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Abstract: Energy metabolism regulates the proliferation of stem cells by regulating energy
production and the production of substrates through biosynthetic pathways. It is an important
target for cell regulation and stem cell applications, and is crucial for determining the pluripotency
and cell fate of stem cells. In this context, this article focuses on reviewing the latest research
progress on the association between glucose metabolism, amino acid metabolism, fatty acid
metabolism, and mitophagy with stem cell function, elucidating how key energy metabolism
pathways affect stem cell function by regulating signal transduction and epigenetic modifications.
In this review, we discuss the key factors affecting energy metabolism and their association with
stem cell function. The integration of energy metabolism and stem cell fate regulation will open up
a new path for future regenerative medicine practices.
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1. Introduction

Cellular metabolism includes various biochemical processes such as glucose metabolism, fatty
acid metabolism, amino acid metabolism, and mitophagy, which are closely related to signal
transduction [1]. Cellular metabolism not only provides energy for cell growth and proliferation, but
also regulates cell fate through transcriptional and epigenetic regulatory mechanisms, thereby
affecting cell survival, proliferation, and stem cell function [2]. Stem cells can maintain an
undifferentiated state, possess self-renewal potential and pluripotency [3]. Research has found that
energy metabolism is crucial for maintaining stem cell homeostasis and regulating biological
activities, and stem cells can also maintain metabolic homeostasis through various mechanisms [4].

Glucose metabolism is considered to be the core process of energy metabolism in stem cells,
which has a significant impact on the survival, proliferation and self-renewal of stem cells [5]. Unlike
other types of cells, most stem cells rely mainly on glycolysis to obtain the required energy [6]. The
self-renewal of stem cells are highly dependent on amino acid metabolism, including threonine
metabolism, carbon metabolism, methionine metabolism, glutamine metabolism, and L-proline
metabolism [7]. Mitophagy is an important regulatory factor for metabolic homeostasis and a
necessary condition for alleviating stem cell stress [8]. In addition, fatty acid metabolism is also crucial
for the pluripotency of stem cells [9,10].

In this article, we summarize the latest research progress on the correlation between glucose
metabolism, amino acid metabolism, fatty acid metabolism, and mitophagy with stem cell function,
and discuss in detail how nutritional sensors promote the transformation of stem cell fate. The
regulatory mechanism of stem cells is very complex. We rely on the dynamic changes in metabolism
to study the signaling regulatory pathways of stem cells, which will help regulate the self-renewal
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and lineage specific differentiation of stem cells through energy metabolism, providing new
theoretical and empirical support for the development of regenerative medicine.

2. Glucose Metabolism Determines the Fate and Function of Stem Cells

Research has shown that glucose metabolism has a significant impact on the survival,
proliferation, self-renewal, and differentiation potential of stem cells [11]. Glucose metabolism
mainly involves oxidative phosphorylation (OXPHOS), glycolysis, pentose phosphate pathway
(PPP), etc. OXPHOS and Glycolysis are the main sources of ATP in stem cells [12]. PPP and Glycolysis
produce precursors for nucleotide and amino acid biosynthesis, thereby promoting rapid stem cell
proliferation [13]. We will discuss the relationship between glucose metabolism and stem cell
function, describe the metabolic transition mechanism from somatic cell reprogramming to induced
pluripotent stem cells (iPSCs), and the mechanism of action of hypoxia inducible factors (HIF) in stem
cells (Figure 1).

A B

O; (5%)\ @@ Enhanced pluripotent state ( ZCL | :

' \ UOZ(ZO%) Glucose © —
4 = WG

/ Glucose-6-phosphate
\ Oct4 l
\ l Nanog «—

~ Son/ 7 Pyruvate
o HIF20/HIF3q
Lactate

Glycolysis ] OXPHOS

Induced Pluripotent Stem Cell TCL1 Promotes Somatic Reprogramming

® N ®
e ®® Ve | 1
PGC-1/ ERRs ROS TRX1 ? TCL1 TRAIL

/ 4

© — OXPHOS burst ~—— AKT

Increase in glycolysis
Decrease in oxidative phosphorylation

Reprogramming to pluripotency Py
<4 @)
OQ / — (o o “;
OXPHOS Glycolysis ] .
Somatic cells iPS cells



https://doi.org/10.20944/preprints202405.0923.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2024 d0i:10.20944/preprints202405.0923.v1

Figure 1. Glucose metabolism transformation and its molecular correlation during reprogramming
process. (A) Hypoxia plays an important role in the production of iPSCs, and the stable increase of
HIF2a and HIF3a in the expression of transcription factors. Knock down HIF-2 a or HIF-3¢, resulting
in a decrease in the expression of Oct4, Nanog, and Sox2. (B) The TCL1 induced by Klf4 adopts a dual
pathway mechanism. Klf4 upregulates the expression of TCL1 and activates the AKT pathway to
enhance glycolysis during reprogramming. TCL1 inhibits mitochondrial biogenesis and OXPHOS by
inhibiting mitochondrial polynucleoside phosphorylase (PnPase). (C) In the early stages of
reprogramming, the OXPHOS outbreak caused a sharp increase in ROS production, and the increase
in ROS activity was induced by NRF2 to increase HIF1 levels. NRF2 activates HIF1a through TRX1,
and HIF2a upregulates the expression of TNF related apoptosis inducing ligand (TRAIL) in the late
stage of reprogramming, inhibiting reprogramming.

2.1. Oxidative Phosphorylation

Research has found that mitochondria in pluripotent stem cells (PSCs) are in a hyperactive state,
and OXPHOS is the main production mode of PSCs. OXPHOS coupled with the hexosamine
biosynthesis pathway (HBP) regulates self-renewal of PSCs through aminoglycosylation of
pluripotent factors [14]. OXPHOS maintains bioenergy homeostasis by connecting to the tricarboxylic
acid (TCA) cycle pathway, which is a metabolite of the TCA cycle, such as acetyl CoA, a-
Ketoglutarate (a-KG), nicotinamide adenine dinucleotide (NAD), and S-adenosylmethionine (SAM)
can diffuse through nuclear pores and play important roles in regulating epigenetics and
transcription [15]. Phosphate serine aminotransferase 1 (Psatl) is a target protein associated with the
pluripotent factor Oct4/Sox2/Nanog. Psatl can maintain intracellular a-KG levels and is crucial for
the self-renewal and pluripotency of embryonic stem cells (ESCs) [16]. TCA cycle enzymes such as
pyruvate dehydrogenase (PDH), pyruvate carboxylase (PCB), aconitase (ACO), and isocitrate
dehydrogenase 3 (IDH3A) play a crucial role in pluripotency regulation [17]. Uncoupling protein 2
(UCP2) is a mitochondrial inner membrane transport protein, and the expression of UCP2 in PSCs
maintains low levels of reactive oxygen species (ROS) produced by OXPHOS [18]. In addition, the
reprogramming process is accompanied by a significant decrease in mitochondrial quantity, mtDNA
copy number, and mitochondrial density. Mitochondria degenerate from a slender tubular
morphology rich in cristae to a spherical structure lacking cristae [19]. Due to the fact that
mitochondrial cristae are the main site of OXPHQOS, the reduction of cristae facilitates the transition
of OXPHOS to Glycolysis metabolism [20]. At present, our understanding of OXPHOS regulating the
fate and function of stem cells is limited, but it is meaningful for OXPHOS to serve as a target for
stem cell therapy in the future.

2.2. Glycolysis

Although glycolysis has a lower efficiency in producing ATP compared to OXPHOS, stem cells
rely more on glycolysis. Glycolysis can quickly provide a large amount of ATP to meet the needs of
stem cell life activities [21]. Glycolysis can produce a large number of metabolic precursors, preparing
for the subsequent biogenesis of nucleic acids, amino acids, and fatty acids [19]. Compared with ESCs,
iPSCs exhibit a high metabolic flux similar to cancer cells, known as the Warburg effect, which can
be established by reducing the activity and expression of the key subunit (3-F1-ATPase of
mitochondrial ATP synthase [22,23]. The high metabolic flux of Glycolysis is a common feature of
many stem cells, and ESCs achieve high metabolic flux of glycolysis by regulating key glycolytic
enzymes such as hexokinase 2 (HK2) and pyruvate kinase 2 (PKM2) [24]. The high metabolic flux of
Glycolysis can enhance the levels of Acetyl-CoA and lactate, thereby enhancing H3K27Ac acetylation
and H3K18la lactate at pluripotent gene loci and promoting somatic reprogramming [25].

The core pluripotent factors Oct4, Sox2, and Nanog coordinate the regulation of Glycolysis and
participate in somatic reprogramming [26]. The core pluripotent factor Oct4 can directly regulate the
promoter activity of HK2 and PKM2 in ESCs, thereby regulating Glycolysis to maintain stem cell
characteristics [24]. In the early stages of reprogramming, upregulation of Glycolysis leads to
epigenetic changes in iPSCs [4]. The metabolic transition of iPSCs from OXPHOS to glycolysis occurs
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prior to the expression of pluripotent markers. The expression of glycolysis related genes GLUT,
HK2, PKM2, and lactate dehydrogenase A (LDHA) significantly increases during the first week of
reprogramming, while the expression of pluripotent genes Nanog, Oct4, and Sox2 remains at low
levels [27,28]. The transcription factor Glis1 directly binds and opens the chromatin of the Glycolysis
gene, upregulating Glycolysis to promote pluripotency induction [29]. PDK1 is a key factor in the
association between Glycolysis and the TCA cycle. It has been reported that using PDKI1 to inhibit
PDH activity can increase Glycolysis levels, thereby improving the reprogramming efficiency of
iPSCs [19]. PDK1 activator PS48 can prevent pyruvate from entering the TCA cycle, induce metabolic
transition, and improve reprogramming efficiency [30]. In addition, miR-31 is a type of non-coding
small RNA that participates in metabolic regulation during reprogramming by inhibiting succinate
dehydrogenase complex subunit A (SDHA) [31]. Therefore, Glycolysis is a key factor in somatic
reprogramming, and glucose metabolism is the switch that determines stem cell self-renewal.

2.3. Metabolic Changes during Somatic Reprogramming

The key events in the process of somatic reprogramming mainly include the inhibition of somatic
genes, activation of pluripotent genes, mesenchymal epithelial transition (MET), and metabolic
transition from OXPHOS to Glycolysis [32]. After the introduction of reprogramming factors in the
early stages of reprogramming, estrogen related nuclear receptors (ERRa/ERRy) andperoxisome
proliferator-activated receptor-gamma coactivator-la (PGC-1a) were instantaneously upregulated,
inducing transient high-energy metabolism, mainly including transient bursts of OXPHOS and
glycolysis, which are necessary for reprogramming somatic cells into iPSCs [33]. The transcription
factor NRF2 protects cells from oxidative stress during reprogramming, and overexpression or
knockdown of NRF2 reduces reprogramming efficiency [34]. This outbreak in the early stages of
reprogramming resulted in a surge in ROS production, mediating an increase in NRF2 activity, which
can promote metabolic transition by activating hypoxia inducible factor 1 (HIF1) [35].

The transcription regulatory factor HIF1 can participate in gene transcription of stem cell
metabolism, and the hypoxic environment provided by HIF1 is necessary for stem cell survival,
maintenance of redox homeostasis, and pluripotency (Figure 2) [36]. Under hypoxic conditions, HIF1
upregulates Glycolysis by encoding glucose transporter protein (GLUT), phosphofructose kinase
(PFK), aldolase (ALDOA), phosphoglycerate kinase-1 (PGK1), enolase (ENO), pyruvate
dehydrogenase kinase 1 (PDK1), and LDHA [37]. The upregulation of HIF1 leads to an increase in
PDK1 expression, which in turn inactivates the PDH complex, maintaining the high glycolytic
metabolism of ESCs [38]. During the reprogramming process, HIF1 controls the transcription of many
target genes to initiate metabolic changes. HIF1 upregulates the transcriptional regulatory enzymes
of Glycolysis genes such as HK2, PKM2, and LDHA, shifting the metabolic mode from OXPHOS to
Glycolysis and improving reprogramming efficiency [39]. In addition, the transcription regulatory
factor c-Myc can significantly upregulate the expression levels of Glycolysis and OXPHOS related
enzymes, and c-Myc and HIF1 cooperate to induce metabolic transition during iPSCs reprogramming
[40]. The PI3K/AKT signaling pathway regulates glucose metabolism by stabilizing HIF1, but further
research is needed to determine to what extent the PI3K/AKT signaling pathway is involved in HIF1
dependent hypoxia induced glucose metabolism [41]. Considering that HIF1 maintains high
glycolytic flux in the later stages of reprogramming, early induction of HIF1 stabilizers and related
glycolytic modulators may help establish pluripotency and have the potential for efficient production
of iPSCs [42]. In the early stage of reprogramming, the transcription regulatory factor HIF2«
promotes the expression of pluripotent markers Oct4, Sox2, and Nanog, regulates Wnt/p-catenin
signaling, and improves reprogramming efficiency by inhibiting p53 [43]. HIF2a upregulates the
expression of tumor necrosis factor related apoptosis inducing ligand (TRAIL) in the late stage of
reprogramming, and TRAIL inhibits the generation of iPSCs by inhibiting the activity of apoptotic
caspase3 [44].
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Figure 2. Amino acid metabolism regulates stem cell homeostasis. (A)The folate cycle and
methionine cycle play important roles in stem cell homeostasis. (B) Amino acid metabolism involves
thyroid metabolism, One-C metabolism, metabolic cycle, glutamine metabolism, and L-Pro
metabolism, playing important roles in various processes of stem cells.

Regarding metabolic changes during reprogramming, T cell leukemia/lymphoma protein 1
(TCL1) is a downstream effector of the pluripotent gene Klf4. Klf4 enhances glycolysis by
upregulating TCL1 expression, while TCL1 inhibits mitochondrial biogenesis and OXPHOS by
inhibiting mitochondrial polynucleoside phosphorylase (PnPase) (Figure 1) [45]. TCL1 promotes the
transition from OXPHOS to Glycolysis in an AKT dependent manner, thereby improving
reprogramming efficiency [46]. The circadian rhythm gene 1 (CRY1) is crucial for regulating
biological rhythms. The metabolic transformation of iPSCs leads to the accumulation of CRY1, which
can maintain the metabolic characteristics, self-renewal ability, and improve reprogramming
efficiency of iPSCs [47]. Signal Transduction and Transcription Activating Factor 3 (STAT3), as a
signaling transcription protein, can regulate cell proliferation and survival. The metabolic transition
of iPSCs can be activated by STAT3, which plays a crucial role in the maintenance of pluripotency
and somatic reprogramming of ESCs [48]. RNA binding protein LIN28 is an important regulatory
factor in the reprogramming process, which can promote the metabolic transition from immature
state to initiating pluripotent state, maintain low mitochondrial function, and regulate One-C
metabolism, nucleotide metabolism, etc. [49]. Considering the role of LIN28 and STAT3 in regulating
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energy metabolism, it is meaningful to study their interaction in the process of reprogramming
metabolic transition.

3. Amino Acid (AA) Metabolism Regulates Stem Cell Function

Amino acid metabolism is closely related to epigenetics, organelle remodeling, and cellular
signal transduction pathways, and can participate in regulating the pluripotency of stem cells [50].
The self-renewal of stem cells is highly dependent on AA metabolism, including threonine
metabolism, One-C metabolism, methionine cycle, glutamine metabolism, and L-Pro metabolism,
indicating that AA metabolism is essential for the growth of stem cells (Figure 2) [51,52]. It is worth
noting that mESCs mainly rely on the breakdown metabolism of threonine, while hESCs achieve self-
renewal through the breakdown metabolism of methionine [53,54]. We summarize the regulation of
stem cell pluripotency, self-renewal, and somatic reprogramming by AA metabolism, and these
research findings reveal the close relationship between AA metabolism and stem cells.

3.1. Threonine Metabolism

Current research suggests that thyroid metabolism plays an important role in mESCs
pluripotency and self-renewal [52]. Wang et al. used a method of removing 20 amino acids one by
one and found that after removing threonine for 1 to 4 days, the expression level of pluripotent
marker genes decreased, and the high-throughput metabolic state of mESCs was highly dependent
on threonine metabolism [55]. Threonine mainly regulates the proliferation of mESCs through
signaling pathways such as PI3K/AKT, mTOR, MAPK, p70S6K, and 6E-BP1 [56]. Threonine
metabolism mediated by threonine dehydrogenase (TDH) is a specific metabolic trait of mESCs. As
anovel positive regulatory factor in somatic reprogramming, inducing TDH expression can improve
reprogramming efficiency [57]. Non-coding small RNA miR-9 negatively regulates the expression of
TDH after transcription, inhibiting reprogramming efficiency. Protein arginine methyltransferase
(PRMTS5) plays an important role in regulating DNA repair, cell cycle, and transcriptional regulation
processes, improving reprogramming efficiency by positively regulating TDH expression [57]. SATB
homeobox 1 (SATB1) is a tissue-specific nuclear matrix binding protein that promotes trophoblast
stem cell renewal by regulating the expression of TDH in trophoblast stem cells [53]. The driving
protein binding protein (KBP) plays an important role in neural development. TDH hydrolyzes
threonine into acetyl-CoA and glycine, resulting in acetyl-CoA acetylation of KBP. The KBP protein
further hydrolyzes, limiting the accumulation of mitochondria in mESCs to maintain their optimal
adaptability [58]. Glycine generates folate intermediates through the catalysis of glycine
decarboxylase (Gldc), enhancing One-C metabolism and promoting purine biosynthesis [59].

In addition, thyroid metabolism maintains the pluripotency of mESCs by regulating SAM levels
and histone H3 lysine 4 trimethylation (H3K4me3) [52]. The consumption of threonine or TDH leads
to a decrease in SAM consumption and H3K4me3 levels, resulting in slower stem cell growth.
Combined supplementation of glycine and pyruvate restores the supply of Acetyl CoA, rescuing
H3K4me3 levels [54]. Unlike the case of mESCs, the absence of threonine in hESCs does not
significantly affect pluripotency, as the TDH gene is a non-functional pseudogene in humans [60].
These research results indicate that thyroid metabolism is crucial for the function and reprogramming
process of mESCs, which helps us to gain a deeper understanding of signaling pathways related to
stem cell survival and pluripotency.

3.2. One-C Metabolism and Methionine Cycle

One-C metabolism is crucial for various biological processes, including methylation, nucleic acid
and amino acid synthesis, and can directly control the levels of methionine, serine, and glycine [51].
One-C metabolism is involved in regulating cell proliferation and embryonic development, and is a
universal substrate for all protein methylation reactions in cells. It mainly involves the folate cycle,
methionine cycle, and trans sulfuration cycle [12]. The folate cycle is a major contributor to amino
acid homeostasis, promoting nucleotide synthesis and demethylation of homocysteine (Hcy) to form
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methionine and SAM, thereby maintaining the methylation potential of cells [59]. In addition, folate
cycle mediated NADPH production is crucial for mitochondrial redox homeostasis and cell
proliferation [61]. Folic acid maintains the immature state of ESCs under the cultivation conditions
of GSK-3 inhibitor CHIR99021 for a long time, supporting pluripotency and reprogramming by
regulating the LIF/STAT3 and MAPK/ERK signaling pathways [62]. Transient deficiency of folic acid
promotes demethylation of Oct4 and Nanog promoters in MEF, thereby improving reprogramming
efficiency [63].

The metabolism cycle is closely related to One-C metabolism, which is crucial for redox
homeostasis, epigenetics, and self-renewal of stem cells. Methionine is catalyzed by methionine
adenosine transferase 2a (MAT2a) to form SAM, which is independent of threonine metabolism [64].
The dependence of stem cells on methionine is related to multiple mechanisms. SIRT1 is a conserved
mammalian NAD dependent protein deacetylase, and it coordinates with the transcription factor c-
Myc to regulate the expression of MAT2a, combining methionine metabolism with cellular energy
status, which is crucial in mESCs function and embryonic development [65]. PGC-1a is the main
regulator of lipid metabolism and fatty acid oxidation (FAO), and PPAR-a triggers the expression of
pluripotent reprogramming genes. Depriving cells of methionine reduces SIRT1 levels, leading to
energy metabolism disorders in PGC-1a/PPAR-a [66]. As a sensor for methionine metabolism, SAM
consumption leads to a rapid decrease in SAM, activating p53/p38 signaling and reducing Nanog
expression. SAM is closely related to the maintenance of PSC pluripotency and cell survival in
methionine metabolism [60]. Methionine metabolism maintains a multi energy network with histone
markers, and transient consumption of methionine triggers rapid metabolic changes [67]. High levels
of DNA methylation play a barrier role in somatic reprogramming, and reports suggest that SAM
exists at high levels in iPSCs. Methionine metabolism regulates the pluripotency of PSCs through
zinc mobilization [7]. SAM releases methyl groups and produces S-adenosine homocysteine (SAH).
Nicotinamide N-methyltransferase (NNMT) controls the conversion of SAM-SAH. The epigenetic
changes caused by NNMT levels inhibit the Wnt pathway and electron transport chain activity,
activate the HIF pathway and lipid synthesis, and are crucial for the metabolic transition of hESCs
[68]. Polycomb inhibition complex 2 (PRC2) is an important epigenetic modifying enzyme composed
of Suz12, EED, and EZH?2 [69]. Although it is known that NNMT regulates the substrate level of
PRC2, the factors regulating the position control of this methylation and its function in pluripotency
have not yet been determined. Although these studies emphasize the crucial role of One-C
metabolism and metabolic cycle in regulating stem cell fate determination, further research is needed
to investigate the direct relationship between them and epigenetic changes.

3.3. Glutamine Metabolism and L-Pro Metabolism

Glutamine is predicted to be a positive regulator of stem cells and the main energy source of
OXPHOS in hPSCs, which is essential for maintaining the dryness of hPSCs [70]. Glutamine is
essential for maintaining intracellular levels of glutathione and low levels of ROS, and high levels of
glutamine metabolism are crucial for preventing the degradation of the pluripotent transcription
factor Oct4 [71]. Glutamine is different from glucose and lipids. The main function of glutamine
metabolism is to produce various metabolic intermediates involved in energy supply [72].
Supplementing with glutamine and glucose can provide fuel for de novo synthesis of nucleotides [5].
Glutamine is converted to glutamic acid through glutaminase and further converted to a-KG. The
transport of glutamic acid into the cytoplasm facilitates the synthesis of glutathione and amino acids
[73]. a-KG is a substrate for histone demethylases (JHDMs) and DNA demethylation translocatases
(TETs), which affect the embryonic development of mESCs by regulating metabolism and epigenetics
[74]. Juvenile mESCs utilize glucose and glutamine catabolism to maintain high levels of a-KG, which
helps maintain low levels of H3K27me3 in cells and increases TET dependent DNA demethylation,
regulating the expression of pluripotency related genes [75]. In the early stages of somatic
reprogramming, mitochondrial permeability transition pore (mPTP) regulates the fate of stem cells
through mitochondrial metabolism. The transient opening of mPTP promotes the expression of
structurally homologous plant domain finger protein (PHF8) through the ROS/miR-101c pathway,
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which is mediated by increased PHFS8 activity driven by elevated a-KG [76]. Mitochondrial ATP
synthase is a negative regulator of mPTP [77]. Understanding the general structure and protein
components of mPTP is necessary for regulating stem cell life activities (Figure 3).
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Figure 3. The mPTP model and mitochondrial metabolism. (A) A schematic diagram of ATP
synthase structure. (B) Models of high conductance and low conductance pore formation by ATP
synthase and ANT. (C) A model of high conductivity channel formation mediated by ATP synthase.
The binding of Ca2+and cyclophilic protein D (CypD) to ATP synthase leads to the instability of the
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dimer structure. (D) Schematic diagram of the open mechanism for regulating mPTP. ERK inhibits
GSK3p activity, which promotes CyPD phosphorylation and induces mPTP opening. Phosphorylated
STATS3 inhibits mPTP opening by binding to CyPD, while CyPD acetylation induces mPTP opening.
MPTP is short-term open in the early stages of reprogramming, and is enhanced by PHF8 mediated
reprogramming. NRF2 enhances cellular antioxidant stress capacity and enhances reprogramming by
regulating HIF1a. The activation of Nf kB is beneficial for cell survival.

L-Proline, as a signaling molecule, induces embryonic stem cell to mesenchymal like transition
(esMT) in ESCs [78]. After discontinuation of L-proline or addition of ascorbic acid (Vit C), L-proline
induced esMT is completely reversible, inducing a decrease in H3K9 and H3K36 methylation levels
and promoting mesenchymal stem cell to ESCs transformation (MesT) [79]. The MAPK and
PI3K/mTOR signaling pathways stimulated by L-proline can drive the transition of mESCs to
primary exoderm like (EPL) cells [80]. The process of somatic reprogramming involves mesenchymal
to epithelial transition (MET), and VitC can promote the production of iPSCs by regulating histone
demethylases [81]. L-proline antagonizes VitC in DNA methylation and chromatin structure, but has
opposite regulatory effects on pluripotency [82]. In summary, these research findings demonstrate
the important role of amino acid metabolism in regulating stem cell fate. Future work needs to
understand and utilize the relationship between amino acid metabolism and stem cell fate, providing
insights into the mechanisms by which metabolites control stem cell fate.

4. Fatty Acid Metabolism Regulates Stem Cell Function

At present, the regulatory effects of glucose and amino acid metabolism on stem cells have been
determined, but there are few reports on the role of fatty acid metabolism in regulating stem cell
function [83]. Fatty acid metabolism is crucial for the pluripotency and proliferation of stem cells.
FAO and de novo fat synthesis (DNL) are two important processes in fatty acid metabolism, which
can maintain appropriate levels of fatty acids and promote pluripotency regulation [9,84].

4.1. Fatty Acid Oxidation

In the early stages of somatic reprogramming, a highly expressed C-terminal domain binding
protein Wdr82 in oocytes can phosphorylate RNA polymerase 1II, transferring carbon energy from
FAO to glycolysis to promote the generation of iPSCs [85]. The premature myeloid leukemia
peroxisome proliferator activated receptor o (PML-PPAR-0) pathway of FAO is used to maintain
stem cell characteristics [86]. Protein kinase C (PKC) is a family of protein kinases involved in many
signaling cascades, which can regulate the self-renewal of hPSCs [87]. Inhibiting PKC signal
transduction helps maintain the pluripotency of ESCs [88]. Carnitine palmitoyltransferase (Cptl) is a
key regulatory factor mediating FAO regulation of reprogramming. A significant increase in Cptl
during early reprogramming is necessary for FAO upregulation. FAO promotes reprogramming by
enhancing OXPHOS and inhibiting PKC [89].

4.2. De Novo Lipogenesis

Through a comprehensive analysis of the metabolic flux of hPSCs, it was found that Essential 8
(E8) medium containing lipid supplements can maintain pluripotency and enhance mitochondrial
metabolism [90]. Exogenous lipids have availability in regulating human pluripotency, and hPSCs
cultured in E8 medium capture an intermediate state of pluripotency from infancy to initiation [91].
De novo lipogenesis (DNL) is one of the main pathways for intracellular synthesis of fatty acids, and
stem cell proliferation is always accompanied by the enhancement of DNL and the accumulation of
various lipids [92]. Recent studies have shown that enhanced DNL promotes somatic reprogramming
and maintains pluripotency of ESCs by regulating mitochondrial fission, providing previously
overlooked connections between DNL, mitochondrial fission, and cellular pluripotency [93]. In
summary, the activation of fatty acid synthesis metabolism and catabolism support the production
of iPSCs through different mechanisms. How is fatty acid metabolism and other metabolism balanced
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in stem cells? Exploring this issue will provide new insights into the relationship between fatty acid
metabolism and stem cells.

5. Mitophagy Regulates Stem Cell Function

Mitophagy is an important regulatory factor for metabolic homeostasis and a necessary
condition for alleviating cellular stress [94]. Mitophagy can regulate the integrity, dynamics, and
function of mitochondpria in stem cells [95]. During the process of somatic reprogramming, mitophagy
reduces the number of mitochondria to facilitate the metabolic transition from OXPHOS to Glycolysis
[96]. We review the relationship between mitophagy and stem cell self-renewal, discuss how
mitophagy regulates stem cell fate, and focus on the role of mitophagy in somatic cell
reprogramming.

5.1. The Role of Mitophagy in Maintaining Stem Cell Characteristics

Mitophagy is the process by which cells selectively clear damaged or unwanted mitochondria
in order to survive by initiating mitophagy mechanisms, maintaining stem cell characteristics and
regenerative potential by controlling oxidative metabolism [97,98]. The initial stage of mitophagy is
inhibited by mTORC1, which integrates different upstream nutrient and stress signals and promotes
biosynthesis [94]. The AKT and MAPK signaling pathways inhibit mitophagy by activating
mTORCI, while the AMPK and p53 signaling pathways promote mitophagy by negatively regulating
mTORC1 [8]. AMPK and mTORCI kinases catalyze the phosphorylation of ULK1. The absence of
AMPK or ULKT1 leads to abnormal accumulation of p62 and impaired mitochondrial mitophagy. The
coordinated phosphorylation of ULK1 by mTORC1 and AMPK provides mechanistic insights for
signal integration [99]. Mitophagy is crucial for the pluripotency acquisition and maintenance of
mitochondrial homeostasis in mESCs [100]. MESCs exhibit high autophagic flux and are maintained
by coordinating the expression of autophagic genes of the forkhead family transcription factor
FOXO1 [101]. Mitochondrial mitophagy dependent removal of p53 can express Nanog and promote
stem cell survival [102]. Mitophagy plays a role in avoiding aging. Adipose derived mesenchymal
stem cells (ADSCs) accelerate mitochondrial mitophagy, eliminate intracellular ROS, improve
mitochondrial quality, and regulate cellular metabolic homeostasis to delay the aging process
[103,104]. In addition to maintaining stemness, mitophagy also helps establish stemness in oocytes
after fertilization [105]. In summary, mitophagy and mTOR signaling constitute a complex
mechanism that is necessary for inducing and maintaining stem cell pluripotency.

5.2. The Role of Mitophagy in Somatic Reprogramming

In the process of somatic reprogramming, the deficiency of major autophagic proteins Atg3,
Atg5, and Atg7 can eliminate the formation of iPSCs colonies [106]. On the 2nd to 3rd day of
reprogramming, mitophagy reached its peak. The transcription factor Sox2 binds to the repressor
region in the mTOR promoter and recruits NuRD complexes, promoting somatic reprogramming by
inhibiting mTOR transcription induced mitophagy [107]. Transcription factors Klf4 and c-Myc induce
mitophagy related genes, while transcription factors Oct4 and Sox2 inhibit mitophagy related genes.
The four synergistically inhibit mTORC1 during somatic reprogramming, and mitophagy promotes
reprogramming by degrading p62 [108]. The activity of mMTORC1 and mTORC2 will both decrease
during reprogramming, but only downregulation of mTORC1 is essential [109]. Inhibiting mTORC1
not only promotes mitophagy, but also helps overcome cellular reprogramming barriers and prevent
cellular aging [110]. In addition, mTORC1/PGC1 axis regulates mitochondrial mass during
reprogramming [10]. Treatment with mTOR inhibitors such as rapamycin or PP242, or mitophagy
inducer spermidine, can significantly increase the rate of iPSCs generation [111]. Studies have shown
that stimulating mTOR independent ULK1 kinase mediated mitophagy can enhance the lifespan of
iPSCs derived endothelium [112]. However, little is currently known about whether ULK complexes
contribute to other aspects of somatic reprogramming, and further research is needed.
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Mitophagy driven metabolic switches help guide stem cell bioenergy conversion [113]. The
decrease in mitochondrial count during somatic reprogramming is associated with mitophagy. iPSCs
produce new immature mitochondria during induction, which are cleared by Atg5 independent
mitophagy and promote the metabolic transition from OXPHOS to glycolysis [114]. The PINK1
dependent mitophagy pathway determines the efficiency and quality of somatic reprogramming [96].
The HIF1 target gene BNIP3L mediated mitochondrial mitophagy is crucial for mitochondrial
remodeling and maintenance of pluripotency, and knocking down BNIP3L significantly reduces
reprogramming efficiency [115]. BNIP3L/NIX dependent mitochondrial mitophagy specifically
regulates mitochondrial clearance during reprogramming, thereby achieving mitochondrial
remodeling [116,117]. These pieces of evidence suggest that the mechanism relationship between
reprogramming factors, mTOR pathways, and mitochondrial mitophagy may be more complex and
requires further research.

Mitochondrial dynamics are crucial for the pluripotency and embryonic development of stem
cells [118,119]. The fusion and fission processes can regulate mitochondrial morphology and
dynamics. Changes in mitochondrial dynamics lead to an increase in mitochondrial fission,
promoting mitochondrial mitophagy [120,121]. It has been confirmed that mitochondrial fission is
induced during reprogramming, and the fatty acid synthesis pathway promotes the formation of
iPSCs by regulating mitochondrial fission [93]. The cell cycle regulatory factor CDK1 and protein
kinase ERK phosphorylate mitochondrial motility related protein 1 (DRP1) during early
reprogramming, and DRP1 phosphorylation is associated with downregulation of MAP kinase
phosphatase Dusp6 [122]. DRP1 impairs the production of iPSCs colonies by downregulating the
pluripotency related genes Nanog and Oct4 [123]. Mitochondrial fission controlled by the ERK-DRP1
axis is a necessary step in the early stages of reprogramming, while SIRT2 regulates mitochondrial
dynamics and reprogramming through the MEK1-ERK-DRP1 and AKT1-DRP1 axes [124]. Unlike
mitochondrial fission, mitochondrial fusion is believed to inhibit mitochondrial mitophagy [125]. The
consumption of mitochondrial fusion protein (MFN) leads to the activation of Ras Raf and HIF1a, as
well as inhibition of p53/p21. Inhibition of mitochondrial fusion can promote metabolic
transformation and maintenance of pluripotency in the early stages of reprogramming [120].
Mitochondrial dynamics is an upstream regulatory factor that controls stem cell self-renewal, and
changes in mitochondrial dynamics guide stem cell fate by modifying ROS signals [95]. Recent
reports have found that the Sirtuins protein family affects cell reprogramming efficiency by
regulating mitochondrial dynamics, including the regulation of fission proteins, mitochondrial
mitophagy, mTOR signaling, and control of ROS production [126,127]. In summary, mitochondrial
mitophagy is related to the efficiency of somatic reprogramming, and studying the relationship
between the two will provide new insights into the regulation of stem cell fate by mitophagy.

6. Molecular Mechanisms Regulating Stem Cell Metabolism

The molecular mechanisms of stem cell metabolism and energy regulation will provide new
opportunities for regulating stem cell fate, contributing to the development of regenerative medicine
(Figure 4) [4]. O-linked (3-N-acetylglucosaminylation (O-GlcNAcylation) modification is the covalent
connection of N-acetylglucosamine (GIcNAc) to the serine or threonine hydroxyl groups of proteins
through p-glycosidic bonds. This post-translational modification regulates stem cell self-renewal and
pluripotency through epigenetic mechanisms [128]. The phosphoinositol 3 kinase/protein kinase
B/mammalian rapamycin target (PI3K/AKT/mTOR) signaling pathway plays an important role in
regulating cellular metabolism and is closely related to the functional homeostasis of various stem
cells [129]. Therefore, it is very important to study the molecular mechanisms that regulate the
metabolic homeostasis of stem cells.
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Figure 4. Molecular Mechanisms of Stem Cell Metabolic Regulation. The HBP pathway integrates
glucose, amino acids, lipids, and nucleotide metabolism, ultimately generating the substrate UDP-
GIcNAc for the O-GlcNAcylation reaction. O-GlcNAcylation modification, PI3K/AKT/mTORC1,
AMPK, and NAD/SIRT1 pathways regulate stem cell metabolism levels.

6.1. O-GIcNACylation Modification

O-GlcNAcylation modification is only regulated by two enzymes, namely O-GIcNAc transfer
(OGT) and O-GlcNAcase (OGA) with residue removal [130]. The hexosamine biosynthesis pathway
(HBP) is located at a crossroads of major metabolic pathways, including the synthesis of
carbohydrates, amino acids, nucleotides, and fatty acids [131]. O-GlcNAcylation modification is
controlled by HBP, and under hypoxic conditions, stem cells increase glucose and glutamine uptake,
thereby activating HBP and OGT [132]. In addition, OGT activity is highly sensitive to glucose
concentration [133], regulating the transcription of genes involved in embryonic development by
regulating the abundance of methylcytosine oxidative modification epigenomic markers mediated
by TET enzyme in primordial germ cells (PGCs) [134]. The TET-OGT interaction promotes O-
GlcNAcylation of host cytokine 1 (HCF1), which helps to recruit SET1/COMPASS complexes and
H3K4Me3 in mESCs, highlighting a novel approach for TET enzyme induced transcriptional
activation [135]. The OGT gene is crucial for mESCs, and knocking out OGT is lethal for mESCs, as
its chemical inhibition reduces overall O-GlcNAcylation levels [136].

Transcription factors Oct4, Sox2, KIf4, and Nanog are core factors that control the self-renewal
and pluripotency network of mESCs. O-GlcNAcylation controls pluripotency by directly regulating
the transcriptional activity of these core factors, and blocking O-GlcNAcylation inhibits the self-
renewal of mESCs and the generation efficiency of iPSCs [137,138]. The pluripotent transcription
factors Oct4 and Esrrb are O-GlcNAcylated at the threonine 228 and serine 25 sites, respectively. The
O-GlcNAcylation of these residues enhances the self-renewal and pluripotency of mESCs [139]. In
mESCs, the interaction between transcription factor Sox2 and poly ADP ribopolymerase 1 (PARP1)
inhibits the binding of Sox2/Oct4 to enhancers, and this mechanism of fine-tuning Sox2 activity can
maintain the pluripotency of mESCs [140]. The transcription factor Sox2 regulates the self-renewal
and early cell fate of mESCs through O-GIcNACylation at the 258 site of threonine [141]. O-
GlIcNAcylation regulates the methionine cycle and promotes pluripotency of stem cells [128].
Adenosine homocysteine enzyme (AHCY) is an important enzyme in the methionine cycle. AHCY
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undergoes the O-GlcNAcycle of threonine 136, which is beneficial for maintaining the trimethylation
of histone H3 lysine 4 (H3K4me3) and the pluripotency of mESCs [142]. The O-GlcNAcylation of
pluripotency related transcription factors is complex, and O-GlcNAcylation affects the fate of ESCs
through different mechanisms. These findings will expand our understanding of reprogramming
processes and pluripotency at the molecular level [143]. O-GlcNAcylation constitutes a molecular
mechanism associated with stem cell signaling pathways, and further research is needed to fully
demonstrate the interaction between O-GlcNAcylation and stem cell fate determination.

6.2. PI3K/AKT/mTOR Signaling Pathway

The PIBK/AKT/mTOR signaling pathway is closely related to cell growth, proliferation,
transcription, translation, mitophagy, and metabolism, and is crucial for maintaining the
pluripotency of mESCs [144]. The activation of the PI3K/AKT signaling pathway phosphorylates
downstream targets such as the homologous gene 2 (MDM2), the protein complex subunit 2 (TSC2)
of nodular sclerosis, glycogen synthase kinase 3(3 (GSK3p), the forkhead transcription family O
subfamily regulatory factor (FOXO1), and mTOR, thereby regulating the life activities of stem cells
[145]. In the early stages of reprogramming, the PI3K/AKT signaling pathway enhances glycolytic
metabolism by inhibiting GSK3{ and FOXO1, thereby improving the production efficiency of iPSCs
[146]. The PI3K/AKT/mTOR signaling pathway is the main regulatory factor of aerobic glycolysis.
AKT increases glucose uptake by upregulating GLUT expression and activates Glycolysis by
stimulating key glycolytic genes such as HK2 and PFK [147]. In addition, AKT participates in TET
mediated DNA demethylation during somatic reprogramming, maintaining mitochondrial integrity
and preventing cytochrome C release, thereby inhibiting cell apoptosis [129]. AKT enhances the
conversion of citrate to Acetyl-CoA by activating citrate lyase (ACLY), leading to histone acetylation
and chromatin activation, thereby increasing the availability of Acetyl-CoA precursors for lipid
synthesis [148]. The PI3K/AKT/Sox2 axis is a stem cell specific branch of the PI3K/AKT signaling
pathway, which improves reprogramming efficiency and addresses safety issues associated with
inducing iPSCs [149]. MTOR is a central regulatory factor for cell growth and metabolism, existing in
the form of Mechanical target of rapamycin complex 1 (mTORC1) and complex 2 (mTORC2), with a
more complex role in metabolic regulation [150]. MTORC1 upregulates the expression of HIF1, the
main regulatory factor of Glycolysis metabolism [151]. MTORC1 controls mitochondrial activity and
biogenesis by selectively promoting the translation of mitochondrial related mRNA encoded by the
nucleus [152].

Nutrients and amino acids are effective activators of the mTORC1 pathway, while leucine,
glutamine, and arginine further increase nutrient absorption through the RAG GTP enzyme
mechanism to promote synthetic metabolic reactions [153]. The mTORC1 pathway phosphorylates
downstream targets of the eukaryotic translation initiation factor 4E binding protein (4EBP1) and
ribosomal protein S6 kinase 1 (S6K1) to initiate mRNA translation, glycolysis, and biosynthesis [154].
ULK1/2 directly phosphorylates key glycolytic enzymes such as PFK and enolase 1 (ENO1), as well
as gluconeogenic enzyme fructose-1,6-diphosphatase (FBP1), initiating mitophagy to maintain
glucose metabolism flux, cellular energy, and redox homeostasis [155]. In addition, mTOR signaling
is an important pathway involved in the survival of hESCs. Undifferentiated hESCs maintain
pluripotency by expressing mTOR, while inhibiting mTOR significantly reduces the expression of
pluripotency markers Oct4, Sox2, and Nanog, disrupting the dense morphology of hESCs colonies
[156]. The PIBK/AKT/mTOR signaling pathway plays different roles in somatic reprogramming.
mTOR is initially suppressed to clear mitochondria, and subsequent activation requires the
establishment of new gene expression profiles and metabolic activity [157]. In summary, the
PI3K/AKT/mTOR signaling pathway is essential for regulating self-renewal and pluripotency in
ESCs. However, this signaling pathway is not isolated and further research is needed to investigate
how it interacts with other signaling pathways or transcription factors.
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7. Energy Metabolism Balance of Stem Cells

Stem cell metabolomics plays an important role in regulating proteomics, epigenetics, and
transcriptomics (Figure 5) [158]. In the past few years, many studies have described the regulatory
role of epigenetics in stem cell metabolism, where metabolic changes regulate chromatin modification
levels and specific genome expression [159]. The regulation of gene expression is achieved through
various epigenetic events, including histone modifications, DNA methylation, and chromatin
remodeling [160]. It is worth noting that cellular metabolism provides metabolites for epigenetic
modifications of histones and DNA, such as NAD, SAM a- Metabolic intermediates such as KG,
Acetyl CoA, and O-GlcNAc can regulate pluripotency through nuclear pore diffusion, thereby
determining the fate of PSCs [161]. The histone demethylase JMJD3 plays a dual role in the process
of somatic reprogramming. On the one hand, it can inhibit reprogramming by upregulating the
expression of tumor suppressor genes INK4a/Arf through ubiquitination of PHF20, and on the other
hand, it synergistically promotes reprogramming with Klf4 [162]. Therefore, stabilizing the unique
epigenetic characteristics in stem cells is crucial for maintaining their pluripotency. However, how
pluripotent transcription factors in turn affect cellular metabolism remains a mystery [163]. The core
pluripotent transcription factor Oct4 plays a role in transcriptional regulation of multiple metabolic
genes, directly encoding glycolytic rate limiting enzymes HK2 and PKM2 [24]. Transcription factors
Oct4, Sox2, and Nanog induce GLUT1 expression by directly activating the enhancer of GLUTI,
promoting glucose uptake and glycolysis in hESCs [164].
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Figure 5. Epigenetic regulation and major metabolic pathways of stem cells. Mitochondrial TCA
cycle intermediate metabolites, such as Acetyl-CoA, citric acid, and a-KG, are transported to the
cytoplasm and nucleus for the biosynthesis of amino acids and lipids or participate in gene expression
through epigenetic regulation. The mitochondrial single carbon (One-C) metabolism, combined with
the cytoplasmic folate and methionine cycle, produces SAM for histones, DNA methyltransferases,
and other methylation reactions. Metabolites, epigenetic regulation, and interactions between nuclei
directly affect chromatin structure and gene expression, controlling self-renewal of stem cells.
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The key genes HK2, PFKP, and LDHA promoters of glycolysis contain binding sites for these
transcription factors [165]. The LIF/STAT3 pathway is connected to the pluripotent transcription
factors Oct4, Sox2, and Nanog, maintaining the pluripotency of mESCs [166]. The transcription factor
Tfcp2ll is a downstream target of STAT3 and participates in the metabolic regulation of mESCs.
Among the metabolic genes regulated by Tfcp2l1, the Cptla promoter directly binds to Tfcp2l1 to
regulate FAO [167]. The transcription factor Glis1 mediates epigenetic and metabolic remodeling of
stem cells, reprogramming aging cells into pluripotent states and improving genomic stability [29].
The transcription factors Zic3 and Esrrb synergistically activate glycolysis to improve
reprogramming efficiency, but Zic3 inhibits OXPHOS, while Esrrb activates OXPHOS, which is
antagonistic to OXPHOS [168]. With the rapid development of omics technologies such as
proteomics, epigenetics, transcriptomics, and metabolomics, our understanding of pluripotent
metabolic regulation has gradually deepened, greatly promoting the development of regenerative
medicine.

8. Conclusion

Given the mixed relationship between metabolism, signal transduction, and epigenetic
modifications, in this review, we extensively discuss how key pathways of energy metabolism, such
as glucose metabolism, amino acid metabolism, fatty acid metabolism, and mitochondrial mitophagy,
regulate stem cells. In addition, we also described the molecular mechanisms that regulate the energy
metabolism balance of stem cells and the metabolic changes that occur during the reprogramming
process. Nowadays, people are increasingly aware of the role of metabolism in regulating the fate of
stem cells, and elucidating these molecular mechanisms is crucial for the application of stem cells in
regenerative medicine and tissue engineering. At the same time, analyzing the genome,
transcriptome, metabolome, and proteome to connect multiple levels of information is of great value
in determining the regulatory network that controls stem cell function and fate determination. This
will strengthen the understanding of development, aging, tumor occurrence, and disease. It is hoped
that this review will bring promising improvements to the fields of stem cell technology and
regenerative medicine.
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Abbreviation

Acetyl-CoAAcetyl-Coenzyme A

ADP Adenosine diphosphate

AHCY Adenosylhomocysteinase

AMPK Adenosine monophosphate activated protein kinase
ANT Adenine nucleotide translocator

ATP Adenosine triphosphate

a-KG a-Ketoglurate

CBS Cystathionine-3-synthase

CSE Cystathionine-y-lyase
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CypD Cyclophilin D

Cys Cysteine

DRP1 Dynamin-related 1

DUSP6 Dual specificity protein phosphatase 6
ERK Extracellular signal-related kinase
ERR Estrogen-related nuclear receptor
ESCs Embryonic stem cells

ETC Electron transport chain

GLDC Glycine Decarboxylase

GSK3p3 Glycogen synthase kinase-3[3
Hcy Homocysteine

HIFlx Hypoxia-inducible factor 1-alpha
HIF2« Hypoxia-inducible factor 2-alpha

HK2 Hexokinase 2
HMT Histone melthyltransferases
iPSCs induced pluripotent stem cells

LDHA Lactate dehydrogenase

MAC Mitochondrial apoptosis-induced channel
MAPK Mitogen-activated protein kinase

MAT2a Methionine Adenosyltransferase 2A

Met Methionine

MFN Mitochondrial fusion protein

mPTP Mitochondrial permeability transition pore
MTHEFR  5,10-methylenetetrahydrofolate reductase
mTOR mammalian target of rapamycin

NAD Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate
Nf-kB Nuclear factor kappa B

NRF2 Nuclear factor (erythroid-derived 2)-like-2
OXPHOS Oxidative phosphorylation

PDH Pyruvate dehydrogenase

PDK1 3-Phosphoinositide-dependent protein kinase-1
PGC-1a  Peroxisome proliferator-activated receptor-lo
PI3K-AKT Phosphatidyl inositol 3-kinase-protein kinase B
PKM2 Pyruvate kinase M2

PnPase Polynucleotide phosphorylase

PSCs Pluripotent stem cells

ROS Reactive oxygen species

SAH S-adenosylmethionine

SHMT2  Serine Hydroxymethyltransferase 2
TCA Tricarboxylic acid

TDH Threonine dehydratase

ucP2 Uncoupling protein 2
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