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therapeutic strategies for skin disorders and enhancing 
regenerative medicine approaches.

Epidermal stem cells (EPSCs) are located within the 
basal layer of the epidermis, the lowermost layer of the 
skin. These stem cells are anchored to the basal mem-
brane, a critical structure that delineates the boundary 
between the epidermis and the underlying dermis. The 
basal membrane provides essential support and signals 
that maintain the stem cells in their undifferentiated state 
[1].

As EPSCs begin the differentiation process, they gradu-
ally migrate upwards through the various strata of the 
epidermis. This journey takes them from the basal layer, 
where they are initially situated, through the spinous and 
granular layers, and ultimately to the outermost layer, the 
stratum corneum. During this upward movement, stem 

Introduction
The epidermis serves as a crucial barrier against environ-
mental insults, pathogens, and water loss. The mainte-
nance of its integrity relies on a delicate balance between 
stem cell proliferation, progenitor differentiation, and 
cell death [1, 2]. Understanding the metabolic path-
ways that support these processes is vital for developing 
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Abstract
Epidermal stem cells (EPSCs) are essential for maintaining skin homeostasis and ensuring a proper wound healing. 
During in vitro cultivations, EPSCs give rise to transient amplifying progenitors and differentiated cells, finally 
forming a stratified epithelium that can be grafted onto patients. Epithelial grafts have been used in clinics to cure 
burned patients or patients affected by genetic diseases. The long-term success of these advanced therapies relies 
on the presence of a correct amount of EPSCs that guarantees long-term epithelial regeneration. For this reason, a 
deeper understanding of self-renewal and differentiation is fundamental to fostering their clinical applications.

The coordination between energetic metabolism (e.g., glycolysis, tricarboxylic acid cycle, oxidative 
phosphorylation, and amino acid synthesis pathways), molecular signalling pathways (e.g., p63, YAP, FOXM1, AMPK/
mTOR), and epigenetic modifications controls fundamental biological processes as proliferation, self-renewal, 
and differentiation. This review explores how these signalling and metabolic pathways are interconnected in 
the epithelial cells, highlighting the distinct metabolic demands and regulatory mechanisms involved in skin 
physiology.
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cells undergo significant morphological and functional 
changes, transitioning from undifferentiated, prolifera-
tive cells into specialized, terminally differentiated kera-
tinocytes that form the skin’s protective outer barrier [3, 
4].

In vitro cultures of human primary keratinocytes have 
been extensively used in clinical settings as they can 
generate a functional epidermal or corneal graft to treat 
burned patients or patients affected by limbal stem cells 
deficiency (LSCD) and epidermolysis bullosa (EB) [5–13]. 
During in vitro cultivation, keratinocytes isolated from 
the basal layer of the epidermis give rise to three types of 
clones: holoclones, meroclones, and paraclones [14, 15]. 
Holoclone is the clone originated from the stem cell and 
is endowed with the highest proliferative and self-renew-
ing capacity [7]. Transient amplifying progenitors give 
rise to meroclones and paraclones with limited prolif-
erative capacity. The long-lasting regeneration and repair 
processes rely on long-lived holoclone-forming stem cells 
producing short-lived meroclone- and paraclone-form-
ing cells that eventually give rise to terminally differen-
tiated keratinocytes [7, 14, 16]. The unique property of 
holoclone-forming stem cells to replenish differentiated 
cells, thus fostering wound healing, is also the main char-
acteristic to consider for generating potentially perpetual 
epithelial grafts for regenerative medicine applications. 
In this framework, an adequate number of holoclone-
forming stem cells is essential to sustaining long-term 
epithelial regeneration [7].

Metabolic requirements in somatic stem and differentiated 
cells
Metabolic reprogramming of energy production is one 
of the hallmarks of cell differentiation, which drives 
morphology reshaping; the metabolic core is the oxida-
tion of glucose, and its tuning and deviation are the driv-
ing forces dictating cell fate. Human embryonic stem 
cells (hESCs) and human pluripotent stem cells (hPSCs) 
are a fine example of such metabolic re-programming 
[17]. As soon as they exit pluripotency, the glycolysis-
based energy production is switched to a mechanism 
that is heavily dependent on oxidative phosphorylation 
(OXPHOS) (Fig. 1) [18–21].

During glycolysis, glucose is broken down into two 
molecules of pyruvate, each containing three carbons. All 
the enzymatic steps of the glycolytic pathway (ten steps, 
of which seven reversible and three irreversible) occur in 
the cytosol and are conventionally divided into two main 
phases: the energy investment phase and the energy pay-
off phase. In the energy investment phase, two molecules 
of ATP are consumed to phosphorylate glucose, bring-
ing to higher energy levels the corresponding derivative 
(i.e., glyceraldehyde-3-phosphate, GA3P in Fig. 1) and to 
ensure the subsequent exergonic, payoff phase yielding 

pyruvate. The fate of pyruvate depends on the metabolic 
signature of the cell: only those cells with highly aerobic 
metabolism direct the large part of cytosolic pyruvate 
to mitochondria for the oxidative decarboxylation into 
acetyl-CoA. Its oxidation into CO2, via the tricarboxylic 
acid (TCA) cycle, sustains the O2-dependent mitochon-
drial proton motive force used to produce ATP from 
ADP (namely, oxidative phosphorylation). To avoid redox 
unbalancing, the mitochondrial processes are fine-tuned 
to balance electron donors and acceptors availability. 
Conversely, some cells account mainly for glycolysis to 
ensure ATP supply and/or take advantage of glycolytic 
intermediates for anabolic purposes; excess cytosolic 
pyruvate is generally converted into lactate to refresh the 
NAD+ pool (Fig. 1).

Adult stem cells (SCs) also prefer glycolysis to 
OXPHOS as it is a quicker way to produce ATP (although 
less efficient than OXPHOS) to sustain their high prolif-
erative rate [17]. Indeed, since SCs often reside in niches 
where oxygen levels can fluctuate, the glycolytic signature 
allows them to function efficiently even when oxygen is 
low, and hypoxia could activate them to foster wound 
healing [22]. In addition, this strategy minimizes the 
possible production of reactive oxygen species (ROS) in 
case of the high rate of OXPHOS and shortage of elec-
tron acceptor (i.e., O2). As mentioned above, in parallel 
to fast energy production, glycolysis also provides some 
intermediates of biosynthetic pathways (i.e., the carbon 
and reductive equivalents) that are used to generate bio-
mass (e.g., nucleotides, amino acids, and lipids) essential 
for cell division and growth [23].

The same metabolic reprogramming can be observed 
during epidermis differentiation. EPSCs primarily rely on 
cytoplasmic glycolysis as their main pathway for generat-
ing energy (ATP). Conversely, differentiating cells prefer 
mitochondrial OXPHOS for ATP production, as it gener-
ates much more ATP per glucose molecule compared to 
glycolysis [24–26].

The relevance of tuning glycolytic rate (and lactate 
production) as a strategy of keratinocyte differentiation 
has been recently demonstrated [24]. The gluconeo-
genic enzyme FBP1 catalyzes the hydrolysis of fructose-
1,6-bisphosphate to fructose 6-phosphate, thus de facto 
affecting pyruvate accumulation; its activity impairs the 
glycolytic rate promoting differentiation and inhibiting 
proliferation in a glycolysis-dependent manner [24].

Once activated, murine hair follicle stem cells (HFSCs) 
quickly divide to generate a new hair. Metabolites analy-
sis revealed that these cells exhibit higher levels of gly-
colysis-derived metabolites and produce significantly 
more lactate compared to their progeny. In particular, the 
Authors provide evidence that HFSC activation relies on 
the activity of the enzyme lactate dehydrogenase (LDHA) 
responsible for lactate production [25].
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Fig. 1 Interconnection between glycolysis, TCA cycle, and amino acids metabolism. During glycolysis, glucose is broken down to two molecules of 
pyruvate. One of the glycolysis intermediate, 3PG, can be converted to serine, glycine and indirectly to methionine (See Fig. 5 for details). Pyruvate is 
translocated to mitochondria for the oxidative decarboxylation into acetyl-CoA. Acetyl-CoA is oxidated via the TCA cycle and sustains the production of 
ATP from ADP in the oxidative phosphorylation process. α-KG produced during the TCA cycle, can be converted to glutamate and vice-versa. Glutamate is 
the starting point for the production of proline, glutamine and arginine. Abbreviations: GLUT = glucose transporter; MCT = monocarboxylate transporter; 
HK2 = hexokinase 2; PFKFB3 = 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; PFK1 = 6-phosphofructokinase; FBP1 = fructose-bisphosphatase 
1; fructose-1,6-biP = fructose-1,6-biphosphate; DHAP = dihydroxyacetone phosphate; GA3P = glyceraldehyde 3-phosphate; TCA= tricarboxylic acid cycle; 
3PG = 3-phosphoglycerate; LDHA = lactate dehydrogenase A; α-KG = α-ketoglutarate; Acetyl-CoA = acetyl coenzyme A
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These findings give a first hint on how the energetic 
metabolism orchestrates proliferation and differentiation 
in epithelial cells. The tight connection between the sig-
nalling pathways and metabolic signature(s) during pro-
liferation and differentiation is detailed in this review.

p63 controls biochemical networks in epidermal cells
p63 is a member of the p53-p73 family of transcription 
factors. It is a key transcription factor controlling the 
squamous epithelia and is required to sustain the prolif-
erative potential of cultured epithelial cells [27, 28]. Its 
importance has been studied in mice where its genetic 
deletion causes significant defects in limb and craniofa-
cial development, together with the absence of epidermis 
and other stratified epithelia [27, 29–32]. In particular, 
the proliferative and regenerative potential of epithelial 
stem cells is dependent on the ΔNp63α isoform, which is 
highly expressed in holoclones (namely, clones originated 
from EPSCs), and its expression progressively declines 
during keratinocyte clonal conversion [27, 33, 34].

Moreover, p63 has been identified as an orchestrator 
of epidermal cells’ metabolic activity. Indeed, it controls 
the expression of genes linked to glucose metabolism and 
response to oxidative stress [35, 36] (Fig. 2).

Viticchiè et al. reported that p63 positively regulates the 
expression of hexokinase 2 (HK2), which is localized in 
the mitochondrial membrane and catalyzes the first gly-
colytic step [35]. p63 depletion in epidermal cells caused 
a reduction in the expression of glutathione peroxidase 
2 (GPX2), mitochondrial superoxide dismutase (SOD2), 

and NADPH quinone oxidoreductase (NQO1), impaired 
mitochondrial basal respiration, induced mitochondrial 
membrane hyperpolarization, and increased intracellular 
ROS. These metabolic alterations are mediated by HK2 
as silencing HK2 resulted in similar effects. Overall, the 
Authors concluded that p63 acts through HK2 to couple 
the glucose metabolism with the mitochondrial function, 
limiting oxidative stress [35].

p63 has been linked to another fundamental player of 
glycolysis, the tightly regulated enzyme 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) [36]. 
PFKFB3 is an enzyme with a dual role, facilitating the con-
version of fructose-6-phosphate to fructose-2,6-bisphos-
phate and vice versa. Fructose-2,6-bisphosphate serves as 
an activator for phosphofructokinase-1 (PFK1), a crucial 
enzyme in glycolysis responsible for converting fructose-
6-phosphate into fructose-1,6-bisphosphate (Fig. 1). This 
conversion, mediated by PFK1, is pivotal in regulating the 
pace of glycolysis and is susceptible to allosteric inhibi-
tion by ATP. It has been reported that overexpression of 
PFKFB3 inhibited keratinocyte differentiation. Oppo-
sitely, its loss inhibited proliferation and promoted dif-
ferentiation in clonogenic keratinocytes, thus suggesting 
a tight connection between glucose metabolism and the 
balance between cell proliferation and differentiation 
[36].

The above-mentioned role of the gluconeogenic 
enzyme FBP1 in promoting keratinocyte differentiation 
has been negatively associated with TP63 [24]. Indeed, 
following FBP1 deletion, increased glycolysis led to 
increased production of citrate, which undergoes cyto-
plasmic translocation, and it is converted into acetyl-
CoA via ATP-citrate lyase (ACLY). Acetyl-CoA serves 
as a crucial signaling molecule, regulating various cel-
lular functions such as energy metabolism and cell divi-
sion by impacting the acetylation patterns of multiple 
proteins. Coherently, histone 3 acetylation on lysine 9 
(H3K9-Ac) increases upon FBP1 loss and is associated 
with enhanced expression of growth-related genes, such 
as CDC6 and TP63 [24].

The YAP-FOXM1 axis and glycolysis tuning
Yes-associate protein 1 (YAP1, also known as YAP) is a 
transcriptional co-regulator that acts together with its 
homolog, WW Domain Containing Transcription Regu-
lator 1 (WWTR1 or TAZ). YAP/TAZ are components of 
the Hippo pathway and mechanotransduction effectors, 
controlling gene expression by binding to TEAD tran-
scription factors [37, 38].

In human EPSCs, the YAP/TAZ activity is mainly con-
trolled by Laminin5 (also known as Laminin-332), a het-
erotrimeric protein consisting of three chains (encoded 
by the genes LAMB3, LAMA3, and LAMG2) located at 
the dermal-epidermal junction. Genetic deletion of the 

Fig. 2 Effects of TP63 transcription factor on cellular metabolism. As a 
consequence of TP63-target-genes transcription, glycolysis is enhanced, 
and the production of reactive oxygen species (ROS) decreased
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LAMB3 gene causes a devastating skin disease called 
junctional EB (JEB), characterized by rapid EPSC exhaus-
tion due to the loss of YAP/TAZ activity [39, 40] (Fig. 3). 
Self-renewal potential can be rescued after enforced 
expression of YAP, even if adhesion properties are not 
restored, providing an excellent model for uncoupling 
self-renewal from adhesion [39].

YAP/TAZ activity has been connected to the glycolytic 
flux in a cellular model of epithelial breast cancer [41]. In 
this context, YAP/TAZ activity is regulated by glycolysis 
through the enzyme PFK1, which interacts with YAP/
TAZ’s DNA-binding platforms, TEADs, increasing its 
transcriptional activity [42]. This connection between 
YAP/TAZ and glycolysis could be relevant also in non-
tumorigenic context.

In EPSCs, YAP induces the expression of another tran-
scription factor, the Forkhead Box M1 (FOXM1), whose 
expression is tightly restricted to self-renewing holo-
clone-forming cells and essential for maintaining self-
renewal [43] (Fig.  3). Its enforced expression increases 
the number of holoclones, while FOXM1 deletion selec-
tively reduces holoclone-forming cells in culture. Finally, 

acting downstream of YAP, FOXM1 also rescues the self-
renewal potential in JEB-derived epidermal cells [43].

Moreover, FOXM1 activates the expression of Linker 
Histone H1B, one of the proteins that envelop DNA 
around the nucleosome core, also involved in gene 
expression control [44]. H1B binds to the promoter 
regions of differentiated genes, and its absence causes a 
coherent upregulation of differentiation genes and down-
regulation of self-renewal-related genes [45] (Fig. 3).

FOXM1 protects proliferating keratinocytes against 
oxidative stress by regulating PRDX, SOD2, and GPX2 
expression. A similar protective role was found in the 
A253 cell line (deriving from the human submaxillary 
salivary gland epidermoid carcinoma), in which FOXM1 
downregulation causes an increase in ROS levels coupled 
with a raised cell death [46].

FOXM1 influences glycolysis and OXPHOS rate also in 
myeloma cells: FOXM1-deficient myeloma cells exhibit 
reduced oxygen consumption, lower expression of HK2, 
glucose transporter GLUT1, and LDHA, which promotes 
growth and drug resistance through lactate produc-
tion. Taken together, these results suggest that FOXM1 
might have a protective role in cancer cells as it promotes 

Fig. 3 Transcriptional regulation of stemness in EPSCs. Laminin5 positively controls the phosphorylation of YAP/TAZ that translocate into the nucleus 
and induces FOXM1 transcription. FOXM1 then induces H1B transcription that binds to the nucleosomes and inhibits the transcription of differentiated-
related genes
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their growth and inhibits apoptosis, hence implying that 
FOXM1 could be a potential therapeutic target [47].

Mitochondria and oxidative stress in epithelial cells
Mitochondrial metabolism influences cell and tissue 
physiology by generating ROS. ROS are produced dur-
ing oxidative metabolism by partially reducing molecu-
lar oxygen (O2), leading to the formation of superoxide 
anions (O2

•−). The electron transport chain (ETC) com-
prises five protein complexes bound to the inner mito-
chondrial membrane. ETC utilizes a series of electron 
transfer reactions to generate ATP, and it is the main 
source of O2

•− production in the mitochondria [48]. 
O2

•− is then converted into hydrogen peroxide (H2O2) 
by cellular superoxide dismutases (SODs). Oxidation of 
cysteine thiol groups (–SH) by H2O2 results in the forma-
tion of disulfide (–SS–) or sulfenyl amide (–SN–) bonds, 
altering protein function. Cellular systems involving thio-
redoxin and glutathione reductases restore these oxida-
tively modified residues to their reduced state. Recently, 
it was demonstrated that ROS are crucial in regulating 
skin physiology. Indeed, their production triggers numer-
ous cellular responses, such as activating HIF-1α inde-
pendently of hypoxia and recruiting immune cells during 
skin infections [49, 50]. Mitochondrial transcription 
factor A (TFAM) is responsible for the transcription of 
mitochondrial genes encoding ETC subunits. In TFAM-
deficient mice, ROS levels are reduced, and incomplete 
epidermal differentiation and hair follicle formation are 
observed. The Authors suggest that these phenotypes 
are due to an impairment in the ROS signal that can-
not activate Notch and β-catenin [49]. More skin altera-
tions caused by mutated mitochondrial-related genes are 
widely reviewed in Feichtinger et al. [50].

In addition, altered mitochondrial membrane and 
activity have been highlighted also in epidermolysis bul-
losa simplex (EBS) [51]. EBS-causing mutations involve 
genes encoding for cytoskeletal-forming proteins, such 
as keratin5 (KRT5) and keratin14 (KRT14). Keratins are 
a family of intermediate filament proteins that form along 
with other cytoskeletal elements (e.g., actin filaments 
and microtubules) a dense network within keratinocytes, 
providing structural integrity and mechanical stability to 
the cell. Moreover, they are involved in various cellular 
functions, such as differentiation, migration, and wound 
healing. Even if with less frequency, EBS can be caused 
by mutations in Plectin or Destonin, proteins located in 
the hemidesmosome that anchor keratin filaments to the 
plasma membrane [52, 53]. In KRT14-mutated keratino-
cytes, mitochondria are dispersed in the cytoplasm other 
than their normal perinuclear localization, and the oxy-
gen consumption rate of EBS primary cells shows a three-
fold decrease of basal and maximal values compared to 
keratinocytes from healthy donors [51]. However, the 

mechanisms linking alteration in the keratin network 
and mitochondrial activity need to be further elucidated. 
Of note, similar mitochondrial dysfunctions have also 
been observed in muscle cells derived from EBS patients 
affected by  PLEC1 mutation [54].

The role of mitochondrial stress in EPSCs has been 
studied in mice, where the mitochondrial antioxidant 
enzyme SOD2 has been knocked out [55]. Deficiency in 
SOD2 induces cellular senescence and diminishes the 
proliferative capacity, promoting the differentiation of 
epidermal stem/progenitor cells. Such differentiation 
fosters the wound-healing process in young mice. How-
ever, in aged mice, a long-term decreased proliferation 
of SCs causes a delay in wound healing due to premature 
SC exhaustion. These data are coherent with the previous 
reported effect of the p63-dependent SOD2 downregu-
lation [35]. Similar effect has been observed in human 
keratinocytes by the same Authors, but the relevance of 
this finding in human EPSCs has not been fully addressed 
[55].

AMPK, a sensor of cellular energy in wound healing
AMP-activated protein kinase (AMPK) is activated in 
response to an increase in the AMP/ATP ratio, indicating 
low cellular energy levels. AMPK regulates lipid metabo-
lism by inhibiting fatty acid synthesis and promoting fatty 
acid oxidation to generate ATP (Fig. 4).

AMPK is also a negative regulator of the mechanistic 
Target of Rapamycin (mTOR) pathway. mTOR is a ser-
ine/threonine kinase, and it is organized into two distinct 
complexes, namely mTOR complex 1 (mTORC1) and 
mTOR complex 2 (mTORC2). Each complex contains 
several subunits and represents a central regulator of cell 
growth and proliferation. On the one hand, keratinocyte 
hyperproliferation is necessary during wound healing, a 
very dynamic and complicated process. A robust activa-
tion of mTORC1 and mTORC2 was detected in keratino-
cytes at the wound edge [56].

The treatment with everolimus, a mTOR inhibitor, 
leads to developing skin ulcerations and chronic wounds, 
further confirming the clinical relevance of mTOR activa-
tion in mediating wound healing [57].

On the other hand, keratinocyte hyperproliferation 
must be finely controlled to ensure that epidermal differ-
entiation occurs properly. In fact, a dysregulated differ-
entiation leads to hyperproliferative skin conditions, such 
as psoriasis, which is characterized by scaly plaques and 
epidermal thickenings. Following rapamycin-mediated 
inhibition of mTOR, AMPK slows down keratinocyte 
proliferation, preventing epidermis hyperproliferation 
and scale plaque formation [58] (Fig. 4). This notion was 
further confirmed by a recent study showing that rapamy-
cin treatment in healthy skin conditions leads to the for-
mation of a thinner epidermis with lower expression of 
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differentiation markers, such as IVL and SPINK5 [59]. In 
conclusion, the fine control of the AMPK/mTOR path-
way ensures that keratinocytes proliferate at a controlled 
rate, maintaining proper skin thickness and function [60].

Amino acid synthesis in the differentiation process and 
epigenetic memory
If, during proliferation, amino acids provide build-
ing blocks for protein biosynthesis, during differentia-
tion, specific amino acids contribute to the synthesis of 
structural proteins, modulate epigenetic regulation, and 
influence cell signalling pathways. Among the metabolic 
pathways involving amino acids, glutamine, serine, gly-
cine and methionine are relevant for keratinocyte physi-
ology (see Figs. 1 and 5).

Glutamine serves as a key energy source, feeding into 
the TCA cycle through its conversion to α-ketoglutarate, 
fostering ATP production (Fig.  1). Moreover, glutamine 
provides nitrogen for synthesizing of nucleotides and 
amino acids, respectively, essential for DNA replication 
and protein synthesis during cell division. Glutamine 
metabolism contributes to the production of glutathione 
via glutamate, a crucial antioxidant that protects kerati-
nocytes from oxidative stress, maintaining cellular health 
and promoting self-renewal [61, 62]. In HFSCs, it has 

been shown to be essential for lineage progression and 
fate reversibility, thanks to mTOR2 and AKT activation 
[63].

This pathway is also important in the most differenti-
ated layer of the epidermis, as Transglutaminase I (TG1; 
encoded by the gene TGM1) catalyzes the cross-linking 
of identical or different substrate proteins through the 
formation of covalent bonds between glutamine and 
lysine residues. This biochemical reaction is required for 
the formation of the cornified envelope. TG1 is activated 
by intracellular calcium levels physiologically rising dur-
ing differentiation [64]. Indeed, mutations of the TGM1 
gene cause a rare genetic skin disease called Lamellar 
Ichthyosis (LI). LI manifests as widespread skin scaling, 
extreme dryness, erythema, hyperkeratosis, and signifi-
cant scaling, severely affecting patients’ quality of life [65, 
76].

Serine and glycine enter the one-carbon metabolism, a 
collection of interconnected biochemical pathways, facil-
itating the transfer of one-carbon units vital for numer-
ous cellular processes (Fig.  4). This metabolic network 
plays a crucial role in synthesizing of nucleotides, amino 
acids, and other essential biomolecules, as well as in reg-
ulating gene expression through methylation. In addition 
to extracellular consumption, serine can be derived from 
the serine synthesis pathway (SSP), wherein glucose-
derived 3-phosphoglycerate (3-PG) is converted to serine 
through the sequential activity of enzymes phosphoglyc-
erate dehydrogenase (PHGDH), phosphoserine transami-
nase (PSAT1), and phosphoserine phosphatase (PSPH). 
Moreover, serine can be converted into glycine through 
the enzyme serine hydroxymethyltransferase (SHMT). 
This reaction also produces a one-carbon unit in the 
form of 5,10-methylenetetrahydrofolate (5,10-methy-
lene-THF), a key intermediate in one-carbon metabo-
lism essential for the synthesis of purines (components of 
DNA and RNA) and the methylation of DNA, proteins, 
and lipids. Glycine participates in the folate cycle, where 
it can be converted back to serine or used to generate 
additional one-carbon units (Fig. 5). Notably, it is also a 
precursor of the key antioxidant glutathione.

First insights on the fundamental role of serine metab-
olism were gained from mice models of squamous cell 
carcinoma progression [66]. In mice, sustained SOX2 
expression induces pretumorigenic lesions marked by 
the expansion of KRT14-positive progenitors and induc-
tion of the tumor SC marker CD44. Premalignant cells 
were collected from wild-type and SOX2+ mice, and 
among the non-essential amino acids, only serine was 
differentially consumed. Although SHMT1/2 enzymes 
expression levels were comparable, SOX2+ cells revealed 
reduced glucose-derived serine synthesis. Notably, pre-
malignant SOX2+ cells also inhibit de novo serine syn-
thesis through SSP by increasing mitochondrial pyruvate 

Fig. 4 Effects of AMPK/mTOR pathway on cellular behavior. Increased 
AMP/ATP ratio triggers AMPK activation. AMPK promotes fatty acid 
oxidation and inhibits mTOR pro-proliferative effect. Abbreviations: 
AMPK = AMP-activated protein kinase; mTOR = mechanistic Target of 
Rapamycin
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consumption, which results in endogenous serine auxot-
rophy. Hence, SOX2+ cells rely solely on extracellular ser-
ine for proliferation. Wild-type cells, instead, are still able 
to derive serine from glucose metabolism [66].

The function of these pathways in human epider-
mal cells has been studied by Cappello et al. [67]. They 
showed that keratinocyte proliferation requires mainly 
extracellular serine as the intracellular de novo ser-
ine biosynthesis is unable to compensate for the lack of 
extracellular one. Both the cytoplasmic (SHMT1) and 
mitochondrial (SHMT2) enzymes decrease during dif-
ferentiation. Specific downregulation of SHMT2 caused 
a decreased and reduced synthesis of bioenergetic 
metabolites. These findings are relevant to treat psoriatic 
lesions, as in human psoriatic sections, SHMT2 is highly 
expressed, and reduced expression of SHMT2 rescues 
the epidermal thickening and scaling in a psoriatic mouse 
model [67].

Methionine is a precursor for S-adenosylmethionine 
(SAM), a universal methyl donor used in DNA and his-
tone methylation that regulates gene expression patterns 

necessary for differentiation (Fig. 5). This process is cata-
lysed by DNA methyltransferases (DNMTs), which use 
SAM as a methyl donor. SAM is synthesized from methi-
onine in the methionine cycle, which is influenced by the 
availability of dietary nutrients and metabolic intermedi-
ates such as Folate and Vitamin B12. Folate is converted 
to tetrahydrofolate (THF), which then participates in 
the conversion of homocysteine to methionine, facilitat-
ing SAM production. Deficiencies in folate or vitamin 
B12 can alter DNA methylation patterns, affecting gene 
expression [68].

DNMT1 and ubiquitin-like with PHD and ring finger 
domains 1 (UHRF1), that are responsible for maintain-
ing DNA methylation patterns during DNA replication, 
are abundant in epidermal undifferentiated cells, where it 
is necessary to sustain proliferative capacity and inhibit 
differentiation [69]. Moreover, EZH1 and 2, the histone 
methyltransferases that catalyse the repressive marks 
(trimethylation of histone H3 at lysine 27 -H3K27me3), 
have been studied during hair follicle morphogenesis 
and wound healing in mouse models, suggesting their 

Fig. 5 Interconnection between glycolysis, serine biosynthesis, one-carbon metabolism, and methionine cycle. 3PG produced during glycolysis enters 
the serine synthesis pathway, a series of reactions that produce serine. Serine can then be converted to glycine thanks to the SHMT enzyme. Glycine par-
ticipates in the folate cycle to generate additional one-carbon units. Folate is necessary for the methionine cycle, in which methionine is precursor of SAM, 
the methyl donor used by DNMTs to methylate DNA and histones. One-carbon metabolism comprised folate cycle and methionine cycle. Abbreviations: 
3PG = 3-phosphoglycerate; SHMT = serine hydroxy methyltransferase; hCysteine = homocysteine
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fundamental role in these processes [70]. Conversely, in 
mouse skin, the histone demethylase JMJD3 depletion 
blocked differentiation, while active JMJD3 dominantly 
induced it [71]. These results suggest that methionine 
metabolism and epigenetic regulation tightly control 
mammalian epidermal differentiation and could have an 
important impact on pathological conditions, as reviewed 
in Moltrasio et al. [72]. These genes illustrate the complex 
interplay between metabolism and epigenetics in the epi-
dermis, highlighting how metabolic states can influence 
gene expression and cellular behavior through epigenetic 
mechanisms. Understanding these connections provides 
insights into skin biology and potential therapeutic tar-
gets for skin disorders.

Conclusion
Understanding the connections between metabolism, 
self-renewal and differentiation opens new therapeutic 
avenues. The metabolic pathways in the epidermis are 
intricately linked to the functions and fate of both stem 
cells and differentiated cells [17]. Advances in metabolo-
mics and single-cell technologies continue to uncover the 
complexities of epidermal metabolism, offering insights 
into skin biology and potential therapeutic targets [73, 
74, 76]. Metabolic interventions, such as dietary modi-
fications, supplementation with metabolic cofactors, or 
drugs targeting metabolic enzymes, can potentially foster 
cellular reprogramming and restore normal gene expres-
sion [61, 75].

The interplay between metabolism and epigenetics 
also extends to the concept of epigenetic memory, where 
past metabolic states can leave lasting marks on the 
epigenome. For instance, metabolic shifts during devel-
opment, differentiation, or disease states can establish 
specific epigenetic patterns that persist even when the 
original metabolic signals are no longer present [26]. 
Such interplay has profound implications for under-
standing how environmental factors, such as diet and 
stress, can have long-term effects on gene expression and 
phenotype.

By delineating these pathways, we can better under-
stand how to manipulate them for improved skin health 
and disease management.
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