C.J.; Diehl, J.A.; Simon, M.C. HIF-2α promotes hypoxic cell proliferation by

enhancing c-myc transcriptional activity. Cancer Cell 2007, 11, 335–347. [CrossRef] [PubMed]

125. Covello, K.L.; Kehler, J.; Yu, H.; Gordan, J.D.; Arsham, A.M.; Hu, C.J.; Labosky, P.A.; Simon, M.C.; Keith, B.

HIF-2α regulates Oct-4: Effects of hypoxia on stem cell function, embryonic development, and tumor growth.

Genes Dev. 2006, 20, 557–570. [CrossRef] [PubMed]

126. Jeong, C.H.; Lee, H.J.; Cha, J.H.; Kim, J.H.; Kim, K.R.; Yoon, D.K.; Kim, K.W. Hypoxia-inducible factor-1α

inhibits self-renewal of mouse embryonic stem cells in vitro via negative regulation of the leukemia inhibitory

factor-STAT3 pathway. J. Biol. Chem. 2007, 282, 13672–13679. [CrossRef] [PubMed]

127. Lin, Q.; Lee, Y.J.; Yun, Z. Differentiation arrest by hypoxia. J. Biol. Chem. 2006, 281, 30678–30683. [CrossRef]

[PubMed]

128. Lavrentieva, A.; Majore, I.; Kasper, C.; Hass, R. Effects of hypoxic culture conditions on umbilical

cord-derived human mesenchymal stem cells. Cell Commun. Signal. 2010, 8, 18. [CrossRef] [PubMed]

129. Zhang, C.C.; Sadek, H.A. Hypoxia and metabolic properties of hematopoietic stem cells. Antioxid. Redox

Signal. 2014, 20, 1891–1901. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.cdd.4401172
http://www.ncbi.nlm.nih.gov/pubmed/12728249
http://dx.doi.org/10.1016/j.neuro.2007.12.006
http://www.ncbi.nlm.nih.gov/pubmed/18313142
http://dx.doi.org/10.15252/embr.201540982
http://www.ncbi.nlm.nih.gov/pubmed/26392570
http://dx.doi.org/10.1002/glia.22900
http://www.ncbi.nlm.nih.gov/pubmed/26352325
http://dx.doi.org/10.1016/j.ejca.2006.01.033
http://www.ncbi.nlm.nih.gov/pubmed/16630716
http://dx.doi.org/10.1038/nrm2354
http://www.ncbi.nlm.nih.gov/pubmed/18285802
http://dx.doi.org/10.1530/REP-14-0633
http://www.ncbi.nlm.nih.gov/pubmed/26159831
http://dx.doi.org/10.1002/jcb.24609
http://www.ncbi.nlm.nih.gov/pubmed/23794477
http://dx.doi.org/10.1016/j.biocel.2009.11.008
http://www.ncbi.nlm.nih.gov/pubmed/19931409
http://dx.doi.org/10.1002/bit.21986
http://www.ncbi.nlm.nih.gov/pubmed/18727033
http://dx.doi.org/10.1071/RD14013
http://www.ncbi.nlm.nih.gov/pubmed/25145274
http://dx.doi.org/10.1002/stem.1441
http://www.ncbi.nlm.nih.gov/pubmed/23733376
http://dx.doi.org/10.1634/stemcells.2007-1072
http://www.ncbi.nlm.nih.gov/pubmed/18308942
http://dx.doi.org/10.1074/jbc.M304854200
http://www.ncbi.nlm.nih.gov/pubmed/12840017
http://dx.doi.org/10.1016/j.ccr.2007.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17418410
http://dx.doi.org/10.1101/gad.1399906
http://www.ncbi.nlm.nih.gov/pubmed/16510872
http://dx.doi.org/10.1074/jbc.M700534200
http://www.ncbi.nlm.nih.gov/pubmed/17360716
http://dx.doi.org/10.1074/jbc.C600120200
http://www.ncbi.nlm.nih.gov/pubmed/16926163
http://dx.doi.org/10.1186/1478-811X-8-18
http://www.ncbi.nlm.nih.gov/pubmed/20637101
http://dx.doi.org/10.1089/ars.2012.5019
http://www.ncbi.nlm.nih.gov/pubmed/23621582
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Energy Metabolism and Stem Cell Fate 
	Totipotent Stem Cells 
	ESCs 
	iPSCs 

	Mesenchymal Stem Cells (MSCs) 
	Lineage-Specific Stem Cells 
	Hematopoietic Stem Cell (HSCs) 
	Neural Stem Cells (NSCs) 

	Hypoxia, Energy Metabolism and Stem Cell Fate 
	Conclusions 

