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Stem cells maintain tissues by balancing self-renewal
with differentiation. A stem cell’s local microenviron-
ment, or niche, informs stem cell behavior and receives
inputs at multiple levels. Increasingly, it is becoming
clear that the overall metabolic status of an organism or
metabolites themselves can function as integral members
of the niche to alter stem cell fate. Macroscopic dietary in-
terventions such as caloric restriction, the ketogenic diet,
and a high-fat diet systemically alter an organism’s meta-
bolic state in different ways. Intriguingly, however, they
all converge on a propensity to enhance self-renewal.
Here, we highlight our current knowledge on how dietary
changes feed into stem cell behavior across a wide variety
of tissues and illuminate possible explanations for why
diverse interventions can result in similar stem cell phe-
notypes. In so doing, we hope to inspire new avenues of in-
quiry into the importance of metabolism in stem cell
homeostasis and disease.

Adult stem cells serve as the stewards of the body by
maintaining homeostasis and repairing tissues in re-
sponse to stress. For stem cells to carry out these tasks,
they must balance self-renewal and commitment to differ-
entiate. When exposed to insults such as inflammatory
stimuli, pathogens, mechanical stress, or oncogenic
stress, stem cells are faced with new hurdles to restore ho-
meostasis. If they cannot cope, an imbalance can occur in
the stem cell’s equilibrium, which if left unchecked can
place the tissue at risk for hyperproliferation, chronic
wounding, and/or cancer.

During normal homeostasis, stem cells integrate cues
from their local microenvironment or niche to maintain
tissue equilibrium. These cues include signaling path-
ways (BMPs, WNTs, TGFps, NOTCH, SHH, and growth
factor/tyrosine kinase receptors), extracellular matrix
(ECM) ligands (fibronectin, laminins, and collagens), me-
chanical forces, cell-cell interactions, and metabolites,
all of which have been shown to impact stem cell behavior
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(Gonzales and Fuchs 2017; Intlekofer and Finley 2019;
Fuchs and Blau 2020). In recent years, intracellular metab-
olites and metabolic pathways have gained particular at-
tention as it was learned that they not only support
growth and proliferation, but they can also work in con-
junction with signal transduction pathways (Mihaylova
et al. 2014; Martinez-Reyes and Chandel 2020; Jewell
et al. 2013) and chromatin modifying enzymes to regulate
gene expression (Ward and Thompson 2012; Schvartzman
et al. 2018). Accordingly, metabolic inputs at all levels,
from macroscopic dietary interventions to intracellular
pathways, have been implicated in the fate decisions
that are made by tissue stem cells.

Understanding how metabolism regulates stem cell
function in vivo has begun to shed light on the conver-
gence of phenotypes along the spectrum of normal ho-
meostasis and cancer and possible therapeutic avenues
for interventions that target metabolic pathways. To
date, several methods have been employed to alter organ-
ismal metabolism using dietary interventions. The most
thoroughly studied interventions include caloric restric-
tion, prolonged fasting, ketogenic diet, and the high-fat
“Western” diet (Table 1).

Engaging in caloric restriction, prolonged fasting, or a
ketogenic diet elicits similar systemic changes to meta-
bolic homeostasis, albeit through slightly different mech-
anisms. Caloric restriction, defined as either reducing
calorie intake by >20% over ad libitum feeding or merely
lengthening the time between meals (Pugh et al. 1999), in-
duces a state of ketogenesis that is recapitulated by a keto-
genic diet. Prolonged fasting elicits a similar outcome, but
here, the lengths of fasted versus fed periods is able to bet-
ter control and distinguish it from a ketogenic diet.

During the fasted or nutrient-poor state, glucose levels
decline and ketone biogenesis increases. The liver produc-
es and releases into circulation the ketones acetone and p-
hydroxybutyrate (p-OHB). Ketone bodies then feed into
the tricarboxylic acid (TCA) cycle as acetyl-CoA, thereby
bypassing glucose oxidation, typically a major source of
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Table 1. Comparison of properties and effects of dietary interventions

Pure caloric
restriction

Control chow

diet

Prolonged
fasting

Western
diet

Ketogenic
diet

High-fat
diet

; Unchanged
Caloric 4 keal/gram 220% or g 6 kcal/gram 5 kcal/gram 4.5 kcal/gram
content chow decrease decreased chow chow chow
Dietary Unchanged
protein 20% Decreased or 20%-25% 20%-25% 17%
content decreased
Dietary Unchanged
carbohydrate 53% Decreased or 8% 20%—25% 49%
content decreased
Dietary lipid o o o o
o A 5% Decreased Decreased 55% 34% 21%
K Induces_ No No Yes Yes No No
etogenesis
Effect on
insulin sensitivity N/A Increased Increased Increased Decreased Decreased
General trend in Increased Increased Increased Increased Increased
N/A self-renewal, self-renewal,
stem cell fate self-renewal self-renewal self-renewal . . . f
carcinogenesis carcinogenesis

The compositions and major effects of the macroscopic dietary interventions discussed are summarized by intervention. Note: the

percent compositions are by mass and not energy composition.

acetyl-CoA in cells (Shi and Tu 2015). Ketone bodies can
be generated through administration of the ketogenic
diet, which is a high-fat, low-carbohydrate diet that was
originally developed to treat pediatric seizure disorders
(Peterman 1924; Helmholz 1927; Neal et al. 2008). This
feeding paradigm again pushes an organism into a state
of transient ketogenesis, wherein the cell switches from
oxidizing glucose to fatty acids and ketone bodies (B-hy-
droxybutyrate [B-OHB| and acetone), which derive from
acetyl-CoA. Thus, the major systemic changes derived
from these dietary interventions are (1) a decrease in glu-
cose availability and oxidation, (2) an increase in lipid uti-
lization, and (3) the production of ketone bodies as
alternate carbon sources.

In contrast to dietary interventions that cause a state of
ketogenesis, the high-fat diet elevates circulating glucose
despite increasing insulin levels (Winzell and Ahrén
2004). By definition, the high-fat diet reduces an organism’s
insulin sensitivity and the efficiency by which glucose
enters tissues. The high-fat diet also alters the fatty acid
composition within the circulation, elevating total polyun-
saturated, total n-6 (w-6), and cholesteryl ester fatty acids
without detectable changes in triacylglycerol fatty acids
(Raatz et al. 2001). Overall, the high-fat diet (1) increases
glucose availability, but not necessarily utilization; (2) in-
creases circulating levels of certain types of unsaturated fat-
ty acids, which may act as ligands for various signaling
pathways; and (3) results in insulin resistance.
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Interestingly, while these different dietary paradigms
exert unique effects on organismal-level metabolism,
they all converge on enforcing stem cell self-renewal
across several different tissue types. The molecular mech-
anisms that enable these disparate dietary interventions
to enact similar changes in stem cell behavior are current-
ly unknown. However, there are several factors that may
contribute to these convergent phenotypes. First, the
decline in glucose availability and increase in lipid utiliza-
tion confers increased stemness to cells across different
tissues. Second, these macroscopic dietary interventions
feed into stem cell-intrinsic glucose and fatty acid metab-
olism. Third, dietary interventions that affect the fasted
and fed states bias stem cells toward either a self-renewal
or differentiation program by exacerbating changes al-
ready present when shifting between these two nutrient
states. Last, the diets activate similar metabolic stress
pathways and yield their common phenotypes through
similar mechanisms of compensation (Fig. 1).

Systemic dietary interventions converge on glucose and
lipid metabolism

Disparate dietary interventions promote stemness across
tissue types

One of the most heavily studied systems with regard to or-
ganismal-level dietary interventions and their effects on
stem cell behavior, normal homeostasis, and disease is
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the small intestine. These intestinal stem cells (ISCs) re-
side at the base of the crypts of Lieberkithn, where they
proliferate continuously to fuel the flux of differentiating
intestinal epithelial populations in the contiguous villus.
Caloric restriction in this context promotes mTORC1-de-
pendent enhanced self-renewal predominantly through
Paneth cell niche-induced changes (Yilmaz et al. 2012;
Igarashi and Guarente 2016), whereas high-fat or choles-
terol-rich diets and intermittent fasting directly alter
ISCs and progenitor function (Beyaz et al. 2016; Wang
et al. 2018). The effects of a high-fat diet extend past ho-
meostasis. In a model of ionizing radiation-induced intes-
tinal injury, administration of a high-fat diet increased the
number of surviving, proliferating, and OIfm4/OLFM4-
positive crypts without altering numbers of enteroendo-
crine or goblet cells (Beyaz et al. 2016).

Both a high-fat diet and intermittent fasting lead to ISC-
autonomous activation of PPARS signaling (Fig. 2), which
enhances self-renewal through multiple mechanisms, in-
cluding partial activation of a Wnt signaling program and
enhancing fatty acid oxidation (Beyaz et al. 2016; Mihay-
lova et al. 2018). A high-fat diet and intermittent fasting
could also profoundly alter the serum composition of lip-
ids, as a high-fat diet likely enriches for circulating lipids
that differ from those that are released from adipose tissue
breakdown during intermittent fasting. These changes
would translate to different PPAR ligands that can engage
the pathway. In this regard, even though caloric restric-
tion, a high-fat diet, and fasting all converge on enhanced
crypt proliferation and survival in both homeostasis and
injury-based regenerative programs, they may do so
through different underlying mechanisms.

An overall metabolic state of ketogenesis can be
achieved both through caloric restriction and a ketogenic
diet. Whereas caloric restriction increases both ISC and
Paneth cell numbers (Yilmaz et al. 2012), month-long ad-
ministration of a ketogenic diet enriched the small intes-

to influence stem cell behavior across a wide
array of tissue types. Here, we summarize the
major findings across these tissue types and
propose possible explanations for why dispa-
rate dietary interventions converge on similar
phenotypes. (SC) Stem cell, (ISC) intestinal
stem cell, (HSC) hematopoietic stem cell,
(EpdSC) epidermal stem cells, (HFSC) hair fol-
licle stem cell, (MuSC) muscle stem cell (satel-
lite cell), (NSPC) neural stem/progenitor cell.

NSPC

tine for both ISCs (Lgr5™#") and Lgr5° short-lived
proliferative intestinal progenitors, without altering dif-
ferentiated Paneth cell numbers (Cheng et al. 2019).
What regulates the sensitivity of different cell types to
macroscopic dietary interventions remains an open ques-
tion, but it may reflect the intrinsic metabolic programs of
cells within the niche. For example, ISCs, but not Paneth
cells, are highly enriched for the expression of the rate-
limiting enzyme for ketone biosynthesis, 3-hydroxy-3-
methylglutaryl-CoA synthase 2 (HMGCS2), and accord-
ingly engage in de novo ketogenesis even in the absence
of a ketogenic diet. The product of ketogenesis, f-hydroxy-
butyrate (p-OHB), can alter gene expression by inhibiting
histone deacetylases (HDACs) (Shimazu et al. 2013),
which enhances ISC self-renewal (Cheng et al. 2019).

Although the paucity of Hmgcs2 expression relative to
ISCs makes it unlikely that Paneth cells biosynthesize
their own B-OHB, indirect effects could arise from in-
creased availability or utilization of f-OHB in circulation
(Fig. 2). Indeed, systemic p-OHB is known to increase dur-
ing fasting, caloric restriction and/or ketogenic diets to
millimolar concentrations, largely due to hepatic produc-
tion (Cahill et al. 1966; Shimazu et al. 2013). Whether p-
OHB contributes to enhanced self-renewal of ISCs under
caloric restriction, a high-fat diet, and fasting remains to
be explored. Additionally, while it is currently unclear
whether B-OHB can accumulate at sufficient concentra-
tions in the nucleocytosolic compartment to inhibit
HDACS, p-OHB can be taken up from circulation either
through passive diffusion or by facilitated transport via
monocarboxylate transporters (MCTs) (Halestrap 1978;
Shimazu et al. 2013). Thus, free diffusion into the nucleus
through the large nuclear pores after sufficient uptake
would enable high concentrations of this molecule to ac-
cumulate and alter gene expression.

While the data in ISCs provide compelling evidence that
ketogenesis can promote stemness in the small intestine,
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Figure 2. Integration of diet-induced metabolic changes into stem cell fate decisions. Macroscopic dietary interventions such as caloric
restriction, prolonged fasting, the ketogenic diet, and a high-fat diet systemically alter an organism’s metabolic state and the availability of
key metabolic substrates. Interestingly, these interventions converge on pro-self-renewal phenotypes across stem cells in several different
tissues. Stem cells integrate locally available metabolites such as fatty acids, ketone bodies (-OHB and acetone), and microbiota-derived
butyrate to enact changes in stem cell fate, skewing them toward a greater propensity for stemness as well as carcinogenesis. (3-OHB) f-
Hydroxybutyrate, (CD36) cluster of differentiation 36 (fatty acid translocase), (HDAC) histone deacetylase, (MCT1) monocarboxylate

transporter 1, (PPARS) peroxisome proliferator-activated receptor §.

it remains to be seen whether other tissue stem cell types
respond similarly to enforcing organismal ketogenesis. If
s0, it could be a molecular path to increasing longevity. In-
deed, with regard to caloric restriction more generally, the
benefits to stem cell renewal are broadly applicable across
diverse tissue types. Stem cells of the muscle (satellite
cells or MuSCs), bone marrow (hematopoietic stem cells,
HSCs), and hair follicle (hair follicle stem cells, HFSCs)
all spend much of their time in a relatively quiescent state
during homeostasis, which enables them to preserve their
self-renewing, tissue-regenerative capacity (Fuchs and
Blau 2020). In these cases, caloric restriction favors their
preservation and/or function in both young and old ani-
mals (Cerletti et al. 2012; Tang et al. 2016; Forni et al.
2017). Exactly how is less clear. For the hair follicle, which
undergoes cyclical bouts of hair regeneration, the HFSC
pool appeared to increase while hair coat turnover de-
creased when mice were restricted in their food intake
(Forni et al. 2017). For muscle, the repair ability was en-
hanced (Cerletti et al. 2012). For the bone marrow, caloric
restriction improved repopulation but impaired lymphoid
differentiation capacity of the HSCs (Tang et al. 2016).
One of the complexities involved in sifting through the
many beneficial effects of caloric restriction on stem cell
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behavior and tissue fitness is that secondary effects often
surface. For instance, calorie restriction was recently
shown to increase the fitness of circulating memory T
lymphocytes, cells that allow mammals to rapidly and ef-
fectively control subsequent challenges to the immune
system. Enhancing their fitness triggered the memory T
cells to home to the bone marrow, thereby imparting en-
hanced protection to the HSCs and promoting their sur-
vival (Collins et al. 2019). In a similar but even more
circuitous vein, short-term fasting resulted in the activa-
tion of low-energy sensor 5'-AMP-activated protein ki-
nase (AMPK) in hepatocytes, suppressing systemic
CCL2 production by PPARa and in turn reducing the
number of circulating monocytes. The outcome was
dampening of unwanted chronic inflammation without
compromising monocyte mobilization in tissue repair,
two features that favorably impact stem cells (Jordan
et al. 2019). This result is consistent with the large body
of literature implicating the immunosuppressive effects
of starvation, suggesting that these well-documented im-
munosuppressive effects may benefit the host organism
(Lord et al. 1998; Freitag et al. 2000). While the hormone
leptin may rescue starvation-induced abrogation of T
lymphocyte function, it is unclear whether leptin



administration is also sufficient to rescue any defects in
hematopoietic stem cell function or differentiation. Giv-
en the critical role of immune cells in regulating stem
cell behavior, further dissecting how metabolic inputs in-
fluence this crosstalk will be an interesting avenue of fu-
ture study.

A high-fat diet can profoundly impact stem cell behavior

In striking contrast to the metabolic effects of caloric re-
striction and a ketogenic diet, a high-fat diet induces obe-
sity in mice within months. Paradoxically, even though a
high-fat diet is typically associated with poor health out-
come, it can in some contexts favor stem cell expansion.
A case in point is embryonic development of the verte-
brate hematopoietic system, where superactivating the
master regulator of cholesterol biosynthesis, Srebp2, ei-
ther genetically or through a high-cholesterol diet, accel-
erates HSC emergence (Gu et al. 2019).

Similarly, under conditions of normal intestinal ho-
meostasis, a high-fat diet increases ISC number and prolif-
eration. However, unlike caloric restriction and ketone
and fasting diets, a high-fat diet in the intestine depletes
Paneth cells via activation of PPARS signaling, which in
turn induces Wnt target genes in ISCs (Beyaz et al.
2016). As Paneth cells are ISC progeny and ISCs in turn
depend upon WNT signals from Paneth cells, this imbal-
ance within the intestinal crypt could create a secondary
response by the ISCs. Moreover, a high-fat diet endowed
progenitors in the crypt with stem cell properties, which
may explain the maladaptive effects of a high-fat diet
such as enhanced propensity for tumorigenesis.

Further insights come from investigating the adult
bone marrow niche, where a high-fat diet affects stem
cell behavior, but mostly by altering stem cell fate rather
than numbers per se. Thus, when hypercholesterolemia-
prone mice are fed a “Western diet,” their hematopoietic
stem cells skew their fate away from a lymphoid lineage
and towards a myeloid lineage (Christ et al. 2018). Ele-
vated fatty food intake can also elicit an inflammatory
response, which becomes all the more deleterious, given
recent evidence that tissue stem cells retain an epigenet-
ic memory of their inflammatory experiences, irrespec-
tive of whether the source of these experiences is a
topical irritant, pathogen infection, or fatty diet (Naik
et al. 2017; Kaufmann et al. 2018; Mitroulis et al. 2018;
Naik et al. 2018; Netea et al. 2020). Consistently, abnor-
mal myelopoiesis can exacerbate metabolic disease: In
both patients and mice, enhanced inflammatory signal-
ing in clonally expanded HSCs and their myeloid daugh-
ter cells accelerates atherosclerosis under a Western diet
(Fuster et al. 2017; Jaiswal et al. 2017). Thus, the inter-
play between a high-fat diet and stem cell behavior
may form a positive feedback loop leading to organismal
health decline.

Taken together, although metabolites emanating from
a high-fat diet can confer a pro-self-renewal paradigm to
tissue stem cells, the long-term effects of such food re-
main to be evaluated, and in a number of contexts, the

Diets as regulators of stem cell behavior

diet is likely to alter stem cells in ways that skew their
fates and/or exacerbate their response to inflammation.

Changes to intracellular glucose and lipid metabolism
inform stem cell behavior

An enticing hypothesis is that macroscopic dietary chang-
es feed into the individual metabolism of stem cells and
their niche partners to cell-intrinsically coordinate self-re-
newal and differentiation. These dietary changes induce
critical changes with respect to glucose and fatty acid me-
tabolism. Therefore, it is likely that these interventions
shift the balance in glucose and fatty acid metabolism
intracellularly.

Unifying effects of lipid metabolism on self-renewal

Auvailability of circulating lipids substantially increases un-
der conditions of caloric restriction, the ketogenic diet, and
Western diets, and the accompanying increased fatty acid
oxidation provides insights into the possible roots of the
convergence of phenotypes observed with these diets (Cor-
ton et al. 2004; Sikder et al. 2018; Steinhauser et al. 2018;
Rosenbaum et al. 2019). At the level of transcriptional reg-
ulation, fasting increased PPAR-dependent fatty acid oxida-
tion in ISCs to maintain stemness (Mihaylova et al. 2018).
Orthogonal methods to enhance ISC fatty acid oxidation,
such as genetic inhibition of glucose oxidation, similarly
enhance ISC self-renewal (Bensard et al. 2020). Notably, ab-
lation of PPARYy in HFSCs resulted in a phenotype similar to
scarring alopecia with destruction of the pilosebaceous
units, indicating the importance of this pathway to proper
hair follicle homeostasis (Karnik et al. 2009). Furthermore,
neural stem/progenitor cells increase fatty acid oxidation
during periods of quiescence and increase fatty acid synthe-
sis after stem cell activation and during proliferative periods
(Knobloch et al. 2013, 2017). Similarly, in the Drosophila
germline, lipid utilization supports, whereas lipid synthesis
antagonizes, stem cell maintenance (Sénos Demarco et al.
2019).

Lipids are also likely at the roots of the epigenetic mem-
ory induced in stem cells by their inflammatory experienc-
es. In response to inflammation, both epidermal stem cells
and HSCs not only activate cholesterol biosynthesis genes
but also maintain them in a chromatin-poised state where
they are more rapidly activated upon the next inflam-
matory encounter (Naik et al. 2017; Mitroulis et al.
2018). Interestingly, although cholesterol levels per se
are notrequired, the activation of the cholesterol synthesis
pathway appears to be an essential facet of the memory in
HSCs, as it is erased by treatment with atorvastatin (Bek-
kering et al. 2018; Mitroulis et al. 2018). In HSCs, this
was linked to a key role of mevalonate, an intermediate
in cholesterol biosynthesis, in promoting inflammatory
memory. Although these findings suggest a key role for
cholesterol synthesis in epigenetically altering stem cell
landscapes, the mechanisms await further investigation.

An interesting beneficial twist to increased cholesterol
synthesis is the improvement of the response of certain
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stem cells to functional challenges. For HSCs, it conferred
enhanced myeloablative effects of chemotherapy and abro-
gated the DNA damage response upon induction of system-
ic inflaimmation (Bekkering et al. 2018; Mitroulis et al.
2018). For epidermal stem cells, although not necessarily
rooted in cholesterol synthesis per se, inflammatory mem-
ory enhanced their ability to heal wounds (Naik et al. 2017).
The ability of different cell types to gain fitness through lip-
id metabolism provides insights into why seemingly delete-
rious metabolic outcomes related to increased cholesterol
levels may have been evolutionarily conserved.

Glucose utilization dictates stem cell behavior

Cells oxidize glucose to fuel energy production and ana-
bolic pathways to support growth and proliferation. Under
fasting conditions in vivo, glucose feeds into the tricar-
boxylic acid (TCA) cycle by circulating lactate in all tis-
sues except the brain, and glucose primarily tends to
feed into glycolysis and the pentose phosphate pathway
versus other metabolic pathways (Hui et al. 2017). In the
fed state, direct glucose oxidation increases, but lactate
oxidation remains the primary mechanism by which glu-
cose feeds the TCA cycle. It remains unknown whether
these shifts in glucose metabolism at the tissue level
also occur in stem cells during fasting and refeeding.
Studying this through new technologies such as imaging
mass spectrometry may provide new insights into dietary
regulation of stem cell behavior.

Emerging evidence suggests that glucose utilization can
regulate a stem cell’s decision to remain quiescent or acti-
vate. For example, HSCs are thought to reside in hypoxic
areas of the niche and elevate glycolysis during periods of
quiescence (Parmar et al. 2007; Simsek et al. 2010; Takubo
et al. 2010; Nombela-Arrieta et al. 2013). Notably, main-
tenance of HSC quiescence requires the action of pyruvate
dehydrogenase kinase, which, by preventing the shunting
of pyruvate for mitochondrial oxidation, enhances gly-
colysis (Takubo et al. 2013). Similarly, inhibition of the
glycolytic enzyme hexokinase (HK2) and lactate dehydro-
genase (LDH) during normoxia resulted in proliferation
defects in neural progenitor cells (Zheng et al. 2016). Con-
versely, HFSCs and ISCs rely on glycolysis to sustain pro-
liferation. HFSCs that cannot activate LDH activity,
which sustains redox balance to promote glycolysis, fail
to activate hair cycling (Flores et al. 2017). Similarly,
ISCs that cannot oxidize glucose in the TCA cycle have
enhanced proliferation and self-renewal. Finally, recent
evidence also suggests that glucose fate regulates stem
cell differentiation: Blocking glucose entry into the TCA
cycle in epidermal stem cells promotes their differentia-
tion (Goguet-Rubio et al. 2016; Baksh et al. 2020), whereas
it enhances ISC self-renewal (Schell et al. 2017; Bensard
etal. 2020). Altogether, these data suggest cell type-specif-
ic effects of glucose metabolism on stem cell proliferation
and fate. Notably, blocking glucose oxidation in the TCA
cycle triggers compensatory oxidation of other substrates,
including FAs, which may provide a link between de-
creased glucose availability and enhanced fatty acid oxida-
tion in stem cells upon dietary interventions (Corton et al.
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2004; Sikder et al. 2018; Steinhauser et al. 2018;
Rosenbaum et al. 2019).

Pathogens and microbiota can alter the metabolic milieu
of tissue stem cell niches

Diet can confer profound changes to the composition of
gastrointestinal microbiota, which can subsequently alter
the local metabolic milieu to which stem cells are exposed
(Schulz et al. 2014; Olson et al. 2018). One of the most fas-
cinating examples of the effects of microbes and patho-
gens to impact the metabolic milieu of stem cell
environments comes from helminths, common intestinal
parasites that, if allowed to persist, can elicit an inflamma-
tory response. Recently, it was shown that helminth-de-
rived metabolites, specifically succinate, can stimulate
resident innate immune cells, called ILC2s, that respond
by producing IL-13. In turn, IL-13 skews the ISCs to pro-
duce an excess of Tuft cells, which in turn secrete IL-25,
which then further fuels ILC2 proliferation to create a vi-
cious inflammatory circuit (Schneider et al. 2018). Thus,
metabolites derived from gastrointestinal helminths can
skew cell fate of ISCs and bias differentiation toward a spe-
cific lineage.

While the identification of certain metabolites that dic-
tate stem cell behavior is ongoing, the source of these me-
tabolites continues to elude the field. However, in certain
circumstances, the gastrointestinal microbiota is emerging
as a key source of these metabolites. Lactobacillus-derived
lactate promoted intestinal epithelial turnover in the colon,
suggesting this microbiota-derived source of carbon can
augment stem cell self-renewal (Okada et al. 2013). In an
esophageal tumor initiation model, the high-fat diet-associ-
ated increase in Lgr5" progenitors was dependent on the
microbiota within the gastrointestinal tract, as germ-free
mice did not display the same propensity for tumor forma-
tion, and fecal microbiota transfer from mice fed a high-fat
diet to mice fed the control diet also displayed increased tu-
mor formation (Munch et al. 2019). Although a molecular
mechanism is still needed that would link metabolites pro-
duced by distinct species of microbiota, general dysbiosis
caused by a high-fat diet has been associated with tumor
progression through lack of secreted butyrate as a waste
product by the microbiota (Schulz et al. 2014). Of note,
butyrate can also serve as an HDAC inhibitor (Candido
et al. 1978). Thus, both a high-fat diet and ketogenesis can
enhance stemness through enforcing self-renewal via
microbiota-derived butyrate and p-OHB accumulation, re-
spectively (Fig. 2). Since butyrate is a more potent HDAC in-
hibitor than B-OHB (Shimazu et al. 2013), a high-fat diet
may be enforcing gene expression to enable carcinogenesis
and may explain why increased carcinogenesis is not ob-
served under ketogenic conditions.

Pathogens additionally elicit profound changes in or-
ganismal metabolism that may influence stem cell behav-
ior. For example, induction of anorexia or feeding
behaviors in response to pathogens influences host sur-
vival (Wang et al. 2016; Rao et al. 2017). Glucose availabil-
ity and utilization by the host in response to pathogens



has been linked to pathogen virulence and host survival
(Wang et al. 2016; Sanchez et al. 2018). Given the known
effects of diet on stem cell behavior and the critical role
stem cells play in response to pathogens and tissue injury,
it will be of interest to interrogate more deeply how mi-
crobes, organismal metabolism, and stem cell behavior in-
tersect during infectious processes.

Fasting and refed states

While many studies have demonstrated effects of fasting
on stem cell behavior, these studies do not focus on how
physiologic refeeding after fasting influences stem cell
behavior and the tissue and lineage-dependent differences
in stem cell fate due to overall metabolic status of an or-
ganism (fasting or fed). Furthermore, nonautonomous fac-
tors that integrate into the control of stem cells during
fasting and refeeding have largely been unexplored. Stud-
ies in the Drosophila midgut have demonstrated refeeding
after nutrient deprivation initiates signals for ISCs to pro-
liferate. These responses were nonautonomous and de-
pendent on insulin signaling (Choi et al. 2011; O’Brien
et al. 2011). Furthermore, intrinsic insulin signaling regu-
lates the stability of adherens junctions between ISCs and
their daughter cells, as insulin receptor knockdown ISCs
increase the stability of these junctions to prohibit ISC
proliferation (Choi et al. 2011). Cycles of prolonged fasting
increased survival in mice subjected to chemotherapy-in-
duced bone marrow ablation and increased chimerism in
noncompetitive transplant models (Cheng et al. 2014).
Strikingly, fasting specifically depleted circulating white
blood cells and increased HSC numbers, but these num-
bers were rescued by refeeding. In the Peyer’s patches of
the small intestine, fasting-refeeding markedly depleted
tissue B-cells and caused some to migrate to the bone mar-
row and return to the Peyer’s patches upon refeeding
(Nagai et al. 2019). In the central nervous system, refeed-
ing stimulates hypothalamic neurons that subsequently
activate a subset of NSCs to proliferate, driving produc-
tion of specific neuronal subtypes (Paul et al. 2017). These
results imply that the transition between fasting and re-
feeding can dynamically change the tissue microenviron-
ment, highlighting the importance of elucidating the
underlying mechanisms during this metabolic transition.
They also implicate heretofore unidentified growth factor
or hormonal signals as potential mediators of these phe-
notypes and the dynamic balance of stem cell state during
periods of fasting and refeeding, independent of diet-in-
duced changes in nutrient availability. Thus, both nutri-
ent availability and hormonal changes may exert
discrete effects on stem cell function.

Effects of generalized metabolic stress

Macroscopic dietary interventions that prompt similar
changes in stem cell behavior may engage the same met-
abolic signaling pathways to enable cells to mount a re-
sponse to subsequent nutrient stresses. Caloric
restriction/prolonged fasting, ketogenesis, and a high-fat
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diet all diminish the levels of circulating glucose. Numer-
ous intracellular signaling pathways sense systemic glu-
cose availability. mTORCI senses glucose through the
glycolytic intermediate dihydroxyacetone phosphate in
a Rag-GTPase-dependent mechanism (Efeyan et al. 2013;
Orozco et al. 2020). Although its effects on stem cell
behavior remain to be explored, carbohydrate response el-
ement binding protein (ChREBP) functions as a glucose
sensor in the liver by binding to promoters of glucose-sen-
sitive genes upon activation by glycolytic intermediates
together with its obligate binding partner Max-like pro-
tein X (MLX) (Yamashita et al. 2001; Stoeckman et al.
2004; Ma et al. 2005, 2006). AMPK may play a role if these
systemic dietary interventions result in a lack of biosyn-
thetic materials for growth, as AMPK turns on in these
circumstances (Gonzdlez et al. 2020). Additionally,
many of these diets increase PPAR signaling due to their
intimate ties with lipid metabolism. Insulin sensitivity
can also change in response to dietary interventions (Kin-
zig et al. 2010; Rosenbaum et al. 2019). However, the ef-
fect of dietary changes on stem cell-intrinsic insulin
signaling remains mostly unexplored. The sole exception
is in ISCs where insulin receptor ablation prevents ISC
proliferation by stabilizing adherens junctions (Choi
etal. 2011). Overall, this area represents a relatively unex-
plored avenue in the field that will help to better under-
stand the similarities and differences between these
dietary interactions.

How diet can impact cancer

Stem cells are increasingly recognized as the root of malig-
nancy, as oncogenic mutations lock stem cells in states of
ongoing self-renewal that facilitate tumorigenesis (Bjerk-
vig et al. 2005; Kreso and Dick 2014; Ge and Fuchs
2018). Consistent with the effects of organismal metabo-
lism on stem cell behavior, diet can confer profound ef-
fects on the course of tumor initiation and progression in
vivo. In ad libitum-fed mice, intestinal stem cells but not
progenitors represent the cell of origin of intestinal adeno-
mas and adenocarcinomas (Barker et al. 2009). Strikingly, a
high-fat diet was sufficient to bestow tumor-forming ca-
pacity in premalignant intestinal progenitors independent
of the niche. Enforced PPARGS signaling through pharmaco-
logic administration of a PPARS agonist was able to pheno-
copy this finding, suggesting that a high-fat diet works at
least in part through PPARS signaling (Beyaz et al. 2016).

Intriguingly, a high-fat diet, and not an oncogenic muta-
tion, served as the so-called second hit that enables tumor
initiation in this one-hit model in ISCs. These data dem-
onstrate that exogenous metabolic shifts in homeostasis
imparted tumor-initiating capacity to a cell type that is
not normally recognized as tumor-initiating. The fact
that intermittent fasting has not yielded the same propen-
sity for tumor formation suggests that a high-fat diet and
fasting differ with regard to the quantity or strength of
the PPAR ligands generated by the dietary intervention.
In the same vein, administration of a Western diet or per-
turbation of cholesterol homeostasis altered stem cell fate
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during homeostasis and during tumor initiation. A West-
ern diet increased the number of polyps formed in prema-
lignant mouse models of colorectal carcinoma (Baltgalvis
et al. 2009). The increased tumorigenic features of a West-
ern diet on premalignant ISCs suggests that a Western
diet also promotes stem cell self-renewal. That said, in
the hematopoietic system, a Western diet skewed hema-
topoietic stem cell fate from lymphoid to myeloid lineag-
es (Christ et al. 2018), a feature that may also play out in
the intestinal stem cell niche, where multiple ISC fates in-
cluding those altering inflammation are also possible.

Concordant with the data in ISCs, a high-fat diet admin-
istered to mice during an esophageal carcinoma tumor ini-
tiation model increased Lgr5" progenitor cells and
promoted tumor growth. These mice had premalignant
esophageal lesions, and a high-fat diet again acted as the
second hit to initiate tumors in situ (Munch et al. 2019).
Overall, it is becoming clear that the metabolic state of
an organism serves as a key constituent of the tissue mi-
lieu that can govern stem cell fate during homeostasis
and disease.

In a model of oral squamous cell carcinoma, a high-fat
diet promoted metastasis in a CD36-dependent fashion
(Pascual et al. 2017). Since the tumor-initiating cells in
squamous cell carcinoma normally up-regulate the fatty
acid transporter CD36, the findings suggest that uptake
of fatty acids into tumor-initiating cells, and likely their
oxidation, is at least partially responsible for the observed
increase in metastasis after a high-fat diet. Similarly,
CD36-mediated fatty acid uptake enhances leukemic
stem cell resistance to chemotherapy, promoting disease
progression (Ye et al. 2016). Overall, these phenotypes
begin to explain the pro-stemness effects of the dietary
manipulations discussed above (Fig. 2). Might therapeuti-
cally increasing fatty acid oxidation provide a tempting
new avenue to safeguard stem cell populations across tis-
sue types? Perhaps, but since prolonged bias toward self-
renewal potentially confers increased cancer risk, more
work must be done to tease apart which permissive fac-
tors enable increased self-renewal without promoting
carcinogenesis.

Future directions

Metabolic pathways for future investigation

Although much is known about how these dietary inter-
ventions alter glucose and lipid metabolism, how the die-
tary interventions affect other central carbon pathways is
relatively unexplored (Box 1). With regard to central car-
bon metabolism, more work must be done to understand
exactly how these dietary interventions affect central car-
bon pathways such as glycolysis, the pentose phosphate
pathway, TCA cycle, and amino acid biosynthesis, espe-
cially through organismal isotopic tracing studies as has
been previously described during conditions of standard
mouse chow (Hui et al. 2017). For example, does decreas-
ing glucose availability lower the rate of glycolysis and
limit intermediaries used for amino acid synthesis? Do
these changes in amino acid synthesis exert downstream
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effects on cell fate by altering the availability of molecules
that govern the epigenome of a cell (Box 1)?

Amino acid availability and metabolism are known
regulators of stemness (Shyh-Chang et al. 2013; Carey
et al. 2015; Taya et al. 2016; Wang et al. 2019; Baksh
et al. 2020). Similar to dietary interventions, such as a
high-fat diet, that abrogate insulin sensitivity, increased
circulating levels of branched-chain amino acids (BCAAs)
have long been associated with insulin resistance and
type 2 diabetes (Newgard 2012). Notably, BCAA meta-
bolism can modulate stem cell function through the
enzyme branched chain amino transaminase 1 (BCAT1),
which converts BCAAs to branched-chain ketoacids
through transamination of a-ketoglutarate (aKG) to
glutamate.

aKG is a key TCA cycle intermediate in the mitochon-
drial matrix. However, aKG also acts as a cosubstrate for a
class of enzymes called aKG-dependent dioxygenases,
many of which serve as histone and DNA demethylases
and can enact changes in nuclear gene expression. Fur-
thermore, aKG’s immediate downstream metabolite in
the TCA cycle, succinate, can competitively inhibit
aKG-dependent dioxygenases and antagonize the effects
of aKG (Schvartzman et al. 2018).

Leukemia cells up-regulate BCAT1 and deplete aKG,
which results in inhibition of ten-eleven translocation
(Tet) DNA demethylases and subsequent DNA hyperme-
thylation (Hattori et al. 2017; Raffel et al. 2017). While
maintenance of increased total aKG:succinate pools
maintains pluripotency in mouse embryonic stem cells,
aKG accumulation has been implicated as a prodifferen-
tiation factor across several tissue types, such as premalig-
nant epidermal and intestinal stem cells and pancreatic
cancer cells (Morris et al. 2019; Baksh and Finley 2020;
Baksh et al. 2020; Tran et al. 2020). Notably, other
transaminases such as phosphoserine aminotransferase
(PSAT1), alanine aminotransferase (GPT1/2), and aspar-
tate aminotransferase (GOT1/2) can also contribute to cy-
tosolic accumulation or depletion of aKG. For example,
activation or suppression of the serine biosynthesis path-
way can alter aKG levels through modulation of the activ-
ity of PSAT1 (Possemato et al. 2011; Baksh et al. 2020).
The fact that aKG can alter gene expression and stem
cell fate also suggests that accumulation or reduction of
this metabolite must eventually occur in the nucleocyto-
solic compartment, possibly through the action of these

Box 1. Future directions and outstanding questions

® How do dietary interventions affect pathways involved
in central carbon metabolism?

® Can dietary interventions regulate the epigenome
through modulation of intracellular metabolite levels?

® How do dietary interventions reshape the stem cell
niche?

® How might nonautonomously produced growth factors
signal to stem cells and prime them to adapt to tissue
stress?




transaminases or through the mitochondrial aKG/malate
carrier protein (SLC25A11) (Palmieri et al. 1972). There-
fore, exploring the role of BCAAs and understanding
whether any other amino acids that feed into these path-
ways are altered in the macroscopic dietary interventions
described herein may be an interesting avenue of further
research in understanding how systemic metabolic per-
turbations regulate stem cell fate in vivo.

Dietary interventions can fundamentally change the
cellular composition of the niche

There is evidence that these macroscopic dietary inter-
ventions can substantially change the cellular census of
stem cell niche (Box 1). For example, caloric restriction
can reshape the local HFSC niche by decreasing white ad-
ipose depots in the dermis (Forni et al. 2017). Interestingly,
local white adipocytes can maintain HFSC quiescence by
providing inhibitory BMP2 (Plikus et al. 2008). Paradoxi-
cally however, contraction of the local white adipose tis-
sue due to caloric restriction would disinhibit HFSCs
and enable activation of the hair cycle, contrary to the ob-
servations of decreased hair turnover. Further work will
be needed to reconcile these differences as well as eluci-
date the compositional changes across tissue types in-
duced by macroscopic dietary perturbations. Taking
cues from the ISC niche, further investigation is warrant-
ed to determine how sensitive or responsive the stem cells
in these tissues are to caloric restriction versus any iden-
tified or unidentified niche players in their local microen-
vironments that regulate stem cell fate similar to Paneth
cells.

Conclusion

Stem cells integrate cues from their local niche to inform
their behavior and cell fate. While metabolites continue to
emerge as key members of the niche, there has been little
focus on how the macroscopic dietary status of an organ-
ism might contribute to stem cell behavior. Comparisons
between caloric restriction/prolonged fasting, the keto-
genic diet, and high-fat diets suggest the importance of
the balance between glucose and fatty acid utilization as
oxidative substrates and beg the question why these dispa-
rate dietary interactions converge on similar results.
Thus, a closer investigation of how these major dietary in-
terventions augment the balance of intracellular metabo-
lites and their respective biosynthetic and catabolic
pathways is warranted. Studies from fasting and refeeding
implicate nonautonomous production of insulin as a me-
diator. Additionally, this finding implies that other types
of growth factors can signal to stem cells how their behav-
ior might change to adapt to local tissue stress, indepen-
dent of differences in diet-induced nutrient availability
(Box 1). Overall, more work must be done to better link
how macroscopic dietary changes impact the overall met-
abolic status of an organism, how this status contributes
to the stem cell niche, and finally how these changes
translate into changes in stem cell fate and behavior. A
better understanding of these processes will lead to a bet-
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ter understanding of homeostatic and disease states as
well as suggest new avenues of inquiry for therapeutic in-
tervention in a wide array of diseases, especially those
characterized by states of inflammation and cancer.
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