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SUMMARY

The intestine is one of the organs that relies on stem cell function

for maintaining tissue homeostasis. Recent findings on intestinal

aging show that intestinal architecture, such as villus length, crypt

size, and cell composition changes in the aged crypts. The corre-

spondent decline in the regenerative capacity of the intestine is

mainly due to a decline in intestinal stem cell function upon aging,

as the underlying mechanisms of aging intestinal stem cells are

beginning to unravel. This review summarizes our current knowl-

edge on stem cell-intrinsic mechanisms of aging of intestinal stem

cells and their connection to extrinsic factors, such as niche cells

and microbiota and will introduce recent approaches to attenuate

or even revert the aging of intestinal stem cells.
INTESTINE AND STEM CELLS

Stem cells are essential units of an organ for maintaining

tissue homeostasis and organ function (Nalapareddy

et al., 2008; Rando, 2006). Organs, such as the intestine,

skeletal muscle, the hematopoietic system, and skin, are

some of the major organs that depend on stem cell func-

tion for tissue homeostasis (Cheng and Leblond, 1974;

Ge et al., 2020; Geiger et al., 2013; Nalapareddy et al.,

2008; Rando, 2006). The intestinal epithelium consists of

protrusions into the lumen called villi, and cup-shaped in-

vaginations called crypts. Villi are the absorptive units of

the intestine and crypts contain stem cells, and these

stem cells give rise to all the cell lineages of intestinal

epithelium, such as enterocytes, goblet cells, Paneth cells,

enteroendocrine cells, and Tuft cells. The intestine relies

on intestinal stem cells (ISCs) for tissue homeostasis and

regeneration. ISCs, also called crypt base columnar cells

(CBCs), reside at the base of the crypts (Barker et al.,

2007; Cheng and Leblond, 1974; Potten et al., 1974). These

stem cells are slowly dividing cells and can undergo asym-

metric division, which gives rise to highly proliferative

transit-amplifying (TA) cells (Sei et al., 2019). In mice, after

four to five divisions, TA cells move upward toward the

crypt-villus junction and start to differentiate into the

other lineages of the intestine including Paneth cells, en-

terocytes, goblet cells, and enteroendocrine cells (Figure 1)

(Barker et al., 2012). Within 2–3 days the enterocytes,

goblet cells, and enteroendocrine cells move upward and

reach the tip of the villus where they undergo apoptosis
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and are shed into the lumen of the gut. The Paneth cells,

on the other hand, move toward the crypt bottom and

stay there for approximately 6–8 weeks (Barker et al.,

2012; Cheng and Leblond, 1974). The CBCs reside between

the Paneth cells and express the Lgr5 gene. LGR5 (leucine-

rich repeat containing, G protein-coupled receptor 5) func-

tions as a receptor of R-spondins. R-spondins are agonists of

Wnt signaling, and Wnt/b-catenin signaling plays an

essential role in the development and maintenance of

ISCs (Farin et al., 2012; Gregorieff and Clevers, 2005; Gre-

gorieff et al., 2005). Signaling via LGR5 is therefore critical

to potentiate Wnt/b-catenin signaling to regulate ISC sur-

vival and differentiation (Carmon et al., 2011). These

LGR5-positive cells can generate all the cell lineages of

the small intestine and can self-renew (Barker et al.,

2007), the basic characteristic feature of a stem cell.

The majority of tissues in humans and mice are affected

upon chronological aging. Impaired regenerative response,

loss of tissue homeostasis, and organ maintenance are the

hallmark features of tissue aging (Geiger et al., 2013; Lo-

pez-Otin et al., 2013; Nalapareddy et al., 2008; Rando,

2006). Upon aging, the intestine alters its architecture

with increased crypt and villus sizes show changes in cell

compositions such as Paneth cells, goblet cells, and stem

cells, and manifests an impaired intestinal crypt regenera-

tive function (Nalapareddy et al., 2017; Pentinmikko

et al., 2019). A decline of ISC function is a major reason

for reduced tissue regenerative capacity during aging (Nala-

pareddy et al., 2017). Molecular mechanisms regulating ag-

ing of mammalian ISCs have started to unravel more

recently. Novel insights in these areas might provide addi-

tional rationale for therapeutic interventions. In this re-

view, we discuss the aging of the intestine, ISCs, novel

mechanisms regulating ISC aging, and the influence of

the ISC niche on ISC aging.
AGING OF THE INTESTINE AND ISCs

The intestine and ISCs show a reduced regenerative capac-

ity upon aging (Martin et al., 1998a, 1998b; Nalapareddy

et al., 2017, 2021; Pentinmikko et al., 2019). In the late

1990s, studies from Martin. et al. revealed that the intesti-

nal epithelium shows age-associated changes in pheno-

types, such as a decrease in crypt numbers, increase in
hors.
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Figure 1. Schematics of crypt and villus in intestinal epithe-
lium, where ISCs reside at the crypt base flanked by Paneth cells
(niche cells)
ISCs differentiate to transient amplifying cells that reach to the end
of crypt and further differentiate to villus (i.e., the absorptive
surface) that comprises enterocytes, goblet cells, and enter-
oendocrine cells.
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villus length, and a decline in regenerative potential upon

irradiation in aged mouse intestine (Martin et al., 1998a,

1998b). Identification of LGR5 as an ISC marker further

enhanced the perspective of the field to delineate the func-

tion and mechanisms underlying intestinal stem cells

(Barker et al., 2007). Upon aging, intestinal crypt size, villus

length, Paneth cell number, and goblet cell number all in-

crease, but ISC number did not increase significantly upon

aging, while the proliferative and regenerative potential of

aged murine ISCs is reduced upon aging in mice (Nalapar-

eddy et al., 2017). Data exist to support both a reduced

number or an increased number of ISCs in aged mice,

which explains why the topic is controversially discussed

(Igarashi et al., 2019; Mihaylova et al., 2018; Moorefield

et al., 2017; Pentinmikko et al., 2019); however, irrespec-

tive of the discrepancy in the reported change in ISC

numbers these studies unequivocally confirm that ISC

function is reduced upon aging. A change in ISC function

upon aging is likely the critical aging-associated change

in ISCs similar to what has already been reported for the ag-

ing of hematopoietic stem cells (Geiger et al., 2013; Nala-

pareddy et al., 2017). Reduced ISC function upon aging

might also be one of the underlying mechanisms for age-

associated intestinal disorders or even intestinal cancer

due to an altered level of functional competition among

aged ISCs.

The intestinal epithelium is a highly proliferative, self-re-

newing organ that continually self-renews every 3–5 days.

The intestinal epithelium is highly sensitive to DNA dam-

age agents, such as ionizing radiation and chemotherapy

(Martin et al., 1998b; Metcalfe et al., 2014; Nalapareddy

et al., 2017). To measure intestinal regeneration 10 or 12
grays (Gy) of radiation is the most widely used method

to induce damage to the intestinal tissue and follow

the regenerative phase post-injury. Radiation induces

apoptosis in crypts, which leads to crypt shrinking fol-

lowed by an eruption of proliferation by ISCs, resulting in

transient enlargement of crypt followed by crypt fission

to compensate for the crypt loss (Withers and Elkind,

1969). At doses of 14 GY or above, regeneration fails to

happen due to severe loss of ISCs through apoptosis (Met-

calfe et al., 2014). To measure self-renewal, we used a

method called 10 + 10 Gy radiation (IR). With the first

dose (day 1, 10 Gy), the existing ISCs succumb to apoptosis

and the surviving ISCs start to regenerate to give the first

generation of ISC after 10 GY IR. With the second dose

(day 2, 10 Gy IR), the first-generation ISCs are damaged

and the surviving ISCs give rise to the second generation

that could further carry out the process of intestinal regen-

eration, which assists in the measurement of ISC self-

renewal function. With the 10 + 10 Gy IR method, aged

mouse intestinal epithelium showed reduced crypt regen-

eration compared with young mice measured by (tran-

sient) enlarged crypt size compared with the crypt size of

aged mouse intestinal epithelium 3 days after 10 + 10 Gy

IR, indicating a decline of ISC regenerative and self-renew-

ing function of aged ISCs (Nalapareddy et al., 2017).

From the crypt base, the ‘‘+4’’ position that shows ISCs

(Figure 1A) that are positive for markers LRIG1, HOPX1,

BMI1, TERT, and SOX9 are considered to be ‘‘quiescent

stem cells’’ (Barker et al., 2012). Quantitative gene expres-

sion analysis of these quiescent ISC-associated markers

indeed showed a decline in expression in aged intestinal

crypts (Nalapareddy et al., 2017). Interpretation of specif-

ically +4 ISC data is difficult because all +4 ISCs are also pos-

itive for LGR5 (Munoz et al., 2012). However, during IR

stress, Paneth cells that could dedifferentiate to ISCs due

to radiation-induced stress (Buczacki et al., 2013) could

also contribute to the process of regeneration upon aging,

making the +4 reserve pool dispensable. In contrast, a

more recent study demonstrated that BMI1-positive +4

murine ISCs exit quiescence upon radiation and contribute

to intestinal epithelial regeneration after radiation injury

(Orzechowska et al., 2020). Further studies are required to

understand the function of ‘‘+4 quiescent intestinal stem

cells’’ during homeostasis and upon aging.

In humans, reports exist to imply a decreased absorption

of the intestine, reduced intestinal barrier function,

increased inflammation, and changes in gut microbiota

(Britton and McLaughlin, 2013). ISC function is also

reduced upon aging in humans (Nalapareddy et al.,

2017). Intestinal crypts can be isolated and cultured in

3D Matrigel to form organoids in vitro. It is known that

the ability of crypts to form organoids in vitro and crypt

regeneration after radiation injury in vivo is mainly stem
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cell driven (Metcalfe et al., 2014; Sato et al., 2009). Crypts

derived from young mice can form organoids and can be

passaged continuously, whereas aged crypts fail to form

and/or the number of organoids formed is reduced after

three to four passages indicating a decline of ISC function

in vitro. Not only aged crypts but also individual aged

ISCs, when put into the culture to form colonies, form

less colonies compared with young ISCs (Nalapareddy

et al., 2021; Pentinmikko et al., 2019). Aged ISCs from

mice and aged crypts from both humans and mice, when

put into the organoid culture in vitro, therefore showed

impaired regeneration. Upon aging, expression of canoni-

cal Wnts, and especiallyWnt3, which is secreted from Pan-

eth cells and the underlying cryptmesenchyme, is reduced,

along with reduced Wnt3 levels within ISCs (Nalapareddy

et al., 2017). The addition of WNT3a to aged human and

murine intestinal organoid cultures did indeed enhance

ISC function and could ameliorate the aging-associated

regenerative decline in the intestinal epithelium (Nalapar-

eddy et al., 2017). Devising new treatments for ISCs with

Wnts to improve the regenerative function of aged ISCs

could form a novel basis for a therapeutic strategy to treat

age-associated intestinal disorders. In this review, we will

first explain changes in pathways and mechanisms upon

aging that are intrinsic to ISCs (signaling pathways for

which changes within ISCs alter ISC function) andwill sub-

sequently focus on extrinsic aging factors, such as changes

in interactions with or factors secreted from the ISCs niche

(Paneth cells, mesenchyme, gut microbiota) and how

they affect signaling pathways within ISCs and thus ISC

function.
INTRINSIC MECHANISMS REGULATING AGED ISC

FUNCTION

ISCs reside at the base of the crypt surrounded by differen-

tiated Paneth cells that form a niche. Different signaling

pathways (both intrinsic and extrinsic mechanisms), such

as WNT, NOTCH, BMP, JAK/STAT1, and PI3K/AKT, play

an important role in regulating ISC function, proliferation,

and differentiation (Farin et al., 2012; Qi et al., 2017; Rich-

mond et al., 2018; Tian et al., 2015; VanDussen et al.,

2012). The cell-intrinsic signaling pathways regulate ISCs

in response to extrinsic signals stemming from Paneth cells

or mesenchyme that is present below intestinal crypts or

frommicrobiota or immune cells within the gut. Canonical

Wnt signaling controls cell behavior by activating the Tcell

factor/lymphoid enhancer factor 1 family of transcription

factors via b-catenin (Clevers and van de Wetering, 1997).

The proliferation of crypts is compromised in mice lacking

canonical Wnts/Wnt signaling. At the same time, hyperac-

tivation of canonical Wnt signaling, for example, adeno-
736 Stem Cell Reports j Vol. 17 j 734–740 j April 12, 2022
matous polyposis coli, a protein that is part of the b-catenin

destruction complex, leads to hyperproliferation of ISCs

and leads to intestinal tumorigenesis (Farin et al., 2012;

Gregorieff and Clevers, 2005; van der Flier et al., 2009). Ca-

nonicalWnt signaling is crucial for intestinal development

and homeostasis in young mice (Farin et al., 2012; Pinto

et al., 2003). Upon aging, reduced canonical Wnt signaling

is one of the causes of the impaired regenerative capacity

and proliferation of ISCs (Nalapareddy et al., 2017; Pentin-

mikko et al., 2019). Signaling induced by canonical Wnts

affects b-catenin, which in turn regulates the expression

of Ascl2 (achaete-scute-like 2), a b-catenin-dependent tran-

scription factor that controls ISC function. Furthermore,

expression of ISC marker Lgr5 (van der Flier et al., 2009)

is reduced in aged ISCs (Nalapareddy et al., 2017). It is

known that organoid formation depends on ISC function

(Sato et al., 2009). Activating b-catenin/ASCL2-mediated

canonical Wnt signaling in organoids derived from both

mouse and human aged crypts ameliorated the age-associ-

ated decline of organoid formation, indicating that canon-

ical Wnt signaling in ISCs is causal for ISC function upon

aging (Nalapareddy et al., 2017; Pentinmikko et al.,

2019). Amajor reason for reduced canonicalWnt signaling

upon aging might be to limit tumorigenesis due to the

increased mutation rate upon aging in the canonical Wnt

signaling cascade.

Along with Wnt signaling, Notch signaling is the other

major pathway that affects ISC fate decisions by regulating

helix-loop-helix transcription factor ATOH1 (Atonal ho-

molog 1) (Tian et al., 2015). There are four Notch recep-

tors, NOTCH1, 2, 3, and 4, and five Notch ligands,

Delta-like 1, 3, and 5, and Jagged 1 and 2 (Kopan and Ila-

gan, 2009). Among the four Notch receptors, Notch1 gene

expression was detected in ISCs and is reduced in aged

ISCs (Nalapareddy et al., 2017). In line with reduced

Notch1 gene expression, ISCs show an increase in Atoh1

gene expression in the aged ISCs (Nalapareddy et al.,

2017). As ATOH1 regulates lateral inhibition through

Delta-like notch ligand and secretory lineage genes, in-

creases in Atoh1 in ISCs lead to differentiation to more

secretory cells such as Paneth and goblet cells in the

aged intestine (Nalapareddy et al., 2017). Olfactomedin-4

(OLFM4) is a Notch signaling target that regulates the pro-

liferation and differentiation of ISCs (VanDussen et al.,

2012). In line with the decline of Notch1 gene expression,

Olfm4 gene expression in aged mouse intestine is also

reduced compared with young mice. This lower level of

expression could corroborate with reduced canonical

Wnt signaling, leading to even further reduced prolifera-

tive potential of aged ISCs (Nalapareddy et al., 2017).

Taken together, dysregulation of both canonical Wnt

signaling and Notch signaling in ISCs leads to reduced

regeneration and altered differentiation upon aging.
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EXTRINSIC MECHANISMS REGULATING ISC

AGING

Paneth cells andmesenchymal cells that are found beneath

intestinal crypts constitute the niche for ISCs (Farin et al.,

2012; Sato et al., 2011). Canonical Wnt signaling in ISCs

is regulated byWnt ligands secreted from the niche (Smith

et al., 2012). Wnt signaling is regulated by paracrine or au-

tocrine Wnts secreted by niche cells (Farin et al., 2016).

During organoid cultures, the presence of Paneth cells

enhanced the organoid formation ability of ISCs in vitro,

indicating the functional role of Paneth cells as a niche

regulating ISC function in vitro (Sato et al., 2011). Gene

expression changes between young and aged Paneth cells

have also been reported (Nalapareddy et al., 2017; Pentin-

mikko et al., 2019). One of the reasons for the decline in ca-

nonical Wnt signaling in aged ISCs is mostly due to

reduced Wnt secretion, especially WNT3 from niche cells

upon aging (Nalapareddy et al., 2017). Reduced secretion

of WNT3 by Paneth cells and/or mesenchyme present

below intestinal crypts, in turn, leads to reduced canonical

Wnt signaling in ISCs, compromising aged ISC function

(Nalapareddy et al., 2017). Co-culture of ISCs with Paneth

cells was shown to increase ISC colony formation in vitro

(Sato et al., 2011). Upon aging, the increase in the number

of Paneth cells is observed but still due to reduced Wnt3

expression in Paneth cells, canonical Wnt signaling and

thus ISC function is also reduced in aged ISCs (Nalapareddy

et al., 2017). It was recently shown that NOTUM, aWnt de-

acetylase secreted from old Paneth cells, disengagesWnt li-

gands from frizzled receptors Lrp5 and Lrp6, which reduced

Wnt activity and thus Wnt signaling in ISCs upon aging

(Pentinmikko et al., 2019). NOTUM might thus be one of

the underlying mechanisms for reduced canonical Wnt

signaling in aged ISCs driven by the niche. It has also

been shown that calorie restriction regulates mTORC1 in

Paneth cells and enhances ISC function (Yilmaz et al.,

2012). Although the presence of Paneth cells in vitro in-

creases the organoid formation of ISCs, strong evidence

exists for the dispensable nature of Paneth cells for the

function of ISCs, as genetic ablation of Paneth cells in

mouse models did not show any effect on ISC function

in vivo (Durand et al., 2012). The dispensable nature of Pan-

eth cell in vivo might be that mesenchyme found under-

neath crypts might compensate for the loss of Paneth cells

by providing Wnts to ISCs. It is quite interesting to under-

stand the mechanisms regulating ISC function in the

absence of secretory cell lineage (mainly Paneth cells),

which controls stem cell function and differentiation

through Notch signaling in the intestinal epithelium as

reduced Notch1 gene expression was also reported reduced

in aged compared with young crypts (Nalapareddy et al.,

2017). BMP signaling, mainly from the mesenchyme, is
considered as a negative regulator of intestinal epithelial

cell proliferation (Qi et al., 2017), but it remains unknown

how BMP signalingmay regulate ISC aging. There are also a

fewWnts (e.g.,WNT2,WNT2b, andWNT3) secreted by the

mesenchyme (Nalapareddy et al., 2017) that could regulate

Wnt signaling in ISCs but their functions have yet to be de-

ciphered in the context of aging.

Although murine Paneth cells are dispensable for ISC

function in vivo, in humans a change in the function of

Paneth cells (mainly their antimicrobial peptide defensins

secretion) leads to Crohn disease (Liu et al., 2016). Having

altered or abnormal Paneth cells lead to an unwanted im-

mune response affecting intestinal homeostasis, which dif-

fers from studies involving total loss of Paneth cells in

mouse model systems (Durand et al., 2012; Liu et al.,

2016). Environmental factors play a major role in the initi-

ation of Crohn disease, and gut microbiota is one of many

influential factors (Liu et al., 2016). Alterations in gut mi-

crobiota are observed upon aging (Claesson et al., 2011).

Microbial dysbiosis leads to inflammation and is regarded

as a primary cause of age-associated premature death in

aged individuals (Thevaranjan et al., 2018). Evidence exists

for increased inflammation due to alteration of metabo-

lites, loss of integrity of the intestinal barrier, and gut leak-

iness, which further enhances systemic inflammation

leading to an increase in age-associated disorders (Thevar-

anjan et al., 2018). Paneth cell numbers are also altered in

the aged intestine (Nalapareddy et al., 2017), and Paneth

cells secrete lysozyme and defensins which could alter

gut microbiota (Liu et al., 2016). The increased Paneth

cell numbers upon aging could be a compensatory mecha-

nism to maintain Wnts and Wnt signaling and also to

maintain the antimicrobial function of Paneth cells by

secreting lysozyme and defensins to protect the intestine

from pathogenic microbiota in the intestine. Thus, it will

be highly significant to understand if altered microbiota

and/or altered Paneth cells are a root cause of age-associ-

ated intestinal inflammatory diseases.
INTERVENING IN THE MECHANISMS OF ISC

AGING

Attenuation of mechanisms that result in a decline of ISC

function upon aging might contribute to maintaining in-

testinal homeostasis upon aging. Reduced canonical Wnt

signaling is one central mechanism for a reduced function

of aged ISC. Wnt3a, which increases canonical Wnt

signaling within ISCs, when provided to organoid cultures

increased canonical Wnt signaling within ISCs and could

enhance the organoid forming ability of aged ISCs (Nala-

pareddy et al., 2017). Apart from Wnt signaling, it was

recently reported that fasting activates the regenerative
Stem Cell Reports j Vol. 17 j 734–740 j April 12, 2022 737
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function of both young and aged ISCs by activating fatty

acid oxidation (FAO) in ISCs (Mihaylova et al., 2018). How-

ever, upon aging FAO decreases. Pharmacological activa-

tion of FAO or the addition of an FAO substrate, such as

palmitic acid, did enhance aged ISC organoid formation

ability (Mihaylova et al., 2018). In addition, it was shown

that the activity of the SIRT1/mTORC1 pathway was

reduced upon aging, and that by reactivating the pathway

via the NAD+ precursor nicotinamide riboside, gut regener-

ation was enhanced in the aged (Igarashi et al., 2019).

These findings provide strong support that reduced aged

ISC function is reversible by targeting mechanisms in

aged ISCs.

Studies from hematopoietic stem cells (HSCs) indicate

that there is a switch from preferentially canonical to

non-canonical Wnt signaling in HSCs, with elevated

expression of Wnt5a upon aging increasing CDC42GTP

(Florian et al., 2012). CDC42 is a small RhoGTPase that reg-

ulates biological activity by shuttling between its inactive

CDC42GDP form and an active CDC42GTP (Cdc42activ-

ity) form (Melendez et al., 2013). Cdc42 activity regulates

actin and tubulin organization and cell polarity in HSCs.

Increased Cdc42 activity in aged HSCs impairs HSC func-

tion (Florian et al., 2012). Cdc42 ablation in intestinal

epithelium resulted in crypt hyperplasia, microvilli

inclusion, and abnormal epithelial permeability. Cdc42-

deficient intestinal crypts showed an increase in ISC prolif-

eration, defective Paneth cell differentiation, and further

displaced Paneth cells from the crypt base into the villi

without affecting other cell lineages in the intestinal

epithelium (Melendez et al., 2013). In the mouse, Cdc42

activity is increased in proliferating TA cells and ISCs in

aged intestinal crypts (Nalapareddy et al., 2021). Pharma-

cological suppression of Cdc42 activity via CASIN

(CDC42 activity-specific inhibitor) in aged intestinal crypts

enhanced ISC regenerative function upon radiation-

induced damage. CASIN treatment also enhanced the

organoid forming ability of aged crypts and aged ISCs (Na-

lapareddy et al., 2021). These results suggest that it is

possible to pharmacologically target aged ISC in vivo to

improve ISC function. Delineating novel pathways govern-

ing ISC function might enhance therapeutic strategies to

ameliorate the age-associated decline of ISC function.
CONCLUSIONS

It is widely accepted that, with chronological age, the func-

tion of ISCs declines. Mechanisms that affect ISC function

upon aging have been recently identified, while additional

research is needed to understand the relative contribution

of intrinsic and extrinsic mechanisms regulating aged

ISCs, and particularly on how various environmental fac-
738 Stem Cell Reports j Vol. 17 j 734–740 j April 12, 2022
tors influence intestinal aging. Future mechanistic studies

will help to develop new therapeutic interventions to

ameliorate age-associated intestinal diseases and to

improve ISC regenerative potential for proper intestinal

function upon aging.

ACKNOWLEDGMENTS

Work in the laboratory was supported by grants from the NIH

(R01DK104814, P30 DK078392, and RO1AG063937) and the Ba-
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