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While some animals, such as planaria and hydra, appear to be capable of seemingly endless
cycles of regeneration, most animals experience a gradual decline in fitness and ultimately
die. The progressive loss of cell and tissue function, leading to senescence and death, is
generally referred to as aging. Adult (“tissue”) stem cells maintain tissue homeostasis and
facilitate repair; however, age-related changes in stem cell function over time are major
contributors to loss of organ function or disease in older individuals. Therefore, considerable
effort is being invested in restoring stem cell function to counter degenerative diseases and
age-related tissue dysfunction. Here, we will review strategies that could be used to restore
stem cell function, including the use of environmental interventions, such as diet and exer-
cise, heterochronic approaches, and cellular reprogramming. Maintaining optimal stem cell
function and tissue homeostasis into late lifewill likely extend the amount of time older adults
are able to be independent and lead healthy lives.

The past 20 years have seen an exponential
increase in our understanding of how aging

leads to changes at the molecular and cellular
levels, contributing to a decline in tissue func-
tion. Loss of cellular function over time is grad-
ual, and changes in the “set points” thatnormally
define homeostasis lead to a decreased ability to
respond to challenges at the cellular, tissue, and
organismal levels. Eventually, the decrease in re-

silience leads to a decline in health and, ultimate-
ly, death.

When thinking about howaging contributes
to loss of tissue function, onemust consider how
and when changes at the molecular or cellular
level, such as mutations or a transition to sen-
escence, begin to cumulatively alter the special-
ized properties and function of a tissue or organ.
Rarely would all cells lose function equally or in
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the same way. Therefore, several key questions
begin to emerge: How many cells must become
dysfunctional before tissue function is disrupt-
ed? Can we do anything about it? In response to
the last question, replacing non- or dysfunc-
tional cells, particularly in the context of re-
generative medicine, has gained considerable
traction.

Adult (“tissue”) stem cells are capable of di-
viding asymmetrically,with respect to cell fate, to
generate both replacement stem cells (self-re-
newal) and progeny that differentiate along lin-
eages with specialized functions. The remark-
able ability of stem cells to self-renew and
differentiate is essential to the role they play in
homeostasis and repair of tissues and organs af-
ter damage or environmental insults. As such,
stem cells have garnered much attention as a
possible source of cells for cell-based therapies
to treat injuries or degenerative diseases. How-
ever, hurdles exist, includingmaintenance of full
potency in vivo, generation of the precise cell
types in vitro needed to restore tissue function,
and traditional challenges faced in the course of
transplantation, such as tissue rejection. In addi-
tion, it is important that the mechanism(s) un-
derlying loss of function be defined for each tis-
sue of interest, as transplanted cells may not be
able to sustain tissue homeostasis if the local and
circulating factors that normally regulate the bal-
ance between self-renewal and differentiation
are not present (Voog and Jones 2010), which
could be the case in older individuals or in dis-
eased tissues.

An alternative approach to consider, partic-
ularly for the treatment of degenerative con-
ditions that are more prevalent in older adults,
is the manipulation of endogenous stem cells.
However, despite enormous proliferative poten-
tial, stem cells are also susceptible to age-related
changes (Jones and Rando 2011). For example,
stem cells can lose the ability to self-renew, lead-
ing to direct differentiation and depletion of the
stemcell pool (Fig. 1A). In addition, the response
of stem cells to signals that trigger division may
be less robust, resulting in a decline in both the
number of stem cells and differentiating progeny
(Fig. 1B,C). Stem cells may lose “potency” and
give rise to either a different number of down-

stream progenitors or may be biased toward one
lineage over others. Finally, stem cells may un-
dergo programmed cell death, die by necrotic or
other forms of nonapoptotic cell death, or be-
come senescent (Fig. 1D,E; Jones and Rando
2011). Stem cell behavior is regulated by the in-
tegration of intrinsic factors and external cues
(Voog and Jones 2010); therefore, it is important
to note that cell-intrinsic alterations (i.e., geno-
mic mutations), changes to the local environ-
ment known as the stem cell “niche,” and fluc-
tuations in circulating factors can all contribute
to changes in stem cell function over time (Jones
and Rando 2011). Here we will review interven-
tions that could be feasible strategies for “rejuve-
nating” or improving the function of endoge-
nous stem cells, focusing on stem cell responses
in tissues such as blood, intestine, muscle, and
brain.

LINKSBETWEENLIFE SPANEXTENSIONAND
MAINTENANCE OF STEM CELL ACTIVITY

Several paradigmsdiscussedbeloware common-
ly considered to be life span extending or “anti-
aging” strategies, including changes in diet and
caloric intake. Indeed, dietary restriction (DR),
which is commonly defined as reduced caloric
intake without malnutrition, has been shown to
extend life span in all organisms in which it has
been tested (Mair and Dillin 2008; Smith et al.
2020). More recently, dietary interventions that
capitalize on the “fasting” states created by the
normal circadian rhythms of individual organs,
such as intermittent fasting (IF) or periodic fast-
ing (PF), have been used to generate a physiolog-
ical state that resembles fasting. Recent studies
have shown that maintaining a fasting physiolo-
gy results in potent benefits for overall health,
including reduction in visceral fat, insulin, and
insulin resistance (Longo and Panda 2016). Giv-
en the close relationship between life span,
health span, and tissue homeostasis, studies
have probed whether some benefits of dietary
interventionsmay be due to improvement of en-
dogenous stem cell function (for reviews, see
Jasper and Jones 2010; Mana et al. 2017). The
discussion below is not meant to focus on the
relationship between interventions leading to in-
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creased life span and sustained tissue stem cell
function. Rather, we wish to consider whether
environmental interventions, such as dietary
alterations, could have direct impacts on endog-
enous stem cells, leading to functional improve-
ment or rejuvenation.

ENVIRONMENTAL INTERVENTIONS: DIETS

DR impacts a host of nutrient-responsive factors
and signaling pathways, including the insulin
and insulin-like growth factor (IGF) signaling
(IIS) pathway, the mechanistic target of rapa-
mycin (mTOR), AMP-activated protein kinase
(AMPK), the cofactor nicotinamide adenine di-
nucleotide (NAD+), and the family of NAD+-
dependent deacetylases called sirtuins. Given

the different metabolic and energetic require-
ments of cells, teasing apart the mechanism(s)
by which DR leads to an increase in life span,
and, more important for this discussion, wheth-
er there is a direct impact on stem cells has been
challenging (Smith et al. 2020). Yet, early studies
in flies demonstrated that metabolic pathways
known to regulate life span could act autono-
mously in adult stem cells to prolong mainte-
nance and/or function. In the testis of Dro-
sophila melanogaster, aging results in a loss of
male germline stem cells (GSCs) over time, lead-
ing to a decrease in progenitor cells that generate
mature sperm (Fig. 1A; Boyle et al. 2007). The
decline in male GSCs is due to autonomous
changes in the rate of stem cell proliferation, as
well as a decline in signaling from the supportive
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Figure 1.Effects of aging on adult stem cells. Adult stem cells residewithin a niche that provides critical signals for
maintenance, proliferation, and survival. Stem cells can divide to self-renew and produce progeny that will
differentiate along a specific lineage. Aging can lead to a loss of tissue homeostasis when stem cells (A) lose
the ability to self-renew, leading to depletion of the stem cells pool, (B) do not divide as often, thereby generating
fewer progenitor cells, that may also be impaired, (C) become unable to respond to signals from the niche that
lead to “activation” and proliferation, (D) become senescent and no longer divide, and/or (E) die or undergo
programmed cell death. Reviewed in Jones and Rando (2011). (Figure created with BioRender.com.)
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niche (Boyle et al. 2007; Toledano et al. 2012).
The IIS pathway, mutations that lead to life span
extension in a range of organisms, is required
for maintenance of male GSCs (McLeod et al.
2010; Smith et al. 2020). Subsequently, it was
demonstrated that DR leads to life span exten-
sion, as well as maintenance of male GSCs, in
flies (Mair et al. 2010).Whether IIS was required
for GSC maintenance in the context of DR or
whether other pathways stimulated by DR also
contributed to GSC maintenance was not tested
directly.

In striking contrast to a decrease in Dro-
sophila GSCs, aging results in an increase in
the proliferation of Drosophila intestinal stem
cells (ISCs), which, coupled to a host of other
changes, leads to a loss of intestinal homeostasis
and function (Biteau et al. 2008; Choi et al. 2008;
Rera et al. 2012). Studies show that DR leads to a
significant improvement in intestinal homeosta-
sis in aged flies, which was due, in part, to sup-
pressing the increase in ISC proliferation over
time (Regan et al. 2016; Akagi et al. 2018). Sim-
ilar to studies described above,modulationof the
IIS pathway in ISCswas also sufficient to regulate
ISC behavior (Biteau et al. 2010). Reduced sig-
naling via the insulin receptor (InR) in ISCs and
progenitor cells suppressed the increase in ISC
proliferation that was normally observed in aged
animals. However, as with male GSCs, whether
DR-mediated modulation of IIS or another
pathway impacted by DR was important for
maintaining intestinal homeostasis was not de-
termined.

Mammalian ISCs are also very responsive to
dietary conditions (Calibasi-Kocal et al. 2021).
In the mouse, ISC regenerative capacity can be
determined by the number of intestinal “organ-
oids” (3D structures grown in vitro) generated by
the ISC-containing crypts (Sato et al. 2009), as
well as the ability to regenerate tissue in response
to injury in vivo. DR for at least 2 weeks leads to
an increase in ISC number and function, at
the expense of more differentiated cells, in the
mouse small intestine (Yilmaz et al. 2012).
Mechanistically, this is due to reduced signaling
via mTOR, a central, cellular metabolic sensor
that is sensitive to growth factors and amino
acids, in adjacent support cells calledPaneth cells

(Yilmaz et al. 2012). DR also increased ISC re-
generative capacity in response to irradiation-in-
duced damage (Yilmaz et al. 2012). Related stud-
ies built on these findings by showing that
DR-mediated activation of Sirt1 also enhanced
proliferation of ISCs and promotes preservation
of the “reserve” stem cell pool in an mTOR-de-
pendent manner (Igarashi and Guarente 2016;
Yousefi et al. 2018). In contrast to DR, fasting
does not lead to an increase in ISC number;
however, fasting interventions do promote ISC
survival and proliferation and progenitor cell
function in aged animals and in response to inju-
ry, such as exposure to irradiation or chemother-
apeutics that cause DNA damage (Richmond
et al. 2015; Tinkum et al. 2015; Mihaylova et al.
2018; Calibasi-Kocal et al. 2021).

For the hematopoietic system, dietary inter-
ventions have both beneficial and negative ef-
fects on hematopoietic stem cells (HSCs) in an
aged setting. In adult,middle-agedmice,DR sig-
nificantly reduced the effects of aging on HSCs.
Specifically, DR supported HSC quiescence,
suppressed the increase in HSC number, en-
hanced HSC repopulating efficiency as assayed
in serial transplantation assays, and reduced the
maladaptive skewing toward themyeloid lineage
(Tang et al. 2016). However, despite a correction
in the myeloid:lymphoid ratio, DR had a nega-
tive effect on the proliferation of lymphoid pro-
genitors and impaired differentiation of lym-
phoid-biased HSCs (Tang et al. 2016). Multiple
cycles of fasting also preserved total HSC num-
bers and enhanced proliferative capacity, while
reversing themyeloid bias observed in agedmice
(Cheng et al. 2014).

Taken together, these studies indicate that
dietary interventions generally have a positive
impact on endogenous stem cell function in a
range of tissues (Fig. 2A). In particular, it ap-
pears that DRcan support stem cell proliferation
while fasting paradigms enhance stress resis-
tance by providing protection against injury,
and may be used to enhance the ability of stem
cells to regenerate tissues in response to aging or
damage (Cheng et al. 2014; Tinkum et al. 2015;
Mihaylova et al. 2018). Therefore, dietary inter-
ventions could be a feasible approach to bolster
stem cell function, although the overall effective-
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ness may be impacted by the total number of
functional stem cells remaining. Importantly,
as dietary interventions will have a systemic ef-
fect, this approach may also be one way of re-
versing any decline in stem cell function that is
due to age-related changes in the niche.

ENVIRONMENTAL INTERVENTIONS:
EXERCISE

Aging has a significant impact on the ability to
learn new tasks (Gage et al. 1984; Gallagher and
Rapp 1997; Smith et al. 2000), which has been
associated with a decrease in neurogenesis in the
dentate gyrus of thehippocampus, a brain region
important for learning and memory (van Praag
et al. 2005; Smith et al. 2018). Classic studies

showed that exercise leads to an increase in hip-
pocampal neurogenesis and learning in both
young and aged rodents, which laid the founda-
tion for considering exercise as an intervention
that might be capable of stimulating aged neural
stem cells (NSCs) to counter aging-related de-
cline in cognition (van Praag et al. 1999a,b,
2005). Recently, factors have been identified
that are enriched in the blood of young mice
and healthy, aged humans that become elevated
upon exercise and can confer the beneficial ef-
fects of exercise to the aged brain (Horowitz et al.
2020). After demonstrating that exercise can, in-
deed, reverse the decline in neurogenesis in aged
(18-mo-old) mice, Horowitz et al. (2020) found
that systemic administration of plasma drawn
from exercised mice suppressed the age-related
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Figure 2.Approaches to rejuvenate endogenous stem cell pools. Several approaches have been used to activate or
rejuvenate endogenous stem cell pools to counter age-related changes in tissue function. (A) Dietary interven-
tions, including dietary restriction (DR) or fasting, (B) nonstrenuous exercise, (C) heterochronic exchange of
blood, plasma, or cells, and (D) reprogramming using “Yamanaka factors” to counter epigenetic changes asso-
ciated with aging. (Figure created with BioRender.com.)
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decrease in cognitive function and adult hippo-
campal neurogenesis. Subsequently, the group
identified several factors that were increased
in the blood upon exercise and demonstrated
that an increase in the protein glycosylphospha-
tidylinositol (GPI)-specific phospholipase D1
(Gpld1), which is predominantly expressed in
the liver, was sufficient to improve neurogenesis
in the hippocampus, which correlated with im-
proved cognitive abilities (Horowitz et al. 2020).
Although adult neurogenesis is somewhat con-
troversial (Paredes et al. 2018), a decline in neu-
rogenesis has been correlated not only with a
decrease in cognitive function but alsowith neu-
rodegenerative diseases, such as Alzheimer’s
(Moreno-Jiménez et al. 2019; Tobin et al.
2019). Therefore, exercise may be an interven-
tion to consider for stimulating neurogenesis
and countering the typical, age-related decline
in memory and cognition, as well as the effects
of neurodegeneration.

As in the brain, exercise has been demon-
strated to improve the activity of muscle stem
cells (MuSCs) and accelerate muscle repair in
old mice (Brett et al. 2020). When young and
aged mice were allowed to run freely on a run-
ning wheel for 3 weeks, there was no increase in
the total number of MuSCs; however, the ability
of endogenous MuSCs to repair damage to the
musclewas increased in exercised, agedmice.No
difference was observed in young mice. Trans-
plantation experiments, in which MuSCs from
exercised or nonexercised aged mice were trans-
planted into a young host, revealed that the in-
crease inMuSC function with voluntary exercise
was due to autonomous changes, although there
was also some contribution from circulating fac-
tors. Specifically, the authors found that exercise
led to an increased propensity of quiescent
MuSCs fromagedanimals to activate in response
to injury, which was lost after 2 weeks of exercise
cessation. Mechanistically, the enhanced exit
from the resting, quiescent state was due to an
increase in the G1 cyclin, cyclin D (Brett et al.
2020). An important element of these studies
was the nature of the exercise voluntary wheel
running. By contrast, other forms of exercise,
such as forced endurance running or resistance
training, lead to injuryand thusdirectly toMuSC

activation (Kurosaka et al. 2012; Begue et al.
2013; Egner et al. 2016; Abreu et al. 2017).

Although the impact of exercise on aging
HSCs has not been reported, a recent study
shows that voluntary running improves the abil-
ity of stromal cells within the bone marrow to
support common lymphoid progenitor cells.
Leptin receptor (LEPR)+ cells provide important
growth factors for themaintenance of HSCs and
early progenitors, and osteolectin is a newly
identified marker of LEPR+ cells that are des-
tined to differentiate along an osteogenic lineage
(Shen et al. 2021). Although a number of these
LEPR+/osteolectin+ cells decreases with age,
Shen et al. found that mechanical stimulation,
provided by voluntary exercise, was sufficient to
support the maintenance of these osteogenic
progenitor cells that provide a niche for lympho-
poiesis. These findings suggest that exercise is
not only important for maintaining the number
of endogenous progenitor cells but that the ben-
efit is amplified when the progenitors, in turn,
support the activity of another stem/progenitor
population (Shen et al. 2021).

Physical exercise has been generally accepted
tobe a safe and effective intervention to countera
broad range of age-related conditions, including
obesity and cardiovascular disease (Morris et al.
2008; Booth et al. 2012). These studies suggest
that endogenous stem cells could be key cellular
targets that elicit such benefits (Fig. 2B). As some
individuals may be incapable of exercise, identi-
fication of blood-borne factors that are increased
as a consequence of exercise and canmediate the
benefits, even in the absence of exercise, provide
attractive therapeutic targets. However, the same
factors may not activate stem cells in all tissues.
Future studies are certain to identify the factors
that can provide pan-tissue and tissue-specific
effects, expanding our ability to rejuvenate
endogenous stem cell pools to counter the age-
related decline in homeostasis.

PARABIOSIS: RESTORING YOUTHFUL
REGENERATION TO AGED TISSUES BY
SYSTEMIC FACTORS

The regenerative potential of most tissues de-
clines with age, and this gradual loss is correlat-
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ed with age-related decline in stem cell function-
ality (Jones and Rando 2011). Much in the way
that either diet or exercise can change the local
and systemic milieu and influence tissue regen-
eration, so too can changes in the systemic cir-
culation with age. This has been demonstrated
by heterochronic studies, such as transplanta-
tion, parabiosis, and blood exchange that facili-
tate the exchange of tissues between animals of
different ages (Fig. 2C). Early heterochronic
transplantation of skeletal muscle revealed that
the host environment was a greater determinant
of regenerative potential of transplanted cells,
whether young or old, than was the age of the
cells themselves; a young host provided a more
favorable environment for repair, even for old
cells (Carlson and Faulkner 1989). Similarly,
in heterochronic transplant studies of HSCs, a
youthful host engenders a more youthful phe-
notype of transplanted aged cells (Ergen et al.
2012).

Building upon such evidence, heterochronic
parabiosis allowed for tests of the influence of
systemic factors on the regenerative potential of
endogenous stem and progenitor cells. Parabio-
sis (literally, “living beside”) is a technique of
surgically connecting two organisms such that
they develop a single, shared circulatory system
(Conboy et al. 2013). The initial studies revealed
that exposure to factors circulating in young
blood led to the rejuvenation of aged muscle
stem cells in a model of muscle regeneration
and in aged progenitors during homeostatic
turnoverof liver tissue (Conboyet al. 2005; Brack
et al. 2007). Subsequently, these findings were
extended to reveal rejuvenation of aged neural
stem cells in homeostatic neurogenesis in the
hippocampus of the brain (Villeda et al. 2011).
Molecular analyses reveal restoration of youthful
molecular signatures in theMuSCs and liverpro-
genitors (Conboy et al. 2005; Brack et al. 2007).
In these cases, the rejuvenative effects were de-
termined to be due to soluble factors from the
young parabiont as opposed to the engraftment
of circulating cells into the aged tissues. It should
also be noted that not only was aged tissue repair
observed to be enhanced by exposure to circulat-
ing factors in young blood, but the converse was
also observed in most cases; young tissue repair

was suppressed byexposure to circulating factors
in old blood.

Over the next decade, multiple reports con-
firmed the rejuvenative potential of hetero-
chronic parabiosis in aged tissues. There are nu-
merous examples of benefits conferred to aged
tissues, such as pancreas, heart, brain vascula-
ture, cartilage, and kidney, in the absence of in-
jury (Goodell and Rando 2015), perhaps by
reducing the burden of senescent cells (Yousef-
zadeh et al. 2020).However,wewill focus here on
those examples in which regenerative processes
were enhanced in aged tissues in the setting of
heterochronic parabiosis. In the setting of de-
myelination, exposure to young blood of aged
spinal cord that had been subjected to a demye-
linating injury exhibited enhanced remyelina-
tion, and this appeared to be due largely to the
influx of monocytes from the young partner
(Ruckh et al. 2012). Likewise, repair of aged
bone fractures was enhanced by heterochronic
parabiosis, an effect that could be phenocopied
by the engraftment of young hematopoietic cells
into aged animals (Baht et al. 2015).

Another heterochronic technique that has
been used to test for environmental influences
on aged tissue regeneration has been hetero-
chronic blood exchange. Based upon observed
benefits of young plasma infusions on aged neu-
rons (Villeda et al. 2014), heterochronic ex-
changes were performed to test the effects of
circulating factors on stem cells and tissue regen-
erative potential (Rebo et al. 2016). These studies
confirmed the findings of heterochronic parabi-
osis that young plasma enhances aged muscle
regeneration and old plasma suppresses young
muscle regeneration. In studies of homeostatic
turnover from a single heterochronic exchange,
it appeared that the suppressive effects of old
plasma were more robust than the rejuvenative
effects of young plasma (Rebo et al. 2016).

From these studies of systemic regulation of
tissue regeneration, much interest has focused
on the factors in blood that may promote or
suppress regenerative responses andon the iden-
tity of the target cells onwhich those factorsmay
be acting. Factors that promote regeneration and
factors that inhibit regeneration have been iden-
tified in the circulation as potential mediators of
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heterochronic parabiosis or heterochronic blood
exchange depending on whether they decrease
or increase, respectively, with age (Ashapkin
et al. 2020). Nevertheless, the complexity of
the circulatory milieu, the myriad of changes
that occur with age, and the cellular targets of
the various proteins, steroid hormones, lipids,
and metabolites that might alter regenerative re-
sponses remain only minimally explored.

Among the many questions that remain with
regard tounderstandinghowsystemic factorsme-
diate changes in tissue regenerative potential with
age, is the extent to which different tissues, and
even different cells within the same tissue, re-
spond to the same or different circulating factors.
For example, in the brain, numerous chemokines
and cytokines that increasewith age and thatmay
each partially phenocopy the effects of hetero-
chronic parabiosis on theyoungparabiont appear
to act on different cell types, whether they are
oligodendrocytes, endothelial cells, or neurons
(Pluvinage andWyss-Coray 2020). Furthermore,
the effects may be dependent on the context of
injury. The cytokine CCL11, which was shown to
increase with age in the blood and cerebrospinal
fluid and to suppress neurogenesis (Villeda et al.
2011), actually stimulates neural progenitor cell
proliferationandmigration in the settingof ische-
mic brain injury (Wang et al. 2017). Across tis-
sues, there is also evidence of divergent responses.
GDF11 promotes the proliferation of neural stem
cells while inhibiting muscle stem cell function
(Katsimpardi et al. 2014; Egerman et al. 2015),
and, while its role in age-related regenerative re-
sponses remains controversial (Rodgers and El-
dridge 2015), its role in promoting fibrosis is well
established in many models of tissue injury and
repair (Frohlich and Vinciguerra 2020). The in-
crease of fibrosis duringmuscle repair after expo-
sure to old serum was shown to be due to en-
hancement of Wnt signaling in the muscle stem
cells, leading to a shift to a more fibrogenic fate
(Brack et al. 2007). This increase inWnt signaling
was later shown to be due at least in part to the
increase in the levels of circulating complement
factor, C1q, and its ability to activate the Wnt
pathway (Naito et al. 2012). β2-Microglobulin
was shown to increase in the plasma with age
and suppress neurogenesis, and prevention of

the age-related increase enhanced neurogenesis
and abrogated age-related decline in cognitive
function (Smith et al. 2015). However, hetero-
chronic bonemarrow transplantation was shown
also to abrogate age-related decline in cognitive
function without preserving neurogenesis and
without reducing β2-microglobulin levels (Das
et al. 2019).

Together, these studies of heterochronic
parabiosis, heterochronic blood exchange, and
identification of factors that change with age in
the blood point to potential therapeutic ap-
proaches to enhancing aged tissue function,
some of which may be mediated by resident
stem cells, in humans. Serial transfusions of
young plasma are being tested in clinical trials
for symptom amelioration in Alzheimer’s dis-
ease (Sha et al. 2019), effects that could poten-
tially be mediated by an enhancement of neural
stem cell activity. Likewise, administration of
pro-regenerative factors from young blood or
the removal of profibrotic factors in old blood
could promote aged tissue repair. The potential
of therapies based on these fundamental obser-
vations of the regulation of stem cell regenera-
tive potential by circulating factors is only just
beginning to be explored.

REPROGRAMMING: RESTORING
YOUTHFUL REGENERATION TO AGED
TISSUES BY STEM CELL REJUVENATION

In addition to the multiple cell-extrinsic inter-
ventions that have been discussed that can en-
hance tissue regeneration with age, such as die-
tary manipulations or exercise, recent studies
have explored the possibility that cells can be
“reprogrammed” intrinsically to adopt a more
youthful phenotype, leading to enhanced tissue
repair in older organisms (Fig. 2D). Based on the
findings from heterochronic parabiotic studies,
as well as the advent of induced pluripotent stem
cell (iPSC) technology, it was proposed that the
restoration of aged cells to a more youthful state
may occur by a process of “epigenetic rejuvena-
tion” (Rando and Chang 2012). While this, too,
applies to nonregenerative tissues, we will focus
on how this has been explored in terms of aged
tissue regeneration.
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Exploring the potential to apply iPSC tech-
nology to reversing epigenetic determinants of
cellular age, animals were generated inwhich the
Yamanaka reprogramming factors could be con-
ditionally induced in adult mice (Abad et al.
2013; Ocampo et al. 2016). Whereas continuous
expression of these factors led to cellular dedif-
ferentiation and the formation of teratomas,
transient and limited expression restored youth-
ful characteristics to cells and tissues (Ocampo
et al. 2016). In studies of tissue regeneration, both
pancreas and muscle regeneration exhibited
more youthful regenerative capacities in older
mice in which the cells had undergone this par-
tial reprogramming (Ocampo et al. 2016). As the
expression of the reprogramming factors was in-
duced in all cells throughout the body, it is not
possible from these experiments to attribute the
improved regeneration to the rejuvenation of
aged stem or progenitor cells, as opposed to im-
mune cells or other parenchyma cells in the tis-
sue. Nevertheless, these were the first in vivo,
proof-of-principle experiments indicating that
such partial reprogramming could restore
youthful regenerative potential to aged tissues.

In a more translational approach, partial re-
programming of stem or progenitor cells could
be achieved by the delivery of mRNA for repro-
gramming factors (Sarkar et al. 2020). Proof of
principle was obtained for both endothelial cells
and fibroblasts in vitro, showing that transient
expression of the factors could restore youthful
functional and molecular features of aged cells.
Intriguingly, partial reprogramming of chon-
drocytes from aged humans with osteoarthritis
was also effective in restoring youthful proper-
ties to those diseased progenitors. Finally, it was
demonstrated that tissue regeneration could be
enhanced in amodel of aged stem cell transplan-
tation. Muscle stem cells from aged mice were
partially reprogrammed ex vivo and then trans-
planted into a region of injured muscle. The
partial reprogramming essentially reverted the
regenerative potential of the aged donor cells to
that of young donor cells (Sarkar et al. 2020).
This was also demonstrated using human do-
nors of muscle stem cells in xenograft studies.

In another translational application of repro-
gramming of aged tissue regeneration, the deliv-

ery of reprogramming factor genes by a viral vec-
tor demonstrated enhanced regeneration of an
aged tissue in the form of axonal regrowth (Lu
et al. 2020). Using an adeno-associated viral vec-
tor, the investigatorsdeliveredonlya limited set of
reprogramming factors to avoid potential terato-
ma formation. Targeted cells in the aged retina
were able to regrow their axons in response either
to crush injury to the optic nerve or to optic nerve
compression for experimentally induced glauco-
ma. Interestingly, the restoration of function was
associated with changes in DNA methylation in
the targeted cells, and suppressing DNAmethyl-
ation abrogated the ability of reprogramming fac-
tors to restore youthful regenerative function to
aged retinal cells (Lu et al. 2020).

Clearly, the future of in vivo reprogramming
technology to enhance tissue regeneration will
depend on effective and targeted delivery mech-
anisms for vectors that need to act intracellularly
(such as plasmid DNA or RNA). One of the
main questions that remain is the duration of
exposure to the reprogramming vector neces-
sary to achieve rejuvenation. Conversely, it re-
mains to be determined how long the effects last
after transient reprogramming. For the purposes
of enhanced tissue regeneration, long-term re-
programming may be unnecessary if the effects
of transient reprogramming have lasting bene-
fits, particularly as it pertains to endogenous
stem cell pools. However, as a therapeutic ap-
proach to restoring youthful function to aged
stem cells in humans, these sorts of reprogram-
ming approaches face many hurdles. First, as
noted, there are intrinsic risks of generating cells
with tumorigenic potential. In addition, the in-
ability to target any kind of genetic therapy to a
rare population of stem cells in a tissue is amajor
challenge. It may be that this kind of reprogram-
ming technology is applied to stem cells initially
in the context of ex vivo cellular reprogram-
ming, followed by stem cell transplantation.
Thus, in vivo stem cell reprogramming in hu-
mans is likely a more distant goal.

CONCLUSIONS

A major goal of regenerative medicine is to
restore function to a tissue or organ that has
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become dysfunctional due to acute damage,
chronic disease, or degeneration over time. Al-
though transplantation of blood and skin cells
has been used for years, there are still challenges,
including the fact that often the stemcells needed
for robust regeneration are rare. A central focus
of late has been development of techniques to
generate and expand cells taken directly from a
patient ex vivo for transplantation (autologous
transplantation). One such approach includes
generating iPSCs from the patient and then dif-
ferentiating those pluripotent cells into the spe-
cific cell type needed for repair. However, as not-
ed previously, the success of such an approach
depends onmany factors, including the need for
reprogramming and accurately generating a tis-
sue stem cell that is mature and maintains full
potency in vitro.

Herewe have discussed several alternatives to
cell-based therapies that could be effective at en-
hancing the activity of endogenous stem cell
pools, including environmental interventions
such as exercise and changes to diet. Targeting
endogenous stem cells may be most effective in
the context of aging and degeneration, as damage
and disease may result in the reduction in the
number of endogenous stem cells, thereby reduc-
ing the pool of cells capable of responding to such
interventions. Future studies are sure to provide
more insight and technical advances to target en-
dogenous stem cell pools to make this approach
effective even for rare cells.Ultimately, when con-
sidering the best approach for regenerative med-
icine, a combination of cell-based therapies and
environmental interventions may provide the
most robust outcome. In addition, we know that
aging impacts individuals inuniqueways and that
not all tissues “age” at the same rate (Rando and
Wyss-Coray 2021).We predict that availability of
molecular biomarkers of chronological and bio-
logicalagingwillbeusedtoprovideapersonalized
approach to slow or counter aging, including the
efficacy of using environmental interventions to
rejuvenate endogenous stem cells.
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