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Adult stem cells play key roles in tissue homeostasis and regeneration. Recent
evidence suggests that dietary interventions can significantly impact adult stem
cell function. Some of these effects depend on ketone bodies. Adult stem cells
could therefore potentially be manipulated through dietary regimens or
exogenous ketone body supplementation, a possibility with significant
implications for regenerative medicine. In this review we discuss recent
findings of the mechanisms by which ketone bodies could influence adult
stem cells, including ketogenesis in adult stem cells, uptake and transport of
circulating ketone bodies, receptor-mediated signaling, and changes to cellular
metabolism. We also discuss the potential effects of ketone bodies on intracellular
processes such as protein acetylation and post-transcriptional control of gene
expression. The exploration of mechanisms underlying the effects of ketone
bodies on stem cell function reveals potential therapeutic targets for tissue
regeneration and age-related diseases and suggests future research directions
in the field of ketone bodies and stem cells.
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Introduction

Stem cells play crucial roles in tissue homeostasis and repair (Li and Clevers, 2010; de
Morree and Rando, 2023). These undifferentiated cells possess a unique ability to self-renew
and, when needed, replace malfunctioning cells by generating progeny that can differentiate
into different cell types. Examples of stem cell models include embryonic stem cells, induced
pluripotent stem cells, and adult stem cells (Ramalho-Santos and Willenbring, 2007; Orford
and Scadden, 2008).

Adult stem cells are vital for maintaining tissues in the adult body, with their functions
adapted to meet the specific needs of different organs. For instance, in gut epithelium and in
blood—tissues that undergo rapid cell turnover—stem cells need to continuously self-renew
in order to maintain populations of active, cycling adult stem cells. In other tissues, like
skeletal muscle, adult stem cells maintain their population size by entering a state of
prolonged reversible cell cycle exit called the quiescent state. Quiescent stem cells act as a
reserve for producing progenitor cells that sustain tissue homeostasis and tissue regeneration
in response to injury (Cheung and Rando, 2013; de Morree and Rando, 2023).

The regenerative capacity of all organs generally declines as the organism ages and this
relates to a decline in stem cell function (Ahmed et al., 2017). Some of the most studied adult
stem cells are hematopoietic stem cells (HSCs), skeletal muscle stem cells (MuSCs), neural
stem cells (NSCs), hair follicle stem cells (HFSCs), mesenchymal stem cells (MSCs), and
intestinal stem cells (ISCs) (Figure 1) (Yi, 2017; Laurenti and Göttgens, 2018; Gehart and
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Clevers, 2019; Urbán et al., 2019; Relaix et al., 2021). Certain
specialized differentiated cell types, such as hepatocytes in the
liver, can dedifferentiate and regenerate tissue, giving them a
functional resemblance to adult stem cells (Clevers and Watt,
2018). Germ line stem cells in the ovary and testes constitute
unique stem cell populations that can give rise to totipotent stem
cells after fertilization (de Morree and Rando, 2023).

In recent years, it has become increasingly clear that energy
availability can profoundly impact stem cell function, with
dietary regimens such as fasting and ketogenic diets exerting
notable effects on stem cell biology (Cerletti et al., 2012; Cheng
et al., 2014; Tang et al., 2016; Forni et al., 2017; Mihaylova et al.,
2018; Long et al., 2019; Mishina et al., 2021; Novak et al., 2021;
Terranova et al., 2021; Benjamin et al., 2022). Interestingly,
some of the stem cell adaptations to fasting are linked to the
presence of ketone bodies (Cheng et al., 2019; Benjamin et al.,
2022).

Ketone bodies are water-soluble molecules that contain a
ketone-group. They are primarily produced by the liver during
low insulin situations, such as fasting, low carbohydrate diets,
and prolonged exercise (McPherson and McEneny, 2012). They
provide an energy substrate and act as signaling molecules in
peripheral tissues (Figure 1) (Puchalska and Crawford, 2017).
The presence of ketone bodies in an organism therefore
represents certain metabolic situations that may call for a shift in
metabolism and cellular functions.

The rapid progression of research into ketone bodies and stem
cells may support future treatment regimes in regenerative medicine
and age related diseases. Ketogenic diets have been used safely for
centuries to treat epilepsy (Barañano and Hartman, 2008; Fei et al.,
2020), and currently, both exogenous and endogenous ketone bodies
are examined as potential treatment options in numerous diseases
including various cancers, diabetes, and Alzheimer’s disease (Feng et
al., 2019; Lilamand et al., 2021; Tinguely et al., 2021). In this review

FIGURE 1
Schematic overview of ketone body production in the liver out of free fatty acids and delivery to peripheral tissue, where they act as energy
substrates and signaling molecules. Adult stem cell populations residing in peripheral tissues can take up the circulating ketone bodies. BHB: beta-
hydroxybutyrate; HMGCS2: 3-hydroxy-3-methylglutaryl-CoA synthase 2; HMGCL: 3-hydroxy-3-methylglutaryl-CoA lyase; BDH: beta-hydroxybutyrate
dehydrogenase.
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we discuss recent studies on cell signaling effects of ketone bodies
and discuss aspects that have been observed in adult stem cells and
aspects that may apply to adult stem cells. This includes stem cell
ketogenesis and uptake, potential metabolic interactions between
stem cells and ketone bodies, and cellular signaling pathways
affected by ketone bodies.

Ketogenesis in stem cells

Historically, ketone bodies have been considered energy
substrates that could partly substitute for glucose as an energy
substrate. This is crucial in cells and tissues that lack the ability
to metabolize lipids directly, as is the case with cells of the nervous

system, which during ketosis may shift to primarily metabolizing
ketone bodies (Owen et al., 1967; García-Rodríguez and Giménez-
Cassina, 2021).

Ketone bodies are primarily produced in hepatocytes in the
liver at times when circulating insulin levels are low and free fatty
acid levels are high due to lipolysis of triglycerides from adipose
tissue and chylomicrons. Fatty acids are metabolized through β-
oxidation to generate acetyl-CoA, which is then in turn
enzymatically converted to the ketone body acetoacetate as
depicted in Figure 1. Acetoacetate may be further converted to
beta-hydroxybutyrate (BHB) by 3-hydroxybutyrate
dehydrogenase and, to a lesser extent, into the byproduct
acetone via spontaneous decarboxylation. The concentration of
circulating BHB is ~3 times higher than that of acetoacetate

FIGURE 2
Overview of known and possible mechanisms by which adult stem cells may be affected by ketone bodies. This includes effects on a transcriptional
and post-transcriptional level induced by either intracellularly activated pathways or extracellular G-protein coupled pathways. Fully drawn lines
represent pathways observed in adult stem cells, whereas dashed lines represent pathways that have been observed in non-stem cell types and
could potentially play a role in stem cells. For each pathwaywe list the stem cell model in which it has been investigated. BHB: beta-hydroxybutyrate;
MCT: monocarboxylate transporter; HDAC: class I histone deacetylases; Hmgcs2: 3-hydroxy-3-methylglutaryl-CoA synthase 2; PDH: pyruvate
dehydrogenase; AC: acetyl-group; NRF2: Nuclear factor erythroid-2-related factor 2; NLRP3: nucleotide-binding domain and leucine-rich repeat
protein-3; MuSCs: skeletal muscle stem cells; NSCs: neural stem cells; HSCs: hematopoietic stem cells; ISCs: intestinal stem cells.
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(Balasse and Féry, 1989) and accordingly, most studies of ketone
bodies have focused on BHB.

The rate limiting enzyme in the production of acetoacetate, and
hence all ketone bodies, is the enzyme 3-hydroxy-3-methylglutaryl-
CoA synthase 2 (HMGCS2) (Hegardt, 1999). Few other cell types
besides hepatocytes express HMGCS2 (Mascaró et al., 1995; Wang
et al., 2016), but interestingly, Lgr5+ ISCs in mice were found to
express high levels of HMGCS2 and even to produce ketone bodies
(Figure 2) (Cheng et al., 2019). Further, intracellular ketone bodies
had functional consequences in the Lgr5+ ISCs as they promoted
stemness and regeneration, and limited differentiation into secretory
cell types compared to glucose. This finding may suggest that ketone
bodies, especially BHB, serve as signaling molecules for the stem
cells to conserve energy during fasting or low energy intake
situations.

HMGCS2 is also found in germline stem cells in the ovary and
testis in rats (Royo et al., 1993) and in the ovaries of neonatal mice
(Bagheri-Fam et al., 2020; Niu and Spradling, 2020; Wang et al.,
2022). In a germline knockout model for HMGCS2, oocytes in
primordial follicles underwent apoptosis rather than adopting the
quiescent state - an effect that could be rescued with exogenous BHB
(Wang et al., 2022). While HMGCS2 proved important for the
number of post-natal follicles, its loss had no measurable effect on
fertility (Bagheri-Fam et al., 2020; Wang et al., 2022).
HMGCS2 expression also occurs in adipocytes of mice, where,
interestingly, expression levels increase when the cells are
exposed to ketone bodies. In preadipocytes, however, only
negligible amounts of HMGCS2 were found (Nishitani et al.,
2022). Future studies will have to confirm the expression of
HMGCS2 in human adult stem cells and the presence of
ketogenic niches surrounding stem cells in human tissues and to
investigate the potential effects of ketone bodies on human stem cell
function.

Ketone body uptake in stem cells

Whereas only a few stem cell types appear able to synthesize
ketone bodies, most stem cell types do have the ability to take up
circulating ketone bodies from the systemic environment:
Acetoacetate is an organic acid that can passively diffuse across
the cell membrane (Zou et al., 2016). Whether BHB can do the same
remains to be determined. The vast majority of ketone bodies,
however, enter the cell by facilitated diffusion through
monocarboxylate transporters (MCTs) (Latruffe, 1987). Ketone
bodies that are taken up from the systemic environment can
enter the tricyclic acid cycle after being converted back to acetyl-
CoA (Grabacka et al., 2016).

MCTs are located throughout the body in most cell types where
they facilitate transport of a variety of short carboxylic acids
(Halestrap, 2013; Iwanaga and Kishimoto, 2015; Pérez-Escuredo
et al., 2016). Up to now, MCTs have primarily been investigated in
relation to various cancers, where they may play a role in
pathogenesis and where expression levels may even be prognostic
(Payen et al., 2020). MCT subtypes 1, 2, 4, and 7 (also known as
SLC16A1, SLC16A7, SLC16A3, SLC16A6, respectively) can
transport ketone bodies, and MCT1, 2, and 4 are proton
symporters that are also capable of transporting metabolites such

as lactate and pyruvate, with a higher affinity for these metabolites
than for BHB (Halestrap, 2013). Few studies have looked at MCT7,
and initial results in hepatocytes suggest it also can transport BHB
(Hugo et al., 2012; Higuchi et al., 2022).

The role and regulation of MCTs in adult stem cells are not well
characterized. Cellular regulation and the micro milieu surrounding
adult stem cells will be important to map, especially in stem cells
where ketone bodies may affect metabolism or signaling pathways,
such as in ISCs and early developing gonads.

Receptor mediated signaling

Ketone bodies may affect stem cell function by binding to cell
surface receptors and affect cell signaling or metabolism (Spigoni
et al., 2022). BHB acts as an agonist for the HCAR2 receptor (also
known as GPR109A or niacin receptor 1), a G-protein-coupled
receptor best characterized in adipocytes, macrophages, and
microglia in the central nervous system (Taggart et al., 2005). It
can also bind to the free fatty acid receptor 2 and 3 (FFA2 and FFA3)
- also known as GPR43 and 41. To the best of our knowledge, these
receptors have not yet been studied in the context of adult stem cells.
However, cell atlas data reveal robust expression of HCAR2 and
FFA2 in LGR5+ stem cells in the gut and in CD34+ HSCs in the bone
marrow (Tabula Muris Consortium et al., 2018; Tabula Muris
Consortium, 2020), suggesting a potential sensitivity of these
stem cell types to signaling by circulating ketone bodies.

In adipocytes, BHB-dependent activation of the HCAR2-
receptor inhibits lipolysis by decreasing the activity of hormone
sensitive lipase (Zhang et al., 2005). Thus, BHB lowers the release of
free fatty acids and exerts negative feedback on ketogenesis. In
macrophages, activation of the HCAR2 receptor may shift cell
differentiation away from the pro-inflammatory M1 phenotype
and towards the anti-inflammatory M2 phenotype (Chen et al.,
2018; Zhang et al., 2021). In the mouse brain following stroke,
activation of the HCAR2 receptor on monocytes reduces
inflammation and exerts neuroprotective effects (Rahman et al.,
2014). BHB-dependent activation of the HCAR2 receptor on
microglia inhibits the production and secretion of
proinflammatory cytokines and enzymes (Fu et al., 2015). These
anti-inflammatory changes in macrophages and monocytes exposed
to ketone bodies may be facilitated through pathways besides the
HCAR2 receptor: In mouse macrophages, BHB inhibits the
nucleotide-binding domain and leucine-rich repeat protein-3
(NLRP3) inflammasome that promotes the production of the
pro-inflammatory cytokines IL-1β and IL-18 (Figure 2) (Youm
et al., 2015; Hirata et al., 2021). However, studies in humans
have failed to demonstrate changes in cytokine levels during
ketosis induced by ingestion of exogenous ketone bodies
(Neudorf et al., 2019; Neudorf et al., 2020). Inflammatory
responses can change adult stem cell function via
proinflammatory cytokines, which has been demonstrated in
epidermal stem cells, HSCs, and HFSCs (Xiao et al., 2020;
Jahandideh et al., 2020; Caiado et al., 2021; Doles et al., 2012).
These results suggest that ketone bodies can affect adult stem cell
function indirectly, via altered inflammatory signaling.

The FFA2 and FFA3 proteins are best characterized in the
gastrointestinal tract, immune cells, and adipose tissue, where
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they sense and respond to short-chain fatty acids, such as acetate,
propionate, and butyrate (Brown et al., 2003). Early studies failed to
reveal a direct interaction between ketone bodies and FFA2 and
FFA3 (Le Poul et al., 2003), but later studies revealed that BHB can
act as an antagonist of FFA3 (Kimura et al., 2011), and that
acetoacetate can activate FFA2 (Miyamoto et al., 2019). This
discrepancy could be explained by the use of the physiologically
scarce L-isomer of BHB in the earlier kinetic study (Le Poul et al.,
2003) instead of the physiologically prevalent D-isomer. The role of
FFA2 and FFA3 is not yet fully understood and their expression and
function are still to be uncovered in stem cells.

Metabolic regulation of stem cell
function through ketone bodies

Ketone bodies are first and foremost metabolites and could
therefore change stem cell function via a change in cellular
metabolism. A change in cellular metabolism in stem cells may
promote stem cell processes like differentiation or alter stem cell
function (Ito and Suda, 2014). For example, disruption of glycolysis
in HSCs or glycolytic lactate production in HFSCs resulted in
activation out of the quiescent state (Harris et al., 2013; Takubo
et al., 2013; Flores et al., 2017).

The rate limiting enzyme in the breakdown of ketone bodies is
OXCT1 (Board et al., 2017; Benjamin et al., 2022). While germline
loss of OXCT1 is lethal (Cotter et al., 2011), tissue specific loss in
adult mice in neurons, myofibers, or cardiomyocytes is not (Cotter
et al., 2013). Consistently, the few cases of OXCT1-deficiency
(OMIM 245050) did not present any obvious neurological or
neuromuscular phenotypes. This suggests that ketone bodies are
not an essential energy substrate during homeostasis and that ketone
bodies may serve other roles in addition to their role as a metabolite.
While OXCT1 is highly expressed in quiescent MuSCs, its deletion
did not affect MuSC function nor the effects of exogenous BHB on
MuSCs (Benjamin et al., 2022). Whether conditional deletion of
OXCT1 affects muscle regeneration or long term muscle
homeostasis remains to be determined.

Ketone bodies can substantially modify cellular metabolism, as
demonstrated in various tissues. They can decrease glucose uptake in
chick skeletal muscle, elevate glycolytic intermediates in human skeletal
muscle, and diminish cellular glucose metabolism in isolated rat hearts
(Wu andThompson, 1988; Russell et al., 1997; Cox et al., 2016). Overall,
ketone bodies appear to inhibit glycolysis and promote lipid oxidation,
which may occur through inhibition of pyruvate dehydrogenase
(Ashour and Hansford, 1983). This metabolic shift can increase the
cellular NAD+/NADH-ratio (Xin et al., 2018; Elamin et al., 2020) and
thereby increase the activity of the NAD+ dependent deacetylase,
Sirtuin 1 (SIRT1) as seen in Figure 2 (Newman and Verdin, 2014).
SIRT1 is a histone deacetylase and its activation has been linked to
maintenance of stemness in HSCs (Matsui et al., 2012) and increased
differentiation in NSCs (Hisahara et al., 2008). These findings are in line
with findings that link increased glycolysis to higher levels of histone
acetylation in stem cells (Yucel et al., 2019).

Dietary interventions are popular among the general public, and
ketogenic diets are trending. Such diets inflict major changes on
hormonal and metabolic homeostasis (Zhu et al., 2022) and can
thereby potentially affect stem cells through pathways unrelated to

ketone bodies per se. Besides a ketogenic diet, ketosis may arise from
other types of interventions, e.g., fasting, prolonged exercise, or
exogenous supplementation. Studies that apply mechanistic
methodologies to investigate stem cell function directly related to
ketone bodies are therefore important.

Transcriptional and post-
transcriptional regulatory effects of
ketone bodies

BHB plays an important role in transcriptional regulation, by
acting as an inhibitor of class I histone deacetylases (HDACs)
(Shimazu et al., 2013; Chriett et al., 2019; Benjamin et al., 2022).
HDACs remove acetyl groups from histones, which generally results
in a more compact chromatin structure and thereby suppressed gene
expression. The inhibition of HDACs by BHB accordingly leads to
more open chromatin and increased gene expression. Histone
acetylation represents a fundamental regulatory mechanism in
determining gene expression, which has been shown to impact
the function, differentiation potential, and quiescence of multiple
adult stem cell types (Frye et al., 2007; Yucel et al., 2019; Vong et al.,
2022; Kueh et al., 2023).

Ketone bodies can also influence the acetylation of soluble
proteins. The protein p53 (TP53)—often described as the
“guardian of the genome”—plays a pivotal role in maintaining
the integrity of DNA and preventing genomic instability
(Lambrus et al., 2015; Eischen, 2016). Multiple quiescent stem
cell types express p53 at high levels (Meletis et al., 2006; Liu
et al., 2009; Liu et al., 2018). In both MuSCs (Benjamin et al.,
2022) and hepatocytes (Roberts et al., 2018) p53 can be acetylated
and thereby activated by ketone bodies. The protein p53 helps to
maintain stem cell quiescence and prevent stem cell exhaustion,
thereby serving as a quality control mechanism. Germline deletion
of p53, for example, results in increased stem cell proliferation and
decreased apoptosis in NSCs (Meletis et al., 2006) and HSCs (Liu
et al., 2009) (Figure 2). However, the relationship between p53 and
stem cell function is not straightforward: In MuSCs acetylated
p53 promotes a deep quiescence and a resilient stem cell state
(Benjamin et al., 2022). The importance of p53 for MuSC
function is underlined by findings in mice where stabilization of
p53 promoted stem cell survival (Liu et al., 2018). The effects of
ketone bodies on p53 activation remain an underexplored area in
most types of adult stem cells. Considering p53’s varied roles and its
specific effects on different tissues and cell types, its interaction with
ketone bodies could lead to varied responses in different stem cell
populations.

Oxidative stress can impact stem cell function on multiple levels
(Lee et al., 2018). Nuclear factor erythroid-2-related factor 2 (NRF2)
is a transcriptional factor activated by increased oxidative stress
levels to stimulate the transcription of antioxidant proteins (Baird
and Yamamoto, 2020; Unoki et al., 2020). In rats on a ketogenic diet,
NRF2 is activated (Izuta et al., 2018; Lu et al., 2018), and this
regulates stemness, self-renewal, and regenerative capacity in
various adult stem cell types, including ISCs, NSCs, MSCs, and
HSCs (Dai et al., 2020). Increased NRF2 expression occurs with
acetoacetate exposure, but not BHB, in specific cell lines (Figure 2)
(Jain et al., 1998; Abdelmegeed et al., 2004; Kanikarla-Marie and
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Jain, 2015; Shi et al., 2016). The increased NRF2 levels are thought to
contribute to long-term antioxidant adaptations during ketosis
(Kolb et al., 2021) and could play a role in adult stem cells. The
extent to which ketone bodies elevate oxidative stress levels in stem
cells remains an open question.

Recently, it was discovered that BHB can be conjugated directly
to lysine residues on histones: a process termed beta-
hydroxybutyrylation (Xie et al., 2016). This is facilitated by the
enzyme p300 (Huang et al., 2021). In addition to histones, beta-
hydroxybutyrylation might also occur on the p53 protein,
potentially leading to altered p53 activity (Liu et al., 2019). As of
yet, findings of beta-hydroxybutyrylation on p53 have been reported
for the thymus of fasted mice, in the non-small carcinoma cell line
H1299, and in the osteosarcoma cell line U2OS, whereas beta-
hydroxybutyrylation on histones has only been demonstrated in
the embryonic kidney cell line HEK293 (Xie et al., 2016; Liu et al.,
2019). Looking forward, the role of beta-hydroxybutyrylation in
stem cells requires further research. Uncovering this could pave the
way for the identification of novel therapeutic targets in stem cell
biology.

BHB has been shown to enhance the transcription of the
ZFP36 gene in cultured mouse adipose mesenchymal progenitor
cells, consequently increasing the levels of tristetraprolin protein,
thereby inhibiting fibrogenic differentiation (Figure 2) (Lecoutre
et al., 2022). Tristetraprolin’s role in inhibiting fibrogenic
differentiation could be crucial for maintaining healthy adipose
tissue. Notably, tristetraprolin is also important in MuSCs, where
it helps maintain the quiescent state (Hausburg et al., 2015).
However, whether BHB functions upstream of Tristetraprolin in
MuSCs and other adult stem cell models, remains to be determined.

Notch signaling is a highly conserved cell communication
system that exists in many multicellular organisms. Notch
signaling plays a pivotal role in the fate of different stem cell
types where it promotes the quiescent state, thereby maintaining
stem cell populations (Bjornson et al., 2012; Mourikis et al., 2012;
Wang et al., 2017; Engler et al., 2018). In ISCs in mice, BHB
preserved stemness by inhibiting class I histone deacetylases,
which in turn increased the expression of NOTCH1 proteins
(Figure 2) (Cheng et al., 2019). Given its central role in stem cell
biology, Notch may be a target of ketone body signaling across many
more stem cell populations.

Discussion and conclusion

Dietary interventions like fasting and ketogenic diets have
gained in popularity among the general public for their potential
health benefits. However, these interventions are complex and have
widespread impact. In this review, we have highlighted the critical
role of ketone bodies, especially BHB, in stem cell biology. BHB is
not only an energy source during fasting or low-carbohydrate diets
but also a signaling molecule that influences stem cell processes,
including quiescence, differentiation, and thereby tissue
regeneration.

Interestingly, the outcomes of ketone bodies are variable. For
example, in MuSCs, ketone body supplementation induced a state of

deep quiescence limiting regeneration, whereas in ISCs, ketone body
supplementation delayed differentiation, thereby enhancing tissue
regeneration (Cheng et al., 2019; Benjamin et al., 2022). Importantly,
this means that ketogenic diets and fasting can have different effects
across different tissues. Moreover, this suggests that the metabolic
needs for each stem cell model are different and hints at the presence
of ketogenic stem cell niches. These findings open up potential new
treatment strategies for age-related conditions and tissue
regeneration. However, more research is needed to understand
the specific mechanisms of ketone bodies on stem cells.

Ketone bodies are far from the only metabolite that is affected by
dietary interventions. Potentially, other metabolites can parallel the
effects of ketone bodies on stem cells. One candidate is lactate, a
product of glycolysis. Like ketone bodies, lactate can affect MuSC
function and muscle regeneration (Zhang et al., 2020; Nalbandian
et al., 2021). Further, lactate can also be covalently attached to
histones in a process dubbed lactylation and thereby affect gene
expression (Galle et al., 2022). Whether lactate has dual effects on
other stem cell types remains an open question, but these initial
findings underscore the importance of dissecting the relationships
between metabolites acting as signaling molecules and adult stem
cells.

Author contributions

JF and ADM conceptualized the study. OEA drafted the
manuscript. JVP created the figures. All authors contributed to
the article and approved the submitted version.

Acknowledgments

Figures were created with BioRender.com. This work was
supported by a Danish Diabetes Academy grant funded by
NovoNordiskFonden (NNF17SA0031406) and a grant from the
Danish Ministry of Culture (FPK.2021-0032) to OEA and a
NovoNordiskFonden Start Package grant (0071116) and an
AUFF NOVA grant (AUFF-E-2022-9-28) to ADM.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Cell and Developmental Biology frontiersin.org06

Andersen et al. 10.3389/fcell.2023.1246998

https://www.biorender.com/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1246998


References

Abdelmegeed, M. A., Kim, S. K., Woodcroft, K. J., and Novak, R. F. (2004).
Acetoacetate activation of extracellular signal-regulated kinase 1/2 and p38 mitogen-
activated protein kinase in primary cultured rat hepatocytes: role of oxidative stress.
J. Pharmacol. Exp. Ther. 310, 728–736. doi:10.1124/jpet.104.066522

Ahmed, A. S. I., Sheng, M. H., Wasnik, S., Baylink, D. J., and Lau, K.-H. W. (2017).
Effect of aging on stem cells. World J. Exp. Med. 7, 1–10. doi:10.5493/wjem.v7.i1.1

Ashour, B., and Hansford, R. G. (1983). Effect of fatty acids and ketones on the activity
of pyruvate dehydrogenase in skeletal-muscle mitochondria. Biochem. J. 214, 725–736.
doi:10.1042/bj2140725

Bagheri-Fam, S., Chen, H., Wilson, S., Ayers, K., Hughes, J., Sloan-Bena, F., et al.
(2020). The gene encoding the ketogenic enzyme HMGCS2 displays a unique
expression during gonad development in mice. PLoS One 15, e0227411. doi:10.1371/
journal.pone.0227411

Baird, L., and Yamamoto, M. (2020). The molecular mechanisms regulating the
KEAP1-NRF2 pathway. Mol. Cell. Biol. 40, e00099-20. doi:10.1128/MCB.00099-20

Balasse, E. O., and Féry, F. (1989). Ketone body production and disposal: effects of
fasting, diabetes, and exercise. Diabetes. Metab. Rev. 5, 247–270. doi:10.1002/dmr.
5610050304

Barañano, K. W., and Hartman, A. L. (2008). The ketogenic diet: uses in epilepsy and
other neurologic illnesses. Curr. Treat. Options Neurol. 10, 410–419. doi:10.1007/
s11940-008-0043-8

Benjamin, D. I., Both, P., Benjamin, J. S., Nutter, C. W., Tan, J. H., Kang, J., et al.
(2022). Fasting induces a highly resilient deep quiescent state in muscle stem cells via
ketone body signaling. Cell Metab. 34, 902–918.e6. doi:10.1016/j.cmet.2022.04.012

Bjornson, C. R. R., Cheung, T.H., Liu, L., Tripathi, P. V., Steeper, K.M., and Rando, T. A.
(2012). Notch signaling is necessary to maintain quiescence in adult muscle stem cells.
Stem Cells 30, 232–242. doi:10.1002/stem.773

Board, M., Board, M., Lopez, C., van den Bos, C., Callaghan, R., Clarke, K., et al.
(2017). Acetoacetate is a more efficient energy-yielding substrate for human
mesenchymal stem cells than glucose and generates fewer reactive oxygen species.
Int. J. Biochem. Cell Biol. 88, 75–83. doi:10.1016/j.biocel.2017.05.007

Brown, A. J., Goldsworthy, S. M., Barnes, A. A., Eilert, M. M., Tcheang, L., Daniels, D.,
et al. (2003). The Orphan G protein-coupled receptors GPR41 and GPR43 are activated
by propionate and other short chain carboxylic acids. J. Biol. Chem. 278, 11312–11319.
doi:10.1074/jbc.M211609200

Cheung, T. H., and Rando, T. A. (2013). Molecular regulation of stem cell quiescence.
Nat. Rev. Mol. Cell Biol. 14, 329–340. doi:10.1038/nrm3591

Caiado, F., Pietras, E. M., and Manz, M. G. (2021). Inflammation as a regulator of
hematopoietic stem cell function in disease, aging, and clonal selection. J. Exp. Med. 218,
e20201541. doi:10.1084/jem.20201541

Cerletti, M., Jang, Y. C., Finley, L. W. S., Haigis, M. C., andWagers, A. J. (2012). Short-
term calorie restriction enhances skeletal muscle stem cell function. Cell Stem Cell 10,
515–519. doi:10.1016/j.stem.2012.04.002

Chen, Y., Ouyang, X., Hoque, R., Garcia-Martinez, I., Yousaf, M. N., Tonack, S., et al.
(2018). β-Hydroxybutyrate protects from alcohol-induced liver injury via a Hcar2-
cAMP dependent pathway. J. Hepatol. 69, 687–696. doi:10.1016/j.jhep.2018.04.004

Cheng, C.-W., Adams, G. B., Perin, L., Wei, M., Zhou, X., Lam, B. S., et al. (2014).
Prolonged fasting reduces IGF-1/PKA to promote hematopoietic-stem-cell-based
regeneration and reverse immunosuppression. Cell Stem Cell 14, 810–823. doi:10.
1016/j.stem.2014.04.014

Cheng, C.-W., Biton, M., Haber, A. L., Gunduz, N., Eng, G., Gaynor, L. T., et al.
(2019). Ketone body signaling mediates intestinal stem cell homeostasis and adaptation
to diet. Cell 178, 1115–1131. doi:10.1016/j.cell.2019.07.048

Chriett, S., Dąbek, A., Wojtala, M., Vidal, H., Balcerczyk, A., and Pirola, L. (2019).
Prominent action of butyrate over β-hydroxybutyrate as histone deacetylase inhibitor,
transcriptional modulator and anti-inflammatory molecule. Sci. Rep. 9, 742. doi:10.
1038/s41598-018-36941-9

Clevers, H., and Watt, F. M. (2018). Defining adult stem cells by function, not by
phenotype. Annu. Rev. Biochem. 87, 1015–1027. doi:10.1146/annurev-biochem-
062917-012341

Cotter, D. G., d’Avignon, D. A., Wentz, A. E., Weber, M. L., and Crawford, P. A.
(2011). Obligate role for ketone body oxidation in neonatal metabolic homeostasis.
J. Biol. Chem. 286, 6902–6910. doi:10.1074/jbc.M110.192369

Cotter, D. G., Schugar, R. C., Wentz, A. E., d’Avignon, D. A., and Crawford, P. A.
(2013). Successful adaptation to ketosis by mice with tissue-specific deficiency of ketone
body oxidation. Am. J. Physiol. Endocrinol. Metab. 304, E363–E374. doi:10.1152/
ajpendo.00547.2012

Cox, P. J., Kirk, T., Ashmore, T., Willerton, K., Evans, R., Smith, A., et al. (2016).
Nutritional ketosis alters fuel preference and thereby endurance performance in
athletes. Cell Metab. 24, 256–268. doi:10.1016/j.cmet.2016.07.010

Dai, X., Yan, X., Wintergerst, K. A., Cai, L., Keller, B. B., and Tan, Y. (2020). Nrf2:
redox and metabolic regulator of stem cell state and function. Trends Mol. Med. 26,
185–200. doi:10.1016/j.molmed.2019.09.007

de Morree, A., and Rando, T. A. (2023). Regulation of adult stem cell quiescence and
its functions in the maintenance of tissue integrity. Nat. Rev. Mol. Cell Biol. 24, 334–354.
doi:10.1038/s41580-022-00568-6

Doles, J., Storer, M., Cozzuto, L., Roma, G., and Keyes, W. M. (2012). Age-associated
inflammation inhibits epidermal stem cell function. Genes Dev. 26, 2144–2153. doi:10.
1101/gad.192294.112

Eischen, C. M. (2016). Genome stability requires p53. Cold Spring Harb. Perspect.
Med. 6, a026096. doi:10.1101/cshperspect.a026096

Elamin, M., Ruskin, D. N., Sacchetti, P., and Masino, S. A. (2020). A unifying
mechanism of ketogenic diet action: The multiple roles of nicotinamide adenine
dinucleotide. Epilepsy Res. 167, 106469. doi:10.1016/j.eplepsyres.2020.106469

Engler, A., Rolando, C., Giachino, C., Saotome, I., Erni, A., Brien, C., et al. (2018).
Notch2 signaling maintains NSC quiescence in the murine ventricular-subventricular
zone. Cell Rep. 22, 992–1002. doi:10.1016/j.celrep.2017.12.094

Fei, Y., Shi, R., Song, Z., andWu, J. (2020). Metabolic control of epilepsy: A promising
therapeutic target for epilepsy. Front. Neurol. 11, 592514. doi:10.3389/fneur.2020.
592514

Feng, S., Wang, H., Liu, J., Aa, J., Zhou, F., and Wang, G. (2019). Multi-dimensional
roles of ketone bodies in cancer biology: opportunities for cancer therapy. Pharmacol.
Res., 104500. doi:10.1016/j.phrs.2019.104500

Flores, A., Schell, J., Krall, A. S., Jelinek, D., Miranda, M., Grigorian, M., et al. (2017).
Lactate dehydrogenase activity drives hair follicle stem cell activation. Nat. Cell Biol. 19,
1017–1026. doi:10.1038/ncb3575

Forni, M. F., Peloggia, J., Braga, T. T., Chinchilla, J. E. O., Shinohara, J., Navas, C. A.,
et al. (2017). Caloric restriction promotes structural and metabolic changes in the skin.
Cell Rep. 20, 2678–2692. doi:10.1016/j.celrep.2017.08.052

Frye, M., Fisher, A. G., and Watt, F. M. (2007). Epidermal stem cells are defined by
global histone modifications that are altered by Myc-induced differentiation. PLoS One
2, e763. doi:10.1371/journal.pone.0000763

Fu, S. P., Wang, J. F., Xue, W. J., Liu, H. M., Liu, B. R., Zeng, Y. L., et al. (2015). Anti-
inflammatory effects of BHBA in both in vivo and in vitro Parkinson’s disease models
are mediated by GPR109A-dependent mechanisms. J. Neuroinflammation 12, 9. doi:10.
1186/s12974-014-0230-3

Galle, E., Wong, C.-W., Ghosh, A., Desgeorges, T., Melrose, K., Hinte, L. C., et al.
(2022). H3K18 lactylation marks tissue-specific active enhancers. Genome Biol. 23, 207.
doi:10.1186/s13059-022-02775-y

García-Rodríguez, D., and Giménez-Cassina, A. (2021). Ketone bodies in the brain
beyond fuel metabolism: from excitability to gene expression and cell signaling. Front.
Mol. Neurosci. 14, 732120. doi:10.3389/fnmol.2021.732120

Gehart, H., and Clevers, H. (2019). Tales from the crypt: new insights into intestinal
stem cells. Nat. Rev. Gastroenterol. Hepatol. 16, 19–34. doi:10.1038/s41575-018-0081-y

Grabacka, M., Pierzchalska, M., Dean, M., and Reiss, K. (2016). Regulation of ketone
body metabolism and the role of PPARα. Int. J. Mol. Sci. 17, 2093. doi:10.3390/
ijms17122093

Halestrap, A. P. (2013). The SLC16 gene family - structure, role and regulation in
health and disease. Mol. Asp. Med. 34, 337–349. doi:10.1016/j.mam.2012.05.003

Harris, J. M., Esain, V., Frechette, G. M., Harris, L. J., Cox, A. G., Cortes, M., et al.
(2013). Glucose metabolism impacts the spatiotemporal onset and magnitude of HSC
induction in vivo. Blood 121, 2483–2493. doi:10.1182/blood-2012-12-471201

Hausburg, M. A., Doles, J. D., Clement, S. L., Cadwallader, A. B., Hall, M. N.,
Blackshear, P. J., et al. (2015). Post-transcriptional regulation of satellite cell quiescence
by TTP-mediated mRNA decay. eLife 4, e03390. doi:10.7554/elife.03390

Hegardt, F. G. (1999). Mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase: A
control enzyme in ketogenesis. Biochem. J. 338 (3), 569–582. doi:10.1042/bj3380569

Higuchi, K., Sugiyama, K., Tomabechi, R., Kishimoto, H., and Inoue, K. (2022).
Mammalian monocarboxylate transporter 7 (MCT7/Slc16a6) is a novel facilitative
taurine transporter. J. Biol. Chem. 298, 101800. doi:10.1016/j.jbc.2022.101800

Hirata, Y., Shimazaki, S., Suzuki, S., Henmi, Y., Komiyama, H., Kuwayama, T., et al.
(2021). β-hydroxybutyrate suppresses NLRP3 inflammasome-mediated placental
inflammation and lipopolysaccharide-induced fetal absorption. J. Reprod. Immunol.
148, 103433. doi:10.1016/j.jri.2021.103433

Hisahara, S., Chiba, S., Matsumoto, H., Tanno, M., Yagi, H., Shimohama, S., et al.
(2021). Histone deacetylase SIRT1 modulates neuronal differentiation by its nuclear
translocation. Proc. Natl. Acad. Sci. 105 (40), 15599–604. doi:10.1073/pnas.0800612105

Huang, H., Zhang, D., Weng, Y., Delaney, K., Tang, Z., Yan, C., et al. (2021). The
regulatory enzymes and protein substrates for the lysine β-hydroxybutyrylation
pathway. Sci. Adv. 7, eabe2771. doi:10.1126/sciadv.abe2771

Hugo, S. E., Cruz-Garcia, L., Karanth, S., Anderson, R. M., Stainier, D. Y., and
Schlegel, A. (2012). A monocarboxylate transporter required for hepatocyte secretion of
ketone bodies during fasting. Genes Dev. 26, 282–293. doi:10.1101/gad.180968.111

Ito, K., and Suda, T. (2014). Metabolic requirements for the maintenance of self-
renewing stem cells. Nat. Rev. Mol. Cell Biol. 15, 243–256. doi:10.1038/nrm3772

Frontiers in Cell and Developmental Biology frontiersin.org07

Andersen et al. 10.3389/fcell.2023.1246998

https://doi.org/10.1124/jpet.104.066522
https://doi.org/10.5493/wjem.v7.i1.1
https://doi.org/10.1042/bj2140725
https://doi.org/10.1371/journal.pone.0227411
https://doi.org/10.1371/journal.pone.0227411
https://doi.org/10.1128/MCB.00099-20
https://doi.org/10.1002/dmr.5610050304
https://doi.org/10.1002/dmr.5610050304
https://doi.org/10.1007/s11940-008-0043-8
https://doi.org/10.1007/s11940-008-0043-8
https://doi.org/10.1016/j.cmet.2022.04.012
https://doi.org/10.1002/stem.773
https://doi.org/10.1016/j.biocel.2017.05.007
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1038/nrm3591
https://doi.org/10.1084/jem.20201541
https://doi.org/10.1016/j.stem.2012.04.002
https://doi.org/10.1016/j.jhep.2018.04.004
https://doi.org/10.1016/j.stem.2014.04.014
https://doi.org/10.1016/j.stem.2014.04.014
https://doi.org/10.1016/j.cell.2019.07.048
https://doi.org/10.1038/s41598-018-36941-9
https://doi.org/10.1038/s41598-018-36941-9
https://doi.org/10.1146/annurev-biochem-062917-012341
https://doi.org/10.1146/annurev-biochem-062917-012341
https://doi.org/10.1074/jbc.M110.192369
https://doi.org/10.1152/ajpendo.00547.2012
https://doi.org/10.1152/ajpendo.00547.2012
https://doi.org/10.1016/j.cmet.2016.07.010
https://doi.org/10.1016/j.molmed.2019.09.007
https://doi.org/10.1038/s41580-022-00568-6
https://doi.org/10.1101/gad.192294.112
https://doi.org/10.1101/gad.192294.112
https://doi.org/10.1101/cshperspect.a026096
https://doi.org/10.1016/j.eplepsyres.2020.106469
https://doi.org/10.1016/j.celrep.2017.12.094
https://doi.org/10.3389/fneur.2020.592514
https://doi.org/10.3389/fneur.2020.592514
https://doi.org/10.1016/j.phrs.2019.104500
https://doi.org/10.1038/ncb3575
https://doi.org/10.1016/j.celrep.2017.08.052
https://doi.org/10.1371/journal.pone.0000763
https://doi.org/10.1186/s12974-014-0230-3
https://doi.org/10.1186/s12974-014-0230-3
https://doi.org/10.1186/s13059-022-02775-y
https://doi.org/10.3389/fnmol.2021.732120
https://doi.org/10.1038/s41575-018-0081-y
https://doi.org/10.3390/ijms17122093
https://doi.org/10.3390/ijms17122093
https://doi.org/10.1016/j.mam.2012.05.003
https://doi.org/10.1182/blood-2012-12-471201
https://doi.org/10.7554/elife.03390
https://doi.org/10.1042/bj3380569
https://doi.org/10.1016/j.jbc.2022.101800
https://doi.org/10.1016/j.jri.2021.103433
https://doi.org/10.1073/pnas.0800612105
https://doi.org/10.1126/sciadv.abe2771
https://doi.org/10.1101/gad.180968.111
https://doi.org/10.1038/nrm3772
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1246998


Iwanaga, T., and Kishimoto, A. (2015). Cellular distributions of monocarboxylate
transporters: A review. Biomed. Res. 36, 279–301. doi:10.2220/biomedres.36.279

Izuta, Y., Imada, T., Hisamura, R., Oonishi, E., Nakamura, S., Inagaki, E., et al. (2018).
Ketone body 3-hydroxybutyrate mimics calorie restriction via the Nrf2 activator,
fumarate, in the retina. Aging Cell 17, e12699. doi:10.1111/acel.12699

Jahandideh, B., Derakhshani, M., Abbaszadeh, H., Akbar Movassaghpour, A.,
Mehdizadeh, A., Talebi, M., et al. (2020). The pro-Inflammatory cytokines effects
on mobilization, self-renewal and differentiation of hematopoietic stem cells. Hum.
Immunol. 81, 206–217. doi:10.1016/j.humimm.2020.01.004

Jain, S. K., Kannan, K., and Lim, G. (1998). Ketosis (acetoacetate) can generate oxygen
radicals and cause increased lipid peroxidation and growth inhibition in human endothelial
cells. Free Radic. Biol. Med. 25, 1083–1088. doi:10.1016/s0891-5849(98)00140-3

Kanikarla-Marie, P., and Jain, S. K. (2015). Hyperketonemia (acetoacetate)
upregulates NADPH oxidase 4 and elevates oxidative stress, ICAM-1, and monocyte
adhesivity in endothelial cells. Cell. Physiol. biochem. 35, 364–373. doi:10.1159/
000369702

Kimura, I., Inoue, D., Maeda, T., Hara, T., Ichimura, A., Miyauchi, S., et al. (2011).
Short-chain fatty acids and ketones directly regulate sympathetic nervous system via G
protein-coupled receptor 41 (GPR41). Proc. Natl. Acad. Sci. U. S. A. 108, 8030–8035.
doi:10.1073/pnas.1016088108

Kolb, H., Kempf, K., Röhling, M., Lenzen-Schulte, M., Schloot, N. C., and Martin, S.
(2021). Ketone bodies: from enemy to friend and guardian angel. BMC Med. 19, 313.
doi:10.1186/s12916-021-02185-0

Kueh, A. J., Bergamasco, M. I., Quaglieri, A., Phipson, B., Li-Wai-Suen, C. S. N.,
Lönnstedt, I. M., et al. (2023). Stem cell plasticity, acetylation of H3K14, and de novo
gene activation rely on KAT7. Cell Rep. 42, 111980. doi:10.1016/j.celrep.2022.111980

Lambrus, B. G., Uetake, Y., Clutario, K. M., Daggubati, V., Snyder, M., Sluder, G., et al.
(2015). p53 protects against genome instability following centriole duplication failure.
J. Cell Biol. 210, 63–77. doi:10.1083/jcb.201502089

Latruffe, N. (1987). Transport of D-beta-hydroxybutyrate across rat liver
mitochondrial membranes. Comp. Biochem. Physiol. B 88, 797–802. doi:10.1016/
0305-0491(87)90246-x

Laurenti, E., and Göttgens, B. (2018). From haematopoietic stem cells to complex
differentiation landscapes. Nature 553, 418–426. doi:10.1038/nature25022

Le Poul, E., Loison, C., Struyf, S., Springael, J.-Y., Lannoy, V., Decobecq, M.-E., et al.
(2003). Functional characterization of human receptors for short chain fatty acids and
their role in polymorphonuclear cell activation. J. Biol. Chem. 278, 25481–25489. doi:10.
1074/jbc.M301403200

Lecoutre, S., Merabtene, F., El Hachem, E.-J., Gamblin, C., Rouault, C., Sokolovska,
N., et al. (2022). Beta-hydroxybutyrate dampens adipose progenitors’ profibrotic
activation through canonical Tgfβ signaling and non-canonical ZFP36-dependent
mechanisms. Mol. Metab. 61, 101512. doi:10.1016/j.molmet.2022.101512

Lee, J., Cho, Y. S., Jung, H., and Choi, I. (2018). Pharmacological regulation of oxidative
stress in stem cells. Oxid. Med. Cell. Longev. 2018, 4081890. doi:10.1155/2018/4081890

Li, L., and Clevers, H. (2010). Coexistence of quiescent and active adult stem cells in
mammals. Science 327, 542–545. doi:10.1126/science.1180794

Lilamand, M., Mouton-Liger, F., Di Valentin, E., Sànchez Ortiz, M., and Paquet, C.
(2021). Efficacy and safety of ketone supplementation or ketogenic diets for alzheimer’s
disease: A mini review. Front. Nutr. 8, 807970. doi:10.3389/fnut.2021.807970

Liu, K., Li, F., Sun, Q., Lin, N., Han, H., You, K., et al. (2019). p53 β-
hydroxybutyrylation attenuates p53 activity. Cell Death Dis. 10, 243. doi:10.1038/
s41419-019-1463-y

Liu, L., Charville, G. W., Cheung, T. H., Yoo, B., Santos, P. J., Schroeder, M., et al.
(2018). Impaired Notch signaling leads to a decrease in p53 activity and mitotic
catastrophe in aged muscle stem cells. Cell Stem Cell 23, 544–556. doi:10.1016/j.
stem.2018.08.019

Liu, Y., Elf, S. E., Miyata, Y., Sashida, G., Liu, Y., Huang, G., et al. (2009). p53 regulates
hematopoietic stem cell quiescence. Cell Stem Cell 4, 37–48. doi:10.1016/j.stem.2008.11.006

Long, G.-Y., Yang, J.-Y., Xu, J.-J., Ni, Y.-H., Zhou, X.-L., Ma, J.-Y., et al. (2019).
SIRT1 knock-in mice preserve ovarian reserve resembling caloric restriction. Gene 686,
194–202. doi:10.1016/j.gene.2018.10.040

Lu, Y., Yang, Y.-Y., Zhou, M.-W., Liu, N., Xing, H.-Y., Liu, X.-X., et al. (2018).
Ketogenic diet attenuates oxidative stress and inflammation after spinal cord injury by
activating Nrf2 and suppressing the NF-κB signaling pathways. Neurosci. Lett. 683,
13–18. doi:10.1016/j.neulet.2018.06.016

Mascaró, C., Buesa, C., Ortiz, J. A., Haro, D., and Hegardt, F. G. (1995). Molecular
cloning and tissue expression of human mitochondrial 3-hydroxy-3-methylglutaryl-
CoA synthase. Arch. Biochem. Biophys. 317, 385–390. doi:10.1006/abbi.1995.1178

Matsui, K., Ezoe, S., Oritani, K., Shibata, M., Tokunaga, M., Fujita, N., et al. (2012).
NAD-dependent histone deacetylase, SIRT1, plays essential roles in the maintenance of
hematopoietic stem cells. Biochem. Biophys. Res. Commun. 418 (4), 811–7. doi:10.1016/
j.bbrc.2012.01.109

McPherson, P. A. C., and McEneny, J. (2012). The biochemistry of ketogenesis and its
role in weight management, neurological disease and oxidative stress. J. Physiol.
Biochem. 68, 141–151. doi:10.1007/s13105-011-0112-4

Meletis, K., Wirta, V., Hede, S.-M., Nistér, M., Lundeberg, J., and Frisén, J. (2006).
p53 suppresses the self-renewal of adult neural stem cells. Development 133, 363–369.
doi:10.1242/dev.02208

Mihaylova, M. M., Cheng, C.-W., Cao, A. Q., Tripathi, S., Mana, M. D., Bauer-Rowe,
K. E., et al. (2018). Fasting activates fatty acid oxidation to enhance intestinal stem cell
function during homeostasis and aging. Cell Stem Cell 22, 769–778. doi:10.1016/j.stem.
2018.04.001

Mishina, T., Tabata, N., Hayashi, T., Yoshimura, M., Umeda, M., Mori, M., et al.
(2021). Single-oocyte transcriptome analysis reveals aging-associated effects influenced
by life stage and calorie restriction. Aging Cell 20, e13428. doi:10.1111/acel.13428

Miyamoto, J., Ohue-Kitano, R., Mukouyama, H., Nishida, A., Watanabe, K., Igarashi,
M., et al. (2019). Ketone body receptor GPR43 regulates lipid metabolism under
ketogenic conditions. Proc. Natl. Acad. Sci. U. S. A. 116, 23813–23821. doi:10.1073/
pnas.1912573116

Mourikis, P., Sambasivan, R., Castel, D., Rocheteau, P., Bizzarro, V., and Tajbakhsh, S.
(2012). A critical requirement for Notch signaling in maintenance of the quiescent
skeletal muscle stem cell state. Stem Cells 30, 243–252. doi:10.1002/stem.775

Nalbandian, M., Radak, Z., and Takeda, M. (2021). Corrigendum: lactate metabolism
and satellite cell fate. Front. Physiol. 12, 817264. doi:10.3389/fphys.2021.817264

Neudorf, H., Durrer, C., Myette-Cote, E., Makins, C., O’Malley, T., and Little, J. P.
(2019). Oral ketone supplementation acutely increases markers of
NLRP3 inflammasome activation in human monocytes. Mol. Nutr. Food Res. 63,
e1801171. doi:10.1002/mnfr.201801171

Neudorf, H., Myette-Côté, É., and P Little, J. (2020). The impact of acute ingestion of a
ketone monoester drink on LPS-stimulated NLRP3 activation in humans with obesity.
Nutrients 12, 854. doi:10.3390/nu12030854

Newman, J. C., and Verdin, E. (2014). Ketone bodies as signaling metabolites. Trends
Endocrinol. Metab. 25 (1), 42-52. doi:10.1016/j.tem.2013.09.002

Nishitani, S., Fukuhara, A., Tomita, I., Kume, S., Shin, J., Okuno, Y., et al. (2022).
Ketone body 3-hydroxybutyrate enhances adipocyte function. Sci. Rep. 12, 10080.
doi:10.1038/s41598-022-14268-w

Niu, W., and Spradling, A. C. (2020). Two distinct pathways of pregranulosa cell
differentiation support follicle formation in the mouse ovary. Proc. Natl. Acad. Sci. U. S.
A. 117, 20015–20026. doi:10.1073/pnas.2005570117

Novak, J. S. S., Baksh, S. C., and Fuchs, E. (2021). Dietary interventions as regulators of
stem cell behavior in homeostasis and disease. Genes & Dev. 35, 199–211. doi:10.1101/
gad.346973.120

Orford, K. W., and Scadden, D. T. (2008). Deconstructing stem cell self-renewal:
genetic insights into cell-cycle regulation. Nat. Rev. Genet. 9, 115–128. doi:10.1038/
nrg2269

Owen, O. E., Morgan, A. P., Kemp, H. G., Sullivan, J. M., Herrera, M. G., and Cahill, G.
F., Jr (1967). Brain metabolism during fasting. J. Clin. Invest. 46, 1589–1595. doi:10.
1172/JCI105650

Payen, V. L., Mina, E., Van Hée, V. F., Porporato, P. E., and Sonveaux, P. (2020).
Monocarboxylate transporters in cancer.Mol. Metab. 33, 48–66. doi:10.1016/j.molmet.
2019.07.006

Pérez-Escuredo, J., Van Hée, V. F., Sboarina, M., Falces, J., Payen, V. L., Pellerin, L.,
et al. (2016). Monocarboxylate transporters in the brain and in cancer. Biochim.
Biophys. Acta 1863, 2481–2497. doi:10.1016/j.bbamcr.2016.03.013

Puchalska, P., and Crawford, P. A. (2017). Multi-dimensional roles of ketone bodies
in fuel metabolism, signaling, and therapeutics. Cell Metab. 25, 262–284. doi:10.1016/j.
cmet.2016.12.022

Rahman, M., Muhammad, S., Khan, M. A., Chen, H., Ridder, D. A., Müller-Fielitz, H.,
et al. (2014). The β-hydroxybutyrate receptor HCA2 activates a neuroprotective subset
of macrophages. Nat. Commun. 5, 3944. doi:10.1038/ncomms4944

Ramalho-Santos, M., and Willenbring, H. (2007). On the origin of the term stem cell.
Cell Stem Cell 1, 35–38. doi:10.1016/j.stem.2007.05.013

Relaix, F., Bencze, M., Borok, M. J., Der Vartanian, A., Gattazzo, F., Mademtzoglou,
D., et al. (2021). Perspectives on skeletal muscle stem cells. Nat. Commun. 12, 692.
doi:10.1038/s41467-020-20760-6

Roberts, M. N., Wallace, M. A., Tomilov, A. A., Zhou, Z., Marcotte, G. R., Tran, D.,
et al. (2018). A ketogenic diet extends longevity and healthspan in adult mice. Cell
Metab. 27, 1156. doi:10.1016/j.cmet.2018.04.005

Royo, T., Pedragosa, M. J., Ayté, J., Gil-Gómez, G., Vilaró, S., and Hegardt, F. G.
(1993). Testis and ovary express the gene for the ketogenic mitochondrial 3-hydroxy-3-
methylglutaryl-CoA synthase. J. Lipid Res. 34, 1636–1874. doi:10.1016/s0022-2275(20)
36956-x

Russell, R., Cline, G. W., Guthrie, P. H., Goodwin, G. W., Shulman, G. I., Taegtmeyer,
H., et al. (1997). Regulation of exogenous and endogenous glucose metabolism by
insulin and acetoacetate in the isolated working rat heart. A three tracer study of
glycolysis, glycogen metabolism, and glucose oxidation. J. Clin. Invest. 100, 2892–2899.
doi:10.1172/JCI119838

Shi, X., Li, D., Deng, Q., Peng, Z., Zhao, C., Li, X., et al. (2016). Acetoacetic acid
induces oxidative stress to inhibit the assembly of very low density lipoprotein in bovine
hepatocytes. J. Dairy Res. 83, 442–446. doi:10.1017/S0022029916000546

Frontiers in Cell and Developmental Biology frontiersin.org08

Andersen et al. 10.3389/fcell.2023.1246998

https://doi.org/10.2220/biomedres.36.279
https://doi.org/10.1111/acel.12699
https://doi.org/10.1016/j.humimm.2020.01.004
https://doi.org/10.1016/s0891-5849(98)00140-3
https://doi.org/10.1159/000369702
https://doi.org/10.1159/000369702
https://doi.org/10.1073/pnas.1016088108
https://doi.org/10.1186/s12916-021-02185-0
https://doi.org/10.1016/j.celrep.2022.111980
https://doi.org/10.1083/jcb.201502089
https://doi.org/10.1016/0305-0491(87)90246-x
https://doi.org/10.1016/0305-0491(87)90246-x
https://doi.org/10.1038/nature25022
https://doi.org/10.1074/jbc.M301403200
https://doi.org/10.1074/jbc.M301403200
https://doi.org/10.1016/j.molmet.2022.101512
https://doi.org/10.1155/2018/4081890
https://doi.org/10.1126/science.1180794
https://doi.org/10.3389/fnut.2021.807970
https://doi.org/10.1038/s41419-019-1463-y
https://doi.org/10.1038/s41419-019-1463-y
https://doi.org/10.1016/j.stem.2018.08.019
https://doi.org/10.1016/j.stem.2018.08.019
https://doi.org/10.1016/j.stem.2008.11.006
https://doi.org/10.1016/j.gene.2018.10.040
https://doi.org/10.1016/j.neulet.2018.06.016
https://doi.org/10.1006/abbi.1995.1178
https://doi.org/10.1016/j.bbrc.2012.01.109
https://doi.org/10.1016/j.bbrc.2012.01.109
https://doi.org/10.1007/s13105-011-0112-4
https://doi.org/10.1242/dev.02208
https://doi.org/10.1016/j.stem.2018.04.001
https://doi.org/10.1016/j.stem.2018.04.001
https://doi.org/10.1111/acel.13428
https://doi.org/10.1073/pnas.1912573116
https://doi.org/10.1073/pnas.1912573116
https://doi.org/10.1002/stem.775
https://doi.org/10.3389/fphys.2021.817264
https://doi.org/10.1002/mnfr.201801171
https://doi.org/10.3390/nu12030854
https://doi.org/10.1016/j.tem.2013.09.002
https://doi.org/10.1038/s41598-022-14268-w
https://doi.org/10.1073/pnas.2005570117
https://doi.org/10.1101/gad.346973.120
https://doi.org/10.1101/gad.346973.120
https://doi.org/10.1038/nrg2269
https://doi.org/10.1038/nrg2269
https://doi.org/10.1172/JCI105650
https://doi.org/10.1172/JCI105650
https://doi.org/10.1016/j.molmet.2019.07.006
https://doi.org/10.1016/j.molmet.2019.07.006
https://doi.org/10.1016/j.bbamcr.2016.03.013
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.1038/ncomms4944
https://doi.org/10.1016/j.stem.2007.05.013
https://doi.org/10.1038/s41467-020-20760-6
https://doi.org/10.1016/j.cmet.2018.04.005
https://doi.org/10.1016/s0022-2275(20)36956-x
https://doi.org/10.1016/s0022-2275(20)36956-x
https://doi.org/10.1172/JCI119838
https://doi.org/10.1017/S0022029916000546
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1246998


Shimazu, T., Hirschey, M. D., Newman, J., He, W., Shirakawa, K., Le Moan, N., et al.
(2013). Suppression of oxidative stress by β-hydroxybutyrate, an endogenous histone
deacetylase inhibitor. Science 339, 211–214. doi:10.1126/science.1227166

Spigoni, V., Cinquegrani, G., Iannozzi, N. T., Frigeri, G., Maggiolo, G., Maggi, M.,
et al. (2022). Activation of G protein-coupled receptors by ketone bodies: clinical
implication of the ketogenic diet in metabolic disorders. Front. Endocrinol. 13, 972890.
doi:10.3389/fendo.2022.972890

Tabula Muris Consortium (2020). A single-cell transcriptomic atlas characterizes
ageing tissues in the mouse. Nature 583, 590–595. doi:10.1038/s41586-020-2496-1

Tabula Muris Consortium; Overall coordination; Logistical coordination; Organ
collection and processing; Library preparation and sequencing; Computational data
analysis, et al. (2018). Single-cell transcriptomics of 20 mouse organs creates a Tabula
Muris. Nature 562, 367–372. doi:10.1038/s41586-018-0590-4

Taggart, A. K. P., Kero, J., Gan, X., Cai, T.-Q., Cheng, K., Ippolito, M., et al. (2005).
(D)-beta-Hydroxybutyrate inhibits adipocyte lipolysis via the nicotinic acid receptor
PUMA-G. J. Biol. Chem. 280, 26649–26652. doi:10.1074/jbc.C500213200

Takubo, K., Nagamatsu, G., Kobayashi, C. I., Nakamura-Ishizu, A., Kobayashi, H.,
Ikeda, E., et al. (2013). Regulation of glycolysis by Pdk functions as a metabolic
checkpoint for cell cycle quiescence in hematopoietic stem cells. Cell Stem Cell 12,
49–61. doi:10.1016/j.stem.2012.10.011

Tang, D., Tao, S., Chen, Z., Koliesnik, I. O., Calmes, P. G., Hoerr, V., et al. (2016).
Dietary restriction improves repopulation but impairs lymphoid differentiation
capacity of hematopoietic stem cells in early aging. J. Exp. Med. 213, 535–553.
doi:10.1084/jem.20151100

Terranova, C., Stemler, K. M., Barrodia, P., Jeter-Jones, S. L., Ge, Z., de la Cruz
Bonilla, M., et al. (2021). Reprogramming of H3K9bhb at regulatory elements is an
epigenetic feature of fasting in the small intestine. SSRN Electron. J. 2021. doi:10.
2139/ssrn.3631381

Tinguely, D., Gross, J., and Kosinski, C. (2021). Efficacy of ketogenic diets on type
2 diabetes: A systematic review. Curr. Diab. Rep. 21, 32. doi:10.1007/s11892-021-01399-z

Unoki, T., Akiyama, M., and Kumagai, Y. (2020). Nrf2 activation and its coordination
with the protective defense systems in response to electrophilic stress. Int. J. Mol. Sci. 21,
545. doi:10.3390/ijms21020545

Urbán, N., Blomfield, I. M., and Guillemot, F. (2019). Quiescence of adult mammalian
neural stem cells: A highly regulated rest. Neuron 104, 834–848. doi:10.1016/j.neuron.
2019.09.026

Vong, P., Ouled-Haddou, H., and Garçon, L. (2022). Histone deacetylases function in
the control of early hematopoiesis and erythropoiesis. Int. J. Mol. Sci. 23, 9790. doi:10.
3390/ijms23179790

Wang, F., Xiang, H., Fischer, G., Liu, Z., Dupont, M. J., Hogan, Q. H., et al. (2016).
HMG-CoA synthase isoenzymes 1 and 2 localize to satellite glial cells in dorsal root
ganglia and are differentially regulated by peripheral nerve injury. Brain Res. 1652,
62–70. doi:10.1016/j.brainres.2016.09.032

Wang, W., Yu, S., Myers, J., Wang, Y., Xin, W. W., Albakri, M., et al. (2017).
Notch2 blockade enhances hematopoietic stem cell mobilization and homing.
Haematologica 102, 1785–1795. doi:10.3324/haematol.2017.168674

Wang, X.-Y., Zhang, X.-G., Sang, Y.-J., Chong, D.-Y., Sheng, X.-Q., Wang, H.-Q., et al.
(2022). The neonatal ketone body is important for primordial follicle pool formation
and regulates ovarian ageing in mice. Life Metab. 1, 149–160. doi:10.1093/lifemeta/
loac017

Wu, G. Y., and Thompson, J. R. (1988). The effect of ketone bodies on alanine and
glutamine metabolism in isolated skeletal muscle from the fasted chick. Biochem. J. 255,
139–144. doi:10.1042/bj2550139

Xiao, T., Yan, Z., Xiao, S., and Xia, Y. (2020). Proinflammatory cytokines regulate
epidermal stem cells in wound epithelialization. Stem Cell Res. Ther. 11, 232. doi:10.
1186/s13287-020-01755-y

Xie, Z., Zhang, D., Chung, D., Tang, Z., Huang, H., Dai, L., et al. (2016). Metabolic
regulation of gene expression by histone lysine β-hydroxybutyrylation. Mol. Cell 62,
194–206. doi:10.1016/j.molcel.2016.03.036

Xin, L., Ipek, Ö., Beaumont, M., Shevlyakova, M., Christinat, N., Masoodi, M., et al.
(2018). Nutritional ketosis increases NAD+/NADH ratio in healthy human arain: an in
vivo study by 31P-MRS. Front. Nutr. 5, 62. doi:10.3389/fnut.2018.00062

Yi, R. (2017). Concise review: mechanisms of quiescent hair follicle stem cell
regulation. Stem Cells 35, 2323–2330. doi:10.1002/stem.2696

Youm, Y.-H., Nguyen, K. Y., Grant, R. W., Goldberg, E. L., Bodogai, M., Kim, D., et al.
(2015). The ketone metabolite β-hydroxybutyrate blocks NLRP3 inflammasome–mediated
inflammatory disease. Nat. Med. 21, 263–269. doi:10.1038/nm.3804

Yucel, N., Wang, Y. X., Mai, T., Porpiglia, E., Lund, P. J., Markov, G., et al. (2019).
Glucose metabolism drives histone acetylation landscape transitions that dictate muscle
stem cell function. Cell Rep. 27, 3939–3955. doi:10.1016/j.celrep.2019.05.092

Zhang, J., Muri, J., Fitzgerald, G., Gorski, T., Gianni-Barrera, R., Masschelein, E., et al.
(2020). Endothelial lactate controls muscle regeneration from ischemia by inducing M2-like
macrophage polarization. Cell Metab. 31, 1136–1153. doi:10.1016/j.cmet.2020.05.004

Zhang, S. J., Li, Z. H., Zhang, Y. D., Chen, J., Li, Y., Wu, F. Q., et al. (2021). Ketone
body 3-hydroxybutyrate ameliorates atherosclerosis via receptor gpr109a-mediated
calcium influx. Adv. Sci. 8, 2003410. doi:10.1002/advs.202003410

Zhang, Y., Schmidt, R. J., Foxworthy, P., Emkey, R., Oler, J. K., Large, T. H., et al. (2005).
Niacin mediates lipolysis in adipose tissue through its G-protein coupled receptor HM74A.
Biochem. Biophys. Res. Commun. 334, 729–732. doi:10.1016/j.bbrc.2005.06.141

Zhu, H., Bi, D., Zhang, Y., Kong, C., Du, J., Wu, X., et al. (2022). Ketogenic diet for
human diseases: the underlying mechanisms and potential for clinical implementations.
Signal Transduct. Target Ther. 7, 11. doi:10.1038/s41392-021-00831-w

Zou, X., Meng, J., Li, L., Han, W., Li, C., Zhong, R., et al. (2016). Acetoacetate
accelerates muscle regeneration and ameliorates muscular dystrophy in mice. J. Biol.
Chem. 291, 2181–2195. doi:10.1074/jbc.M115.676510

Frontiers in Cell and Developmental Biology frontiersin.org09

Andersen et al. 10.3389/fcell.2023.1246998

https://doi.org/10.1126/science.1227166
https://doi.org/10.3389/fendo.2022.972890
https://doi.org/10.1038/s41586-020-2496-1
https://doi.org/10.1038/s41586-018-0590-4
https://doi.org/10.1074/jbc.C500213200
https://doi.org/10.1016/j.stem.2012.10.011
https://doi.org/10.1084/jem.20151100
https://doi.org/10.2139/ssrn.3631381
https://doi.org/10.2139/ssrn.3631381
https://doi.org/10.1007/s11892-021-01399-z
https://doi.org/10.3390/ijms21020545
https://doi.org/10.1016/j.neuron.2019.09.026
https://doi.org/10.1016/j.neuron.2019.09.026
https://doi.org/10.3390/ijms23179790
https://doi.org/10.3390/ijms23179790
https://doi.org/10.1016/j.brainres.2016.09.032
https://doi.org/10.3324/haematol.2017.168674
https://doi.org/10.1093/lifemeta/loac017
https://doi.org/10.1093/lifemeta/loac017
https://doi.org/10.1042/bj2550139
https://doi.org/10.1186/s13287-020-01755-y
https://doi.org/10.1186/s13287-020-01755-y
https://doi.org/10.1016/j.molcel.2016.03.036
https://doi.org/10.3389/fnut.2018.00062
https://doi.org/10.1002/stem.2696
https://doi.org/10.1038/nm.3804
https://doi.org/10.1016/j.celrep.2019.05.092
https://doi.org/10.1016/j.cmet.2020.05.004
https://doi.org/10.1002/advs.202003410
https://doi.org/10.1016/j.bbrc.2005.06.141
https://doi.org/10.1038/s41392-021-00831-w
https://doi.org/10.1074/jbc.M115.676510
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1246998

	Regulation of adult stem cell function by ketone bodies
	Introduction
	Ketogenesis in stem cells
	Ketone body uptake in stem cells
	Receptor mediated signaling
	Metabolic regulation of stem cell function through ketone bodies
	Transcriptional and post-transcriptional regulatory effects of ketone bodies
	Discussion and conclusion
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


