
Mitochondria as signaling organelles control mammalian stem 
cell fate

Ram Prosad Chakrabarty1, Navdeep S. Chandel1,*

1Department of Medicine, Biochemistry and Molecular Genetics, Northwestern University 
Feinberg School of Medicine, Chicago, Illinois 60611, USA.

Abstract

Recent evidence supports the notion that mitochondrial metabolism is necessary for stem cell fate. 

Historically, mitochondrial metabolism is linked to the production of ATP and TCA cycle 

metabolites to support stem cell survival and growth, respectively. However, it is now clear that 

beyond these canonical roles, mitochondria as signaling organelles dictate stem cell fate and 

function. In this review, we focus on key conceptual ideas on how mitochondria control 

mammalian stem cell fate and function through ROS generation, NAD+/NADH ratio regulation, 

pyruvate metabolism, TCA cycle metabolite production, and mitochondrial dynamics.

eTOC statement:

There is a growing appreciation that beyond the canonical roles of producing ATP and 

biosynthetic intermediates, mitochondria as signaling organelles can dictate stem cell fate and 

function. Here we discuss multiple mechanisms by which mitochondrial metabolism controls 

mammalian stem cell fate.
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Introduction

Stem cells undergo cell division to maintain the stem cell pool as well as differentiate into 

progenitor populations to generate and maintain tissue homeostasis. Many adult stem cells 

are in a quiescent state (Cheung and Rando, 2013). These different cellular fates of stem 

cells are accompanied by changes in their metabolism (Chandel et al., 2016; Intlekofer and 

Finley, 2019; Ito and Suda, 2014). Stem cells reside in different niches with unique nutrient 

availability that also is reflected in alterations of their metabolism. Traditionally, metabolism 
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was thought to accompany changes in stem cell fate to support the differential metabolic 

needs of stem, progenitor, or differentiated cells. However, multiple studies in the past 

decade have demonstrated that changes in metabolism can dictate stem cell fate and function 

analogous to how transcriptional networks control stem cell fate (Bahat and Gross, 2019; 

Somasundaram et al., 2020). This has led to the appreciation that stem cell metabolism could 

be targeted to regenerate adult tissues after injury or rejuvenate tissues during normal aging.

In this review, we highlight what is known about the mechanisms by which mitochondria 

control mammalian stem cell fate. The review is not meant to be an exhaustive review of the 

literature on stem cell metabolism but to highlight key advances on how mitochondrial 

metabolism linked to reactive oxygen species (ROS) production, the ratio of oxidized to 

reduced nicotinamide adenine dinucleotide (NAD+/NADH ratio), pyruvate metabolism, 

tricarboxylic acid (TCA) cycle metabolite generation, as well as mitochondrial dynamics 

dictates mouse and human stem cell fate in vivo and maintenance of the pluripotent state of 

mouse and human stem cells.

Multiple functions of mitochondria

Mitochondrial metabolism supports cell survival and cell proliferation, as well as dictates 

different cellular states (Chandel, 2015). The canonical historical function ascribed to 

mitochondria as the “powerhouse of the cell” is the generation of adenosine triphosphate 

(ATP) by oxidative phosphorylation (OXPHOS), i.e., catabolism (Figure 1). An equally 

important function is to support anabolism through the production of TCA cycle metabolites 

such as citrate and oxaloacetate that generate macromolecules such as lipids and nucleotides, 

respectively (Figure 1). Oxidative TCA cycle function is linked to a functional electron 

transport chain (ETC). However, the TCA cycle can continue to generate metabolites by 

reductive mechanisms when ETC is impaired primarily by using pyruvate carboxylase (PC) 

to generate oxaloacetate from pyruvate for aspartate production and glutamine-dependent 

reductive carboxylation for citrate synthesis. The ETC complex III is also necessary for 

dihydroorotate dehydrogenase (DHODH) activity, a key rate-limiting enzyme in de novo 
pyrimidine synthesis (Sykes, 2018). It is important to note that both glycolytic and TCA 

cycle flux produce metabolites to fulfill anabolic demands (DeBerardinis and Chandel, 

2020).

The third function of mitochondrial metabolism that emerged in the past two decades is that 

the release of disparate signaling moieties controls cell fate and function (Figure 2) 

(Martínez-Reyes and Chandel, 2020). Standard signaling pathways often involve post-

translational modifications of amino acids within proteins, including phosphorylation, 

acetylation, and oxidation that require mitochondrial ATP, acetyl-CoA, and ROS, 

respectively (Baksh and Finley, 2020; Trefely et al., 2020). Mitochondria can release 

cytochrome c to initiate caspase-dependent cell death and mitochondrial DNA (mtDNA) to 

initiate multiple inflammatory cascades (Liu et al., 1996; West and Shadel, 2017). 

Mitochondria also serve as major regulators of free calcium (Ca2+), controlling various 

Ca2+-dependent signaling cascades and transcriptional networks (Raffaello et al., 2016). 

Mitochondrial outer membrane serves as a physical platform for different signaling 

complexes, such as mitochondrial antiviral signaling protein (MAVS) dependent innate 
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immune responses and Bcl-2 (B cell lymphoma-2) dependent apoptosis (Tan and Finkel, 

2020). Mitochondrial shape and dynamics also can serve as an important input in 

determining cell fate and function (Chen and Chan, 2017; Khacho and Slack, 2018). An 

emerging concept is that mitochondrial crosstalk with endoplasmic reticulum (ER) and 

lysosomes can regulate cell fate and function (Deus et al., 2020). Mitochondrial quality 

control by lysosomes also dictates stem cell fate and is covered in another review article in 

this issue. A key point is that alterations in mitochondrial function precede changes in 

transcription that are deterministic for stem cell fate (Bahat and Gross, 2019). Thus, 

mitochondria are signaling organelles, and we conceptually highlight this aspect of 

mitochondrial metabolism as a key node in control of stem cell fate and function.

Reappraisal of mitochondria in stem cells

The resurgence of metabolism in the 21st century is linked to observations made by Otto 

Warburg in the 1920s that tumor slices take up glucose and secrete lactate in the presence of 

ample oxygen (aerobic glycolysis, or “The Warburg Effect”). Indeed, multiple studies 

reported that stem cells display the Warburg Effect (Intlekofer and Finley, 2019; Simsek et 

al., 2010). Moreover, hypoxiainducible factors (HIFs) that are known to be transcriptional 

activators of glycolysis were demonstrated to control stem cell fate (Krock et al., 2015; 

Mazumdar et al., 2010; Mohyeldin et al., 2010; Simsek et al., 2010; Takubo et al., 2010; 

Takubo et al., 2013). The use of dyes such as MitoTracker Green (MTG) to assess 

mitochondrial content in hematopoietic stem cells (HSCs) led to the conclusion that 

mitochondrial content declines during the transition from HSCs to multipotent progenitors 

(MPPs) (Filippi and Ghaffari, 2019). These studies led to the simplistic idea that glycolysis 

is the dominant metabolic phenotype that controls stem cell fate. However, recent studies 

have questioned the use of MTG as an appropriate dye to assess mitochondrial content since 

HSCs harbor xenobiotic efflux pumps that actively exclude MTG (de Almeida et al., 2017; 

Norddahl et al., 2011). The addition of verapamil, an inhibitor of efflux pumps, increased 

MTG staining in HSCs more than downstream progenitor hematopoietic populations (de 

Almeida et al., 2017; Norddahl et al., 2011). These results are corroborated by measuring 

mitochondrial versus nuclear DNA content (de Almeida et al., 2017). Competitive 

transplantation experiments revealed that HSCs in MTG-high fraction after verapamil 

treatment displayed long-term repopulation activity (de Almeida et al., 2017). Mice 

harboring mito-Dendra2, a fluorescent protein fused to the mitochondrial targeting signal of 

subunit VIII of cytochrome c oxidase as another measurement of mitochondrial content, in 

hematopoietic lineages displayed higher mito-Dendra2 fluorescent signal in HSCs compared 

to MPPs, and competitive transplantation assays revealed that HSCs with high fluorescent 

mito-Dendra2 signal possess long-term repopulation activity (de Almeida et al., 2017). 

Furthermore, pluripotent and adult quiescent stem cells that depend on glycolysis for ATP 

generation usually have abundant fully functional mitochondria (Schell et al., 2017; Varum 

et al., 2011; Wang et al., 2009; Wang et al., 2017; Zhang et al., 2011). Also, human 

pluripotent stem cells (hPSCs) exhibit similar oxygen consumption rates as differentiated 

cells (Varum et al., 2011; Zhang et al., 2011). Importantly, in the past few years, genetic 

studies in mice have demonstrated that mitochondrial ETC function, Ptpmt1 (PTEN-like 

mitochondrial phosphatase 1), pyruvate or fatty acid oxidation, and mitochondrial dynamics 
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(fission/fusion) control stem cell fate in vivo (Ansó et al., 2017; Flores et al., 2017; 

Hamanaka et al., 2013; Ito et al., 2012; Kasahara et al., 2013; Khacho et al., 2016; Miranda 

et al., 2018; Prieto et al., 2016; Rodríguez-Colman et al., 2017; Schell et al., 2017; Son et al., 

2013; Yu et al., 2013; Zhong et al., 2019). Thus, stem cells integrate distinct metabolites 

generated by both glycolysis and mitochondrial metabolism to regulate their fate and 

function (Bahat and Gross, 2019).

Embryonic development and adult tissue homeostasis and repair rely on the stem cell 

populations that undergo self-renewal and give rise to cells of different lineages. Declines in 

stem cell populations have been characteristic of aging and many degenerative diseases. Not 

surprisingly, mitochondrial dysfunctions have also been associated with these phenotypes 

(Gorman et al., 2016; Kauppila et al., 2017). For instance, mtDNA polymerase gamma 

(POLG) mutator mice, which carry proof-reading deficient POLG, accumulate mtDNA 

mutations and result in dysfunctions of different stem and progenitor cells, including 

hematopoietic progenitor cells (HPCs), neural stem cells (NSCs), and intestinal stem cells 

(ISCs) (Ahlqvist et al., 2012; Chen et al., 2009; Fox et al., 2012; Norddahl et al., 2011). 

Collectively, these studies highlight the importance of mitochondria in controlling stem cell 

fate and function in a variety of contexts.

Mitochondrial ROS regulate stem cell fate

Reactive oxygen species (ROS) refer to oxygen-containing free radicals or compounds that 

are more reactive than molecular oxygen. There are four main forms of intracellular ROS: 

superoxide radical anion (O2
−), hydroxyl radical (•OH), hydrogen peroxide (H2O2), and 

lipid hydroperoxides (LOOH). Mitochondrial ETC complex I and III, as well as cytosolic 

membrane-bound NADPH (reduced nicotinamide adenine dinucleotide phosphate) oxidases 

(NOXs), are major sites of O2− generation (Figure 3a) (Murphy, 2009; Wong et al., 2017). 

Immediately upon generation, O2
− is reduced to more stable H2O2 by the action of 

superoxide dismutase 2 (SOD2) in the mitochondrial matrix and superoxide dismutase 1 

(SOD1) in the mitochondrial intermembrane space and cytosol. H2O2 serves as a signaling 

molecule by directly oxidizing specific sulfur-containing amino acids (i.e., cysteine and 

methionine) that are critical for the functions, stability, and subcellular localization of a 

protein (Tan and Suda, 2018; Winterbourn, 2018). Such oxidations are usually reversible by 

the action of antioxidants. Peroxiredoxins are the main detoxifiers of H2O2 to water (H2O) 

(Winterbourn, 2018). H2O2 can also generate •OH in the presence of ferrous iron (Fe2+). 

Polyunsaturated fatty acids (PUFAs) react with •OH to produce LOOH that can initiate 

ferroptosis (Stockwell and Jiang, 2020; Zheng and Conrad, 2020). Glutathione peroxidase 4 

(GPX4) and ferroptosis suppressor protein 1 (FSP1) dependent reduction of ubiquinone (Q) 

to ubiquinol (QH2) can detoxify LOOH (Stockwell and Jiang, 2020; Zheng and Conrad, 

2020). The expression of the antioxidant genes is regulated by different transcription factors, 

including forkhead box protein O (FOXO) family members and nuclear factor (erythroid-

derived 2)-like 2 (NRF2), to prevent the increase of ROS to levels that would be damaging to 

stem cells (Liang and Ghaffari, 2018; Tan and Suda, 2018). Here, we specifically review the 

role of mitochondrial ROS in the regulation of stem cell fate.
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A general theme with respect to mitochondrial ROS mediated regulation of mammalian 

pluripotent stem cells (PSCs) is that induced pluripotent stem cells (iPSCs), and embryonic 

stem cells (ESCs) have low levels of endogenous ROS to maintain genome integrity, which 

increases and is necessary for differentiation into different lineages (Tan and Suda, 2018). Of 

note, pluripotent stem cells (PSCs), which can give rise to cells of all three germ layers, can 

be isolated from inner cell mass (ICM) of preimplantation epiblast (embryonic stem cells 

(ESCs)) or the early post-implantation epiblast (epiblast stem cells (EpiSCs)). Also, PSCs 

can be generated from somatic cells by expressing pluripotency-associated transcription 

factors (induced PSCs, iPSCs). Pluripotent stem cells can exist in cultures in two different 

states: naive and primed (a more developmentally committed state), which primarily 

depends on cell culture conditions instead of the cell of origin (Weinberger et al., 2016). 

Naive and primed PSCs usually share molecular signatures with cells of the ICM and early 

post-implantation epiblasts, respectively (Martello and Smith, 2014). Inhibition of 

mitochondrial respiratory chain or depolarization of mitochondrial membrane potential 

(MMP) prevents PSC differentiation but maintains pluripotency (Mandal et al., 2011). 

Mutations in mtDNA increase mitochondrial H2O2 production and decrease iPSC 

reprogramming efficiency and self-renewal capacity (Hämäläinen et al., 2015). The addition 

of mitochondria-targeted ubiquinone (MitoQ), which decreases mitochondrial H2O2 

production, rescues these defects (Hämäläinen et al., 2015). However, the addition of MitoQ 

causes toxicity to wild-type iPSCs and neural stem cells (NSCs) (Hämäläinen et al., 2015). 

Together these results indicate that a low basal level of mitochondrial H2O2 is necessary to 

maintain the viability of PSCs, and an increase in mitochondrial H2O2 triggers loss of 

stemness and is necessary for differentiation.

Mitochondrial ROS has also been implicated as a critical regulator of quiescence, activation, 

proliferation, differentiation, and exhaustion of adult stem cells (Liang and Ghaffari, 2018; 

Tan and Suda, 2018). Quiescent, self-renewing adult stem cells usually maintain a low basal 

level of ROS, which moderately increases during commitment, proliferation, and 

differentiation (Liang and Ghaffari, 2018; Tan and Suda, 2018). HSCs with the lowest ROS 

levels have the highest self-renewal potential (Jang and Sharkis, 2007). FOXO family 

transcription factors activate the expression of different antioxidant genes to keep the ROS 

levels low in adult stem cells (Ito and Suda, 2014). FOXO3 deficient or FOXO1/3/4 deficient 

murine NSCs and neural progenitor cells (NPCs) exhibit rapid proliferation and increase in 

brain size immediately after birth, followed by a precipitous decline in the self-renewal 

capacity and the number of both NSCs and NPCs (Paik et al., 2009; Renault et al., 2009). 

Murine HSCs and skeletal muscle stem cells (MuSCs) or “satellite cells” show a similar 

requirement of FOXO3 for the maintenance of self-renewal capacity (Gopinath et al., 2014; 

Miyamoto et al., 2007; Miyamoto et al., 2008; Tothova et al., 2007). It is important to note 

that beyond regulating oxidative stress, FOXOs regulate mitochondrial oxidative metabolism 

(Rimmelé et al., 2015). A unifying concept emerging is that a low level of mitochondrial 

ROS is required for adult stem cell self-renewal and quiescence, and an increase in 

mitochondrial H2O2 production is necessary for normal stem cell proliferation and 

differentiation (Figure 3b). By contrast, aberrantly high mitochondrial H2O2 levels trigger 

stem cell exhaustion. For instance, loss of mitochondrial carrier homolog 2 (MTCH2) 

triggers an increase in mitochondrial mass, ATP, and ROS levels and promotes entry of 
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hematopoietic stem and progenitor cells (HSPCs) into the cell cycle (Maryanovich et al., 

2012; Maryanovich et al., 2015). Multiple other studies have shown that the low basal level 

of ROS is essential for maintaining the self-renewal capacity of different adult stem cells, 

including spermatogonial stem cells, NSCs, and airway basal stem cells (Le Belle et al., 

2011; Morimoto et al., 2013; Paul et al., 2014). It is unknown what factors control the 

production of mitochondrial ETC generated ROS in stem cells. One clue comes from the 

observation that HSCs require mitochondrial fatty acid oxidation (FAO) for HSC 

maintenance and function (Ito et al., 2012). FAO might provide electrons to ETC through 

NADH and dihydroflavine-adenine dinucleotide (FADH2) to generate ROS for HSC fate and 

function.

A moderate physiological increase in mitochondrial H2O2 level is necessary for the 

commitment, proliferation, and differentiation of different adult stem cells, including HSCs, 

keratinocyte stem cells, airway basal stem cells, MuSCs, NSCs, and mesenchymal stem cells 

(MSCs) (Bhattacharya and Scimè, 2020; Hamanaka et al., 2013; Juntilla et al., 2010; 

Khacho et al., 2016; Paul et al., 2014; Tormos et al., 2011). Decreased mitochondrial H2O2 

levels in AKT1/2 double deficient HSCs cause increased quiescence and defects in 

differentiation, which can be rescued by pharmacologically increasing mitochondrial H2O2 

levels in those cells (Juntilla et al., 2010). Increased mitochondrial H2O2 induces 

differentiation of murine HSCs primarily through modulating the activities of p38 MAPK 

and FOXO family of transcription factors. Besides, an increase in mitochondrial H2O2 levels 

is necessary for HSC homing and initial proliferation after transplantation into lethally 

irradiated mice, indicating that ROS might be essential for HSC homing in the bone marrow 

microenvironment (Golan et al., 2012).

Excessive ROS accumulation leads to loss of quiescence and stem cell exhaustion, as well as 

senescence and apoptosis of the stem cells (Tan and Suda, 2018). For instance, an increase in 

ROS levels due to loss of FOXO3 results in loss of HSC quiescence (Miyamoto et al., 2007; 

Tothova et al., 2007). Similarly, increased ROS levels in ATM-deficient mice cause HSC 

exhaustion by activating the p38-MAPK pathway, which can be reversed by prolonged 

treatment with an antioxidant or a p38-MAPK inhibitor (Ito et al., 2004). The 

microenvironment of stem cells can also maintain the balance of ROS between quiescence 

and differentiation (Itkin et al., 2016; Ludin et al., 2012; Taniguchi Ishikawa et al., 2012). 

For example, a rare population of α-smooth muscle actin (α-SMA) expressing monocytes 

and macrophages in bone marrow has been found to protect HSPCs under steady-state 

conditions and sublethal irradiation-induced stress (Ludin et al., 2012). α-SMA+ monocytes 

and macrophages express cyclooxygenase 2 (COX2) at a high level, and COX2-derived 

prostaglandin E2 (PGE2) decreases ROS generation through inhibition of protein kinase Akt 

in HSCs (Ludin et al., 2012). Of note, HSPCs with a low ROS level are usually quiescent 

and have superior long-term repopulation ability, whereas HSPCs with a high level of ROS 

have short term repopulation ability and exhibit a bias toward myeloid differentiation. PGE2 

also augments the expression of chemokines CXCR4 on HSPCs and CXCL12 in nearby 

stromal cells, and CXCR4-CXCL2 interaction is essential for HSC quiescence (Ludin et al., 

2012). Another study shows that connexin-43 (Cx43), a connexin constituent of gap 

junctions (GJs) expressed in HSCs, protects HSCs from oxidative stress-induced senescence 

by transferring ROS from HSCs to stromal cells (Taniguchi Ishikawa et al., 2012). Also, the 
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low oxygen tension of the microenvironment helps keep the ROS level in HSC low. For 

instance, perisinusoidal bone marrow regions contain less permeable arterial blood vessels, 

which help maintain ROS levels low in murine quiescent HSCs (Itkin et al., 2016). On the 

other hand, more permeable sinusoids increase ROS levels and induce activation, migration, 

and differentiation of HSPCs (Itkin et al., 2016). Therefore, cells must prevent aberrant ROS 

levels in the stem cells to protect their self-renewal capacity and function. It is likely that 

LOOH is the major toxic ROS in stem cells. But this needs to be validated with genetic 

interventions that prevent the generation of LOOH. Going forward, the details of how H2O2 

or other ROS specifically targets pathways to maintain stem cell fate and function needs to 

be elucidated.

Regulation of stem cell fate by TCA cycle metabolites

Stem cell identity and functions, like other cells, are determined primarily by the gene 

expression profiles. In eukaryotic cells, gene transcriptions are controlled through 

sophisticated coordination between transcription factors and chromatin remodelers and 

modifiers (Dai et al., 2020). DNA and distinct histone methylations often promote the self-

renewal capacity of adult stem cells, whereas demethylation results in stem cell activation, 

proliferation, and differentiation (Beerman and Rossi, 2015). Different TCA cycle 

metabolites are the substrates of many chromatin-modifying enzymes and can regulate gene 

expression by controlling chromatin modifications (Figure 4) (Martínez-Reyes and Chandel, 

2020; Schvartzman et al., 2018). For instance, histone acetylation, an active chromatin 

modification, is catalyzed by histone acetyltransferases (HAT) and requires acetyl-CoA as 

the substrate. Similarly, DNA and histone methylations and demethylations are also 

associated with gene expression regulation. The Jumonji C domain-containing ten-eleven 

translocation (TET) enzymes involved in the reversal of cytosine methylation through 

stepwise oxidation, and histone demethylases (KDMs) are α-ketoglutarate (α-KG) 

dependent dioxygenases and key regulators of stem cell fate and function (Avgustinova and 

Benitah, 2016; Ly et al., 2020). Besides, being structurally similar to α-KG, succinate, 

fumarate, and 2-hydroxyglutarate (both D- and L- isoforms) can competitively inhibit TETs 

and KDMs and thereby regulate gene expression (Chowdhury et al., 2011; Schvartzman et 

al., 2018; Xu et al., 2011). Furthermore, mitochondrial one-carbon metabolism contributes 

to the cellular pool of S-adenosylmethionine (SAM) that is necessary for histone and DNA 

methylation (Dai et al., 2020). Similarly, RNA N6-methyladenosine methylation and 

demethylation, which regulates gene expression post-transcriptionally, can be regulated by 

SAM and α-KG, respectively (Yue et al., 2015). Here, we focus on the role of two TCA 

cycle intermediates, acetyl-CoA, and α-KG, in the regulation of mammalian embryonic and 

adult stem cell fate.

Cytosolic acetyl-CoA required for histone acetylation is generated by ATP citrate lyase 

(ACLY) and acyl-CoA synthetase short-chain family member 2 (ACSS2) that use citrate and 

acetate as substrates, respectively (Dai et al., 2020; Wellen et al., 2009). Mouse and human 

PSCs have open chromatin structure characterized by DNA hypomethylation, abundant 

active histone modifications (e.g., H3 and H4 acetylation, H3K4 trimethylations, etc.), and 

low heterochromatin (Gaspar-Maia et al., 2011). To maintain this unique chromatin state, 

PSCs have distinct metabolic requirements compared to differentiated cells. For instance, 
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PSCs require high acetyl-CoA levels for maintaining enriched histone acetylation marks and 

pluripotency and self-renewal capacity (Moussaieff et al., 2015; Wang et al., 2009). 

However, the sources of acetyl-CoA differ between hPSCs and mouse ESCs (mESCs). In 

mESCs, glucose and threonine catabolism contribute to high acetyl-CoA levels (Shyh-Chang 

et al., 2013; Wang et al., 2009). Of note, threonine catabolism generates acetyl-CoA and 

glycine in mitochondria, and mESCs critically depend on this process (Shyh-Chang et al., 

2013). On the other hand, hPSCs lack threonine dehydrogenase (TDH) enzyme, and acetyl-

CoA is primarily produced from glucose-derived pyruvate (Moussaieff et al., 2015). In 

hPSCs, mitochondrial acetyl-CoA is exported to cytosol in the form of citrate (Moussaieff et 

al., 2015). Citrate is then converted back into acetyl-CoA by ACLY enzyme and is necessary 

for H3K9/K27 acetylation (Moussaieff et al., 2015). By contrast, during early differentiation 

of hPSCs, glycolysis-derived acetyl-CoA is not exported to the cytosol via citrate and is 

associated with a loss of H3K9/K27 acetylation marks (Moussaieff et al., 2015). 

Importantly, treatment with acetate, a precursor of acetyl-CoA, increases H3K9/K27 

acetylation marks and delays early differentiation in hPSCs and mESCs, indicating that 

decline in acetyl-CoA levels drives the early differentiation in PSCs, possibly through 

reducing histone acetylation marks and thereby making chromatin less accessible 

(Moussaieff et al., 2015). Conversely, acetyl-CoA generated by ACLY in adult stem cells is 

necessary for differentiation in part through histone acetylation mediated regulation of gene 

expression (Das et al., 2017; Zhou et al., 2019). Thus, TCA cycle generated acetyl-CoA 

controls stemness of mESCs and hPSCs and differentiation of adult stem cells.

DNA and histone methylations are driven by SAM as the methyl donor. Naive hPSCs 

control SAM levels to regulate H3K4 trimethylation, characteristic marks of active 

chromatin (Shiraki et al., 2014). However, SAM is maintained at a low level in naive hPSCs 

to keep the repressive H3K27 trimethylation marks at low levels as well (Sperber et al., 

2015). Nicotinamide N-methyltransferase (NNMT) enzyme, which consumes SAM, is 

upregulated in hPSCs and necessary for maintaining SAM and H3K27 trimethylation marks 

at low levels (Sperber et al., 2015). Knockdown of NNMT increases SAM level and H3K27 

trimethylation marks, activates HIF, represses Wnt signaling, and induces a switch from 

naive to primed state (Sperber et al., 2015). On the other hand, KDMs and TETs use α-KG 

as a substrate. α-KG has differential effects on the fate of naive and primed mammalian 

PSCs. Naive mESCs generally maintain high levels of α-KG through both glutamine and 

glucose catabolism (Carey et al., 2015). Naive mESCs exhibit elevated α-KG/succinate ratio 

and DNA and histone hypomethylation to maintain a highly accessible genome. Although 

glutamine is dispensable for naive PSC culture, naive mESCs cultured in glutamine-free 

media show reduced α-KG levels, and increases in total trimethylations, and a decrease in 

total monomethylations on H3K9, H3K27, H3K36, and H4K20 residues (Carey et al., 2015; 

Vardhana et al., 2019). Importantly, treatment with cell-permeable dimethyl α-KG (DMKG) 

reverses the increases in the H3K27 and H4K20 trimethylation marks in the mESCs, 

confirming that the increases in trimethylations are actually caused by a decline in α-KG 

levels in the cells (Carey et al., 2015). Furthermore, during spontaneous differentiation of 

naive mESCs, α-KG level declines, and DMKG treatment delays the differentiation possibly 

by slowing down repression of pluripotency factor expression through activating DNA and 

histone demethylation at their loci (Carey et al., 2015). DMKG has also been shown to 
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promote mESC pluripotency and self-renewal capacity. Cellular α-KG levels are regulated 

by the phosphoserine aminotransferase 1 (Psat1) enzyme in naive mESCs to maintain 

pluripotency (Hwang et al., 2016). The expression of Psat1 is regulated by core pluripotency 

factors Oct4, Sox2, and Nanog. Psat1 is an enzyme of de novo serine synthesis pathway that 

couples the conversion of 3-phosphohydroxy-pyruvate and glutamate to 3-phosphoserine 

and α-KG. In contrast, increasing the α-KG levels promotes differentiation of primed 

hPSCs and mouse EpiSCs (mEpiSCs), whereas inhibition of α-KG production from 

glutamine delays primed hPSC differentiation (TeSlaa et al., 2016). Furthermore, succinate 

accumulation and thereby, decrease in α-KG/succinate ratio induced by pharmacological 

inhibition or genetic knockdown of succinate dehydrogenase A (SDHA) delays primed 

hPSC differentiation (TeSlaa et al., 2016). This effect can be rescued by DMKG treatment, 

which increases the α-KG/succinate ratio. It also appears that an increase or decrease in α-

KG/succinate ratio regulates primed PSC fate through activating or inhibiting TET and 

KDM enzymes, respectively (TeSlaa et al., 2016).

Self-renewing adult stem cells often reside in hypoxic niches and are usually glycolytic 

(Mohyeldin et al., 2010). Hypoxia decreases mitochondrial ETC function, causing an 

increase in L-2-hydroxyglutarate (L-2-HG) and succinate accumulation (Intlekofer et al., 

2015; Oldham et al., 2015). As a result, high succinate/α-KG or high L-2-HG/α-KG ratio 

might help maintain the self-renewal capacity of adult stem cells by suppressing DNA 

demethylation through inhibiting TET and KDM enzymes. By contrast, elevated OXPHOS, 

as observed in activated adult stem cells, usually increases α-KG levels and decreases 

succinate or L-2-HG levels leading to histone and DNA demethylation, thus enabling stem 

cell activation, proliferation, and differentiation. A key question not fully understood in the 

field is how changes in these metabolites (acetyl-CoA, aKG, succinate, fumarate, and L- or 

D-2HG) modify specific histone acetylation and methylation marks, and DNA methylation 

marks at specific loci to modulate gene expression necessary to determine stem cell fate.

NAD+/NADH ratio regulates the stem cell fate and function

TCA cycle generates reducing equivalents NADH and FADH2 that are subsequently 

oxidized into NAD+ and FAD by ETC complex I and II, respectively, to fuel OXPHOS 

(Chandel, 2015). Thus, mitochondria can act as critical regulators of cellular NAD+/NADH 

ratio that can dictate the fate and function of different cell types, including stem cells. PSCs 

and adult stem cell fate and function can be regulated by sirtuins, a class of NAD+ dependent 

deacylases that remove various acyl groups (e.g., acetyl, succinyl, malonyl, glutaryl, or long-

chain acyl groups) from different proteins (Fang et al., 2019). There are seven sirtuins 

(SIRT1 to SIRT7) in mammals, and they reside in specific subcellular locations (Fang et al., 

2019). SIRT1 and SIRT2 can reside in the nucleus or cytoplasm, whereas SIRT6 and SIRT7 

are nuclear proteins (Fang et al., 2019). SIRT3, SIRT4, and SIRT5 are found in the 

mitochondrial matrix (Fang et al., 2019). Both mESCs and hPSCs have elevated SIRT1 

protein level, which declines during differentiation (Saunders et al., 2010; Williams et al., 

2016; Zhang et al., 2014). SIRT1 maintains naive mESC pluripotency (Williams et al., 2016; 

Zhang et al., 2014). Both SIRT2 and SIRT6 are necessary for proper lineage commitment of 

PSCs (Cha et al., 2017; Etchegaray et al., 2015; Si et al., 2013). However, to date, it is not 
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clear whether changes in mitochondrial NAD+/NADH ratio control these nuclear SIRTs to 

regulate stem cell fate.

Mitochondrial complex I has the ability to regenerate NAD+ and thereby regulates SIRT3 

dependent acetylation of proteins in the mitochondrial matrix (Karamanlidis et al., 2013). 

HSCs are enriched in SIRT3 (Brown et al., 2013). SIRT3 expression reduces with age, and 

SIRT3 loss in aged mice reduces the HSC pool and compromises HSC self-renewal upon 

serial transplantation stress (Brown et al., 2013). Furthermore, SIRT3 overexpression 

reduces oxidative stress and rescues functional defects in aged HSCs (Brown et al., 2013). 

Similarly, MuSCs in aged mice exhibit mitochondrial dysfunction and low NAD+ levels 

(Zhang et al., 2016). Treatment with nicotinamide riboside (NR), a precursor of NAD+, 

improves mitochondrial function in MuSCs, protects them from senescence, increases their 

number, and improves muscle regeneration capacity (Zhang et al., 2016). NR treatment also 

protects NSCs and melanocyte stem cells from senescence (Zhang et al., 2016). However, 

the beneficial effect of NR treatment disappears in mice lacking SIRT1 in MuSCs, indicating 

the necessity of SIRT1 for this process (Zhang et al., 2016). Activation of quiescent MuSCs 

is accompanied by a switch from FAO to glycolysis, resulting in a decrease in cellular NAD+ 

levels and SIRT1 activity (Ryall et al., 2015). Deletion of the deacetylase domain of SIRT1 

in mice leads to premature MuSC differentiation and impairs muscle regeneration (Ryall et 

al., 2015). It is important to note that total NAD+ levels in part are controlled by NAMPT 

(nicotinamide phosphoribosyltransferase), the rate-limiting enzyme of the NAD+ salvage 

pathway, which declines with age in multiple tissues, including the mouse hippocampus 

(Stein and Imai, 2014). Deletion of NAMPT in adult neural stem and progenitor cells 

reduces their ability of self-renewal, proliferation, and oligodendrocyte generation, which 

can be rescued by nicotinamide mononucleotide (NMN; a precursor of NAD+) 

supplementation (Stein and Imai, 2014). These studies highlight that NAD+ is a key 

regulator of stem cell fate during the normal aging process.

One direct link of how mitochondrial NAD+/NADH ratio could impact stem cell function is 

through the generation of L-2-HG. Mitochondrial ETC impairment, acidity, or hypoxia 

decreases NAD+ regeneration, resulting in a decrease in NAD+/NADH ratio, and triggers an 

increase in L-2-HG level. Unlike D-2-HG, an oncometabolite produced by mutant isocitrate 

dehydrogenases (IDH1/2), lactate dehydrogenases (LDHA, LDHC), and cytosolic and 

mitochondrial malate dehydrogenases (MDH1 and MDH2, respectively) can use α-KG as a 

promiscuous substrate and NADH as a coenzyme to generate L-2-HG (Intlekofer et al., 

2017; Nadtochiy et al., 2016; Teng et al., 2016). Being structurally similar to α-KG, L-2-HG 

can competitively inhibit α-KG dependent dioxygenases, including Jumonji C domain-

containing KDMs and TETs. Since α-KG can dictate stem cell fate and function through 

regulating histone and DNA methylations, L-2-HG might also be a key regulator of stem cell 

biology. Loss of the mitochondrial ETC complex III subunit Rieske iron-sulfur protein 

(RISP) in fetal mouse HSCs increases NADH/NAD+ ratio and triggers L-2-HG levels to 

impair their differentiation into MPPs without affecting their ability to self-renew, resulting 

in embryonic lethality (Ansó et al., 2017). Loss of RISP in adult mouse HSCs disrupts their 

quiescence and causes severe pancytopenia and lethality (Ansó et al., 2017). HSCs deficient 

in RISP display DNA and histone hypermethylation as well as histone hypoacetylation 

(Ansó et al., 2017). Interestingly, loss of mitochondrial complex III function in 
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oncogenically transformed HSCs decreases proliferation and tumor progression, thus 

highlighting differential mitochondria dependent proliferative pathways between normal 

HSCs and oncogenic transformed HSCs (Martínez-Reyes et al., 2020). Collectively, these 

studies indicate that mitochondrial complex III is dispensable for the proliferation of HSCs 

but a dominant regulator of HSC differentiation and quiescence. It is not known whether the 

elevated L-2-HG impairs differentiation or loss of quiescence through epigenetic 

modifications.

Pyruvate metabolism dictates stem cell fate and function

Pyruvate can have two primary fates: reduction into lactate in the cytosol and oxidation 

through the TCA cycle in mitochondria. Pyruvate metabolism has been shown to regulate 

the fate and function of both PSCs and adult stem cells. In culture, pluripotent, self-renewing 

stem cells are usually glycolytic, whereas a switch from cytosolic pyruvate reduction to 

mitochondrial pyruvate oxidation occurs during differentiation (Figure 5). Uncoupling 

protein 2 (UCP2), which shunts glucose-derived pyruvate away from mitochondria, is 

elevated in hPSCs and repressed during differentiation (Zhang et al., 2011). Also, UCP2 

overexpression impairs hPSC differentiation (Zhang et al., 2011). Pyruvate dehydrogenase 

(PDH) activity, which oxidizes pyruvate into acetyl-CoA, is low in hPSCs. Also, during 

somatic cell reprogramming into iPSCs, a switch from OXPHOS to glycolysis occurs, and 

consequently, blocking glycolysis impairs reprogramming (Folmes et al., 2011). Similarly, 

quiescent HSCs display high glycolytic activity, as evidenced by high Fructose 1,6-

bisphosphate and pyruvate levels and low phosphoenolpyruvate levels (Takubo et al., 2013). 

PDK2/4 expression, which inhibits mitochondrial pyruvate oxidation into acetyl-CoA by 

pyruvate dehydrogenase (PDH) in the mitochondrial matrix and thereby promotes 

glycolysis, is also elevated in quiescent HSCs (Takubo et al., 2013). HIF, which promotes 

glycolysis by upregulating PDK2/4 expression, has been shown to be essential for 

maintaining quiescence and reconstitution capacity of HSCs in transplantation assay 

(Takubo et al., 2010). Another study also shows the necessity of aryl hydrocarbon receptor 

nuclear translocator (ARNT), the HIF-α dimerization partner, and HIF-α for the HSC 

survival and homeostasis (Krock et al., 2015). However, other studies have reported the 

dispensability of HIF for HSC quiescence and reconstitution capacity (Guitart et al., 2013; 

Vukovic et al., 2016). By contrast, mitochondrial OXPHOS is essential for HSC 

differentiation into different blood cells but not for HSC maintenance (Ansó et al., 2017; Yu 

et al., 2013). It remains unknown why diminished PDH activity is necessary for HSC 

quiescence. Does low PDH activity decrease acetylation or ROS production to maintain 

quiescence? A recent study shows that primed HSCs characterized by a high MMP uptake 

more glucose and exhibit both increased glucose consumption and mitochondrial respiration 

compared to quiescent HSCs characterized by a low MMP (Liang et al., 2020). The study 

also shows that glucose consumption and mitochondrial pyruvate transport are necessary for 

the survival of primed HSCs, but not quiescent HSCs (Liang et al., 2020).

Mouse intestinal stem cells (ISCs) exhibit a reduced level of MPC1/2 expression (Schell et 

al., 2017). MPC1/2 encode mitochondrial pyruvate carrier (MPC) (Bricker et al., 2012; 

Herzig et al., 2012). MPC resides in the mitochondrial inner membrane and is necessary for 

transporting glucose-derived pyruvate from the cytosol into the mitochondrial matrix, where 
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it gets oxidized by PDH to acetyl Co-A. In differentiated cells, MPC1 expression increases 

(Schell et al., 2017). MPC1 overexpression or substituting glucose with galactose to 

decrease glycolytic flux impairs leucine-rich repeat-containing G protein-coupled receptor 5 

(Lgr5) expression and promotes differentiation (Schell et al., 2017). By contrast, loss of 

MPC1 in Lgr5+ ISCs promotes maintenance and proliferation of murine ISCs both in vivo 
and in vitro and delays ISC differentiation in vitro through mechanisms that are not fully 

understood (Schell et al., 2017). Loss of MPC1 forces these cells to use FAO (Schell et al., 

2017). It is not fully understood how the loss of pyruvate oxidation increases the ISC pool. It 

could be due to controlling the production of mitochondrial acetyl-CoA that affects histone 

acetylation. Conversely, promoting mitochondrial pyruvate oxidation increases ISC 

differentiation through mtROS mediated p38 MAPK activation (Rodríguez-Colman et al., 

2017). Blocking glycolysis and promoting OXPHOS by substituting glucose with galactose 

in the media promotes ISC differentiation and mid-gut organoid formation (Rodríguez-

Colman et al., 2017). By contrast, impairing ETC function pharmacologically or treatment 

with mtROS scavengers impairs the mid-gut organoid forming capacity of ISCs (Rodríguez-

Colman et al., 2017). An interesting observation is that Paneth cells in the intestinal crypt, 

which are usually glycolytic, supply lactate as a source of pyruvate for ISCs, which is 

necessary for mid-gut organoid formation (Rodríguez-Colman et al., 2017).

An exciting observation with a potential clinical application of manipulating pyruvate 

metabolism comes from the observation that genetic deletion of MPC1 or LDHA promotes 

or impairs, respectively, hair follicle stem cells (HFSCs) activation (Flores et al., 2017). 

MPC1 or LDHA loss increases or decreases, respectively, lactate production (Flores et al., 

2017). Topical treatment of resting mouse epidermis during a resting phase of the hair cycle 

(when HFSCs are quiescent) with different ETC inhibitors to increase lactate production 

results in activation of HFSCs and hair cycle (Miranda et al., 2018). Hair cycle in aged mice 

is usually protracted. However, topical treatment with ETC inhibitors or MPC inhibitors in 

aged mice increases the lactate pools and makes the hair cycle similar to that of younger 

mice (Miranda et al., 2018). Mechanisms underlying how an increase in lactate production 

stimulates HFSCs remain unknown. LDHA dependent generation of lactate due to MPC or 

ETC inhibition is linked to the cytosolic conversion of NADH to NAD+ accompanied by 

changes in pH. Lactate can directly modify histones to regulate gene expression in 

macrophages, while an elevation in intracellular pH promotes non-enzymatic β-catenin 

acetylation downstream of Wnt signaling in the tailbud (Oginuma et al., 2020; Zhang et al., 

2019). Changes in NAD+/NADH ratio, as discussed above, can also control gene expression. 

It is not clear whether an increase in lactate, changes in NAD+/NADH ratio, or a decrease in 

mitochondrial pyruvate oxidation is the essential step in regulating HFSC activation. It is 

unlikely that pyruvate as a metabolite directly functions as a modulator of stem cell fate.

Mitochondrial dynamics regulate stem cell fate

Mitochondria are highly dynamic organelles that continuously change their morphology 

through opposing membrane fission and fusion processes (Friedman and Nunnari, 2014). 

Mitochondrial fission is mediated by DRP1 (dynamin-related protein 1), a large GTPase. 

DRP1 is a cytosolic protein that, upon activation, is recruited on the mitochondrial 

membrane in collaboration with accessory proteins such as mitochondrial fission factor 
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(MFF), mitochondrial fission protein 1 (FIS1), and mitochondrial elongation factor 1 and 2 

(Mief1/MiD51, and Mief2/Mid49). On the other hand, mitochondrial fusion is mediated by 

three large GTPases- MFN1 (mitofusin 1), MFN2 (mitofusin 2), and OPA1 (optic atrophy 

1). MFN1 and MFN2 are localized on the mitochondrial outer membrane, whereas OPA1 is 

localized on the mitochondrial inner membrane. PSCs usually contain fragmented, globular 

mitochondria, whereas their differentiated counterparts contain elongated, tubular 

mitochondria (Chen and Chan, 2017). By contrast, mitochondrial fission is necessary for the 

commitment and differentiation of NSCs and Lgr5+ crypt-based columnar cells (CBCs) 

(Khacho et al., 2016; Ludikhuize et al., 2020).

Naive mESCs in vitro display fragmented and perinuclear mitochondrial morphology, while 

the primed pluripotent state represented by mEpiSC have elongated mitochondria (Zhou et 

al., 2012). Mitochondrial fission is necessary for the reprogramming of somatic cells into 

pluripotent stem cells (iPSCs) (Friedman and Nunnari, 2014; Prieto et al., 2016; Son et al., 

2013). For instance, mouse embryonic fibroblasts (MEFs) usually have tubular 

mitochondrial morphology, whereas expression of Yamanaka factors (OCT4, SOX2, KLF4, 

and MYC (OSKM)) in MEFs induces mitochondrial fragmentation during early 

reprogramming (Prieto et al., 2016). Inhibition of DRP1 function by RNA interference or 

overexpression of the dominant-negative DRP1K38A impairs OSKM induced mitochondrial 

fission and significantly reduces the number of pluripotent alkaline peroxidase (AP) positive 

colonies (Prieto et al., 2016). Of note, mitochondrial fragmentation decreases during the 

later stage of reprogramming, and mitochondria in cells regain tubular morphology (Prieto et 

al., 2016). Similarly, DRP1 and REX1 (reduced expression 1), which promotes DRP1 

phosphorylation and mitochondrial fission, are essential for maintaining pluripotency and 

self-renewal capacity of hPSCs (Son et al., 2013). Knockdown of DRP1 or REX1 induces a 

change in mitochondrial morphology from globular to complex elongated network and 

promotes differentiation (Son et al., 2013). REX1 is also essential for reprogramming of 

somatic cells into iPSCs, and overexpression of REX1 enhances reprogramming efficiency 

(Son et al., 2013).

A balance between mitochondrial fusion and fission is also essential for maintaining the full 

pluripotency and developmental potential of iPSCs (Zhong et al., 2019). Of note, iPSCs can 

have two pluripotent states- full and partial. Fully pluripotent iPSCs maintain a balance 

between mitochondrial fission and fusion, form embryoid bodies (EB) efficiently, and 

develop into live pups by tetraploid complementation (Zhong et al., 2019). On the other 

hand, partially pluripotent iPSCs exhibit upregulation of fission promoting proteins (e.g., 

DRP1, FIS1, and MFF), are less efficient in EB formation, and do not produce live pups by 

tetraploid complementation (Zhong et al., 2019). The levels of DRP1, FIS1, and MFF 

proteins decrease during EB differentiation (Zhong et al., 2019). Disruption of mitochondrial 

dynamics by forced activation of fission through overexpression of MFF protein in fully 

pluripotent mESCs and iPSCs affects their in vivo development and impairs their self-

renewal capacity and neuronal differentiation potential (Zhong et al., 2019). By contrast, 

inhibition of excess fission by MFF knockdown in partially pluripotent iPSCs restores their 

EB formation capacity and neuronal differentiation potential (Zhong et al., 2019). A key 

question not fully understood in the field is how changes in fusion and fission in mESCs or 

iPSCs alter metabolites or ROS production to determine stem cell fate.
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Quiescent, non-transplanted murine HSCs usually contain evenly dispersed, small, motile, 

immature mitochondria with low mitochondrial membrane potential (MMP) and exhibit 

high regenerative potential (Hinge et al., 2020). By contrast, transplanted HSCs, which have 

undergone consecutive cell divisions, usually accumulate elongated and swollen 

mitochondria with irregular cristae and high MMP through asymmetric segregation and have 

high ROS levels and low regenerative potential (Hinge et al., 2020). However, the 

mitochondria in transplanted HSCs fail to maintain MMP under stress (Hinge et al., 2020). 

Genetic ablation of DRP1 in quiescent non-transplanted murine HSCs does not affect their 

quiescence but results in mitochondrial aggregation and reduced motility, as well as reduced 

reconstitution potential upon transplantation (Hinge et al., 2020). This finding indicates that 

mitochondrial fission is necessary to maintain mitochondrial morphology and regenerative 

potential of HSCs. Asymmetric segregation of lysosomes, a crucial organelle for mitophagy, 

also plays an important role in maintaining mitochondrial morphology and regenerative 

potential of HSCs (Liang et al., 2020). The findings also suggest that the accumulation of 

defective mitochondria with elevated ROS levels might be responsible for the accumulation 

of DNA damage in HSCs following stress-induced proliferation. Accumulation of defective 

mitochondria through asymmetric cell division may also underlie HSC aging and clonal 

hematopoiesis.

Mitochondrial fusion appears to be essential for the differentiation of stem cells. For 

instance, MFN2 knockdown impairs the differentiation of human iPSCs into cortical 

neurons, while MFN2 overexpression improves mitochondrial respiration and promotes this 

process (Fang et al., 2016). Similarly, loss of MFN1/2 in the mouse embryonic heart and 

loss of MFN2/OPA1 in mESCs impair cardiac development and mESC differentiation into 

cardiomyocytes, respectively (Kasahara et al., 2013). The defects result from Ca2+/

calcineurin-dependent activation of Notch1 signaling (Kasahara et al., 2013). One caution in 

the interpretation of these studies is that MFN2 and OPA1, in contrast to MFN1, have other 

roles beyond controlling fusion. MFN2 and OPA1 regulate tethering to ER and cristae 

remodeling, respectively (Giacomello et al., 2020). Loss of MFN1, which exclusively 

controls fusion, does not show an overt phenotype compared to the loss of MFN2 or OPA1 

in similar biological contexts. For example, MFN2, independent of its role in fusion, 

facilitate tethering of mitochondria to the ER, which is necessary for maintaining HSCs with 

long-term lymphoid potential by buffering Ca2+ to preclude aberrant activation of the Ca2+/

calcineurin dependent NFAT (nuclear factor of activated T cells) activity (Luchsinger et al., 

2016).

The effect of mitochondrial fission and fusion on the fate of NSCs and LRG5+ crypt-based 

CBCs is divergent compared to mESCs or iPSCs. Mitochondrial fission regulates neuronal 

development (Khacho et al., 2016). At mid-neurogenesis, uncommitted stem cells in the 

ventricular zone (VZ) that contain NSCs usually have elongated mitochondria, whereas 

committed NPCs contain fragmented mitochondria (Khacho et al., 2016). The change in 

morphology is also associated with a physiological, moderate increase in ROS levels 

(Khacho et al., 2016). Similarly, deletion of OPA1 or MFN1/2 in uncommitted NSCs 

induces excessive mitochondrial fragmentation and a physiological increase in ROS levels, 

which, through NRF2 mediated retrograde signaling, suppresses self-renewal as evidenced 

by decreased neurosphere formation and promote differentiation (Khacho et al., 2016). 
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Importantly, treatment with ROS scavengers rescues the defect in neurosphere formation in 

OPA1 deficient cells. On the other hand, loss of DRP1 in uncommitted NSCs causes 

mitochondrial elongation, decreases mtROS levels, and promotes NSC self-renewal capacity, 

as evidenced by a modest increase in neurosphere numbers (Khacho et al., 2016). Of note, 

such acute disruptions of mitochondrial dynamics do not result in a detectable change in 

mitochondrial ATP levels, suggesting that the effects mentioned above are not the result of 

ATP level change (Khacho et al., 2016). The mechanisms underlying the increase in ROS 

production by fission is not fully understood. Differentiation of LRG5+ CBCs into Paneth 

and Goblet cells requires mitochondrial fission (Ludikhuize et al., 2020). FOXOs maintain 

mitochondrial function in LRG5+ CBCs, and their loss triggers fission and induces 

differentiation (Ludikhuize et al., 2020). It would be of interest to know whether 

downregulation of FOXOs or manipulating fission triggers changes in TCA cycle 

metabolites that could impact epigenetics resulting in differentiation. Thus, mitochondrial 

dynamics are regulators of stem cell fate though the underlying mechanisms are not fully 

understood.

Recent studies have also suggested important roles of mitochondrial clearance in dictating 

stem cell fate. For instance, ATG5-independent noncanonical autophagy, which reduces 

mtDNA content and induces lactate formation, has been shown to be necessary for iPSC 

reprogramming, especially during_the early stage (Ma et al., 2015). Similarly, autophagy is 

necessary for the maintenance of stemness and regenerative capacity of HSCs by clearing 

mitochondria (Ho et al., 2017). Induction of mitophagy, a special form of autophagy that 

usually clears damaged mitochondria, promotes the self-renewing expansion of murine and 

human HSCs that are atop the HSC hierarchy and preferentially undergo symmetric cell 

division (Ito et al., 2016; Vannini et al., 2016). Importantly, inhibition of mitophagy through 

siRNA-mediated knockdown of Parkin 2 abrogates their self-renewing expansion and 

maintenance (Ito et al., 2016). However, Parkin 2 deficient murine HSCs display normal 

function in transplantation experiments suggesting possible off-target effects of Parkin 2 

siRNAs (Ho et al., 2017). These findings indicate that the basal autophagy machinery but 

not the stress-induced Parkin 2 dependent mitophagy is likely important for mitochondrial 

turnover. Asymmetric sorting of aged and young mitochondria during cell division also 

plays an important role in regulating stem cell fates. For instance, daughter cells that receive 

more young mitochondria during asymmetric division of human mammary stemlike cells 

usually maintain stem cell properties, whereas daughter cells that receive more old 

mitochondria undergo differentiation (Katajisto et al., 2015). The age-dependent segregation 

of mitochondria depends on normal mitochondrial quality-control mechanisms, such as 

fission and mitophagy (Katajisto et al., 2015).

Conclusion

Historically, a combination of transcription factors, chromatin-modifying factors, and 

signaling pathways are the key players in regulating stem cell fate and function. In the past 

two decades, changes in metabolism have also been shown to be dominant inputs in 

controlling stem cell fate and function. Mitochondrial TCA cycle metabolism and ETC 

function have emerged as key inputs in regulating stem cell fate. To date, in vitro studies 

have shown that carbons from glucose and glutamine are necessary to generate TCA cycle 
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intermediates. However, a caveat is that these studies are done in media that is not 

physiologic, and thus studies in vitro using human or mouse plasma-like media might come 

to a different conclusion about what are the sources of carbon fuels for the production of 

TCA cycle intermediates. For example, lactate is devoid in most cell culture media, but 

human and mouse plasma levels are in the low mM levels (Cantor et al., 2017). Moreover, 

the carbon fuels that are necessary to maintain stem cell quiescence or sustain differentiated 

phenotype in vivo is not fully understood. Although it is clear that mitochondria regulate 

stem cell fate and function in vitro and in vivo in multiple contexts, the specific mechanisms 

by which changes in mitochondrial TCA cycle metabolism and ETC function drive stem cell 

fate is missing. Understanding these mechanisms could provide therapeutic potential in the 

rejuvenation of tissues during normal aging or a particular disease (Navarro Negredo et al., 

2020).
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Figure 1: Mitochondria as bioenergetic and biosynthetic organelles support stem cell survival 
and growth.
Glucose and multiple other substrates (e.g., fatty acids, glutamine) feed into the TCA cycle 

that generates biosynthetic intermediates and reducing equivalents, such as NADH and 

FADH2. Mitochondrial one-carbon metabolism (1CM) also provides biosynthetic 

intermediates. The intermediate substrates are used for the synthesis of macromolecules, 

such as lipids and nucleotides, and reducing equivalents fuel ATP generation by oxidative 

phosphorylation, which support stem cell survival and growth.
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Figure 2: Mitochondria as signaling organelles regulate stem cell fate and function.
Mitochondria generate ROS and different metabolites that can act as cellular signals to 

control stem cell maintenance, commitment into progenitor populations, and differentiation 

into different cell types. (SC: Stem Cell; PC: Progenitor Cell; DC: Differentiated Cell)
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Figure 3: Reactive oxygen species regulate stem cell fate and function.
(3a) Mitochondrial ETC and cytosolic NOX are two major sites of superoxide radical (O2

−) 

generation in a cell. Mitochondrial complex I generates O2
− only in the mitochondrial 

matrix, whereas complex III generates O2
− both in the matrix and intermembrane space. 

Immediately after generation, O2
− gets converted into more stable and membrane-permeable 

hydrogen peroxide (H2O2) by superoxide dismutase (SOD2 in the matrix and SOD1 in the 

intermembrane space and cytosol). Mitochondrial O2
− can also exit the mitochondria 

through voltage-dependent anion channels (VDAC) and get converted into H2O2 in the 

cytosol. H2O2 can oxidize specific sulfur-containing amino acids, primarily cysteine, of 

redox-sensitive proteins that are critical for stem cell fate and function and thereby control 

their functions, stability, and subcellular localization. Excess H2O2 can also generate 

hydroxyl radical (•OH) through Fenton reaction, which is coupled with Fe2+ oxidation. •OH 

can oxidize polyunsaturated fatty acids (PUFA) and generate lipid hydroperoxide that can 

induce cell death by ferroptosis. As excess ROS is toxic, cells have different ROS 

scavengers, such as peroxiredoxins (PRX) and glutathione peroxidases (GPX), as well, to 
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maintain ROS homeostasis. (MOM: mitochondrial outer membrane; IM: intermembrane 

space; MIM: mitochondrial inner membrane)

(3b) Stem cells require a low basal level of ROS for the maintenance of self-renewal 

capacity. FOXO proteins help maintain low ROS levels by activating the expression of 

different ROS scavengers. A moderate physiological increase in ROS level is necessary for 

commitment to progenitor cells and differentiation into different cell types. However, excess 

ROS accumulation leads to stem cell exhaustion. (SC: Stem Cell, PC: Progenitor Cell, DC: 

Differentiated Cell)
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Figure 4: TCA cycle metabolites and NAD+/NADH ratio regulate stem cell fate and function 
through chromatin modifications.
Citrate derived acetyl-CoA is a substrate for histone acetyltransferase (HAT). Sirtuins, which 

are NAD+ dependent histone deacetylases, can remove histone acetyl marks. Mitochondria 

is a key regulator of the cellular NAD+/NADH ratio that regulates the activities of sirtuins. 

Similarly, mitochondrial one-carbon metabolism (1CM) contributes to the production of S-

adenosyl methionine (SAM), which is a substrate for histone and DNA methyltransferases 

(KMTs, and DNMTs, respectively). Also, Jumonji C domain-containing ten-eleven 

translocation (TET) enzymes involved in the reversal of cytosine methylation and histone 

demethylases (KDMs) require α-KG, and these enzymes can be competitively inhibited by 

succinate, fumarate, and L-2-HG.
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Figure 5: Pyruvate metabolism regulates stem cell fate and function.
Stem cells usually reduce glucose-derived pyruvate into lactate in the cytosol, whereas 

differentiated cells oxidize pyruvate through TCA cycle. In contrast to differentiated cells, 

stem cells have low levels of mitochondrial pyruvate carriers (MPC) that transports pyruvate 

from the cytosol into the mitochondria, and increased levels of uncoupling protein 2 (UCP2) 

that shunts away pyruvate from mitochondria into the cytosol, and pyruvate dehydrogenase 

kinases (PDKs) that inhibit pyruvate to acetyl-CoA conversion in the mitochondria. Stem 

cells also produce less H2O2 compared to their differentiated counterparts.

Chakrabarty and Chandel Page 31

Cell Stem Cell. Author manuscript; available in PMC 2022 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	eTOC statement:
	Introduction
	Multiple functions of mitochondria
	Reappraisal of mitochondria in stem cells
	Mitochondrial ROS regulate stem cell fate
	Regulation of stem cell fate by TCA cycle metabolites
	NAD+/NADH ratio regulates the stem cell fate and function
	Pyruvate metabolism dictates stem cell fate and function
	Mitochondrial dynamics regulate stem cell fate
	Conclusion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:

