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1 | INTRODUCTION

As the most significant risk factor for human mortality, aging leads
to functional decline, increased frailty, and elevated susceptibility to
chronic disease (Brett & Rando, 2014; Lopez-Otin et al., 2013). The
current strategies for human lifespan extension can be divided into
three major categories: (i) those that treat direct causes of mortality,
(i) those that slow down or attenuate the biological aging process,
and (iii) those that achieve rejuvenation (i.e., the reversal of aging).
The first category involves treatments for age-related diseases, such
as pharmaceuticals for COVID-19 in humans or age-related cancers
in mice. Antibiotics, which single-handedly shifted the main cause
of death in humans and extended lifespan by several decades, also
belong to this category (Adedeji, 2016). The second involves lifes-
pan extension in healthy individuals, without evident age reversal.
One example in this category is lifespan extension caused by mild
stressors such as heat, cold, or irradiation (Cypser et al., 2006; Gems
& Partridge, 2008). The third category, rejuvenation, has long been
regarded as the panacea for age-related diseases, but it has previ-
ously been deemed unrealistic. While the first two major strategies
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Several interventions have recently emerged that were proposed to reverse rather
than just attenuate aging, but the criteria for what it takes to achieve rejuvenation
remain controversial. Distinguishing potential rejuvenation therapies from other lon-
gevity interventions, such as those that slow down aging, is challenging, and these
anti-aging strategies are often referred to interchangeably. We suggest that the pre-
requisite for a rejuvenation intervention is a robust, sustained, and systemic reduction
in biological age, which can be assessed by biomarkers of aging, such as epigenetic
clocks. We discuss known and putative rejuvenation interventions and comparatively

analyze them to explore underlying mechanisms.

aging, biomarkers, epigenetic clocks, rejuvenation

have been extensively studied, very little is known about the sys-
temic reversal of organismal aging. This is in part due to the lack of
longitudinal data and validated quantitative readouts of rejuvena-
tion, and also by the general belief that aging is inevitable and uni-
directional. However, several putative rejuvenation therapies have
recently been introduced that demonstrated age reversal as mea-
sured by aging biomarkers and physiological readouts. Despite these
advances, whether systemic rejuvenation can be achieved by these
approaches and how they can be translated to human applications
remains unclear. To distinguish rejuvenation therapies from other
longevity interventions, it is necessary to establish a framework that
describes different approaches to rejuvenation while exploring the
critical common underpinnings of established age reversal methods.

1.1 | Challenging the notion of irreversible aging

Aging of mammalian species, such as humans or mice, has tradition-
ally been regarded as an irreversible process. This is largely due to
the commonly held belief that certain tissues, cells, and structures

Abbreviations: AAV, adeno-associated virus; CRISPR, clustered regularly interspaced short palindromic repeats; iPSCs, induced pluripotent stem cells iPSC.
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in these organisms are irreplaceable (Galkin et al., 2019). For exam-

ple, most adult neurons terminally differentiate during development,
remain in the body for the entire life of an organism, and cannot be
naturally replaced. Interestingly, in some non-mammalian species or
in young mammals, certain body parts or organs can be regenerated
or regrown in almost identical structure as the lost tissue (e.g., axo-
lotl extremities (Haas & Whited, 2017) and newborn murine heart
tissue (Bryant et al., 2015)). However, adult humans lack sustained
cross-tissue regenerative capacity.

This notion of irreversibility has recently been challenged by
a series of findings. With the in vivo ectopic expression of Oct4,
Sox2, and KlIf4—three of the four Yamanaka reprogramming factors
(Takahashi & Yamanaka, 2006)—axon regeneration after eye injury
has been achieved. Excitingly, this strategy also allows mice to re-
gain eyesight lost as a result of aging or glaucoma (Lu et al., 2020). In
addition, a drug cocktail has shown potential for thymus regenera-
tion, further challenging the idea of unidirectional aging (Fahy et al.,
2019). However, the overwhelming majority of these potential reju-
venation therapies have so far focused on specific organs or sets of
tissues; therefore, the effect of rejuvenation on systemic aging has
not yet been well described. More importantly, the lack of robust
biological age quantification methods—until the recent emergence
of molecular aging biomarkers—has confined characterization of
rejuvenation mostly to visual or functional investigation of tissue-
specific aging phenotypes.

To clearly define the effects of rejuvenation and characterize
them systemically, there needs to be both an initial, accurate assess-
ment of biological age coupled with subsequent quantification of
biological age dynamics in response to these putative interventions.
Here, we define organismal rejuvenation as a robust, sustained, and
systemic decrease in biological age or damage, measured by accurate
physiological and/or molecular biomarkers. Under this definition,
the majority of validated and putative rejuvenation interventions
and phenomena may be categorized into three main groups: (i) het-
erochronic transplantation, (ii) cellular reprogramming, and (iii) early
embryonic dynamics. In this review, we elaborate on this definition
of rejuvenation, its three current categories, and the principal differ-

ences and commonalities among them.

1.2 | Biomarkers that track the reversal of aging

First, it is important to note that the reversal of aging is inherently
multidimensional: it may include a reduction in damage at the molec-
ular level, renewed cell functionality at the cellular level, and mean-
ingful physiological improvement at the organismal level. Some age
reversal therapies may also induce lifespan extension, unless limited
by extrinsic mortality factors, such as high tumor incidence in mice at
old ages (Brayton et al., 2012; Turturro et al., 2002). Fundamentally,
the effect at one level of biological organization is usually accompa-
nied by connected effects at other levels. As an example, expres-
sion of reprogramming factors OSK (Oct4 + Sox2 + Klf4) or OSKM
(OSK + c-Myc) was shown to reverse epigenetic age, increase stem

cell function, reverse age-related loss of eyesight, and increase
lifespan of progeria mouse models. In fact, interventions usually in-
fluence age-related phenotypes across multiple levels, and robust
measures (biomarkers) of age-related damage at one level could be
used to identify putative rejuvenation interventions.

One of the critical issues in distinguishing rejuvenation from
other longevity interventions remains longitudinal examination of
aging biomarkers to reveal a steady decrease or reversal in biologi-
cal age throughout the whole intervention procedure, and beyond.
This inherently requires biomarkers to be noninvasive or at least
nonlethal, and many studies at the tissue level are restricted by this
criterion (organs can only be harvested from sacrificed mice at one
given timepoint). However, at the molecular and physiological level,
there are several robust biomarker profiling methods available. From
a physiological standpoint, the frailty index has been established as
a powerful tool to assess biological age, and the clock based on it
has been successfully used to evaluate methionine restriction as a
longevity intervention. (Schultz et al., 2020; Whitehead et al., 2014).
However, this method is intrinsically subjective and is meant to be
applied primarily to aged animals, limiting its use for assessment of
biological age reversal in young animals.

At the molecular level, several omics-based approaches for
quantifying aging and rejuvenation have emerged. Indeed, it is now
possible to assess biological age using a variety of high-dimensional
molecular data, particularly through the implementation of sophisti-
cated shallow and deep machine learning methods into what is known
as “biological aging clocks”. So far, several methods have been devel-
oped to examine age-related molecular dynamics, including clocks
focusing on the epigenome, transcriptome, and immunome (Galkin
et al., 2020, 2021; Horvath, 2013; Meyer & Schumacher, 2021;
Sayed et al., 2021). Among these methods, aging biomarker models
based on DNA methylation (termed “epigenetic aging clocks”) have
emerged as some of the most promising methods, with diverse ap-
plications across mammalian species (Bell et al., 2019; Hannum et al.,
2013; Horvath & Raj, 2018; Petkovich et al., 2017). Multiple clocks
have been developed for humans, including multi-tissue (Horvath,
2013) and single-tissue clocks (Hannum et al., 2013), as well as the
PhenoAge and GrimAge clocks that predict health span, lifespan,
and mortality risks (Levine et al., 2018; Lu et al., 2019). Moreover,
epigenetic aging clocks have been developed across various tissues,
platforms (most commonly DNA microarrays or genome-wide/tar-
geted bisulfite sequencing approaches), type of DNA sequences (ge-
nomic or ribosomal DNA), and model species (such as humans, mice,
and rats) (Horvath et al., 2020; Li et al.,, 2021; Lu et al., 2021; Meer
et al., 2018; Petkovich et al., 2017; Stubbs et al., 2017; Trapp et al.,
2021; Wang & Lemos, 2019; Wang et al., 2017). Excitingly, novel
clocks have also been developed that track aging across most eu-
therian species with a single mathematical formula, demonstrating
the universal and generalizable nature of cross-species epigenetic
alterations with age (Lu et al., 2021).

Crucially, epigenetic age predictions from methylation clocks in
model species reflect various lifespan-extending treatments such as
caloric restriction and growth hormone receptor knockout (Petkovich
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et al., 2017). Additionally, epigenetic clocks were shown to quanti-
tatively measure several aspects of human aging: indeed, epigenetic
age acceleration was associated with many age-related conditions,
such as all-cause mortality, cognitive performance, frailty, proge-
ria, Parkinson's disease, Werner syndrome, and Hutchinson Gilford
Progeria Syndrome (Breitling et al., 2016; Horvath et al., 2018;
Horvath & Raj, 2018; Lin et al., 2016; Maierhofer et al., 2017; Marioni,
Shah, McRae, Chen, et al., 2015; Marioni, Shah, McRae, Ritchie, et al.,
2015). Taken together, these studies offer evidence that aging clocks
based on methylation levels may accurately track biological age and
act as validators of putative rejuvenation therapies (Horvath, 2013;
Petkovich et al., 2017). Excitingly, other transcriptomic, ionomic,
compositional, and frailty clocks have recently shown promise for
high-resolution tracking of the aging process and biological age alter-
ations resulting from longevity or rejuvenation interventions (Meyer
& Schumacher, 2021; Putin et al., 2016; Zhang et al., 2020).

Despite rapid progress in the field of epigenetic aging clocks, it
should be noted that there are still many important unknowns, the
most critical of which is the directionality and extent of the relation-
ship between epigenetic changes, molecular damage, and biological
age. Indeed, it is believed that DNAm age prediction may be readout
of the molecular damage involved in aging. However, it remains enig-
matic whether epigenetic changes are themselves damage, or simply
a reflection of other molecular damage. Of note, recent work has
shown that double-stranded breaks may contribute to aging and epi-
genetic drift (Hayano et al., 2019). Additionally, the reproducibility of
DNAm measurement can be restricted by technical noise, which has

been recently addressed (Higgins-Chen et al., 2021).

Amelioration of Transient
aging phenotypes expression of RFs
by heterochronic in vivo

parabiosis in mouse

(Conboy et al.) (Ocampo et al.)

Ovarian Human DNAmM
transplantation age reversal
(Cargill et al.) by RFs
(Horvath)

Mouse DNAm age
reversal by RFs
(Petkovich et al.)

Aging

Importantly, although changes in DNAm age may be used for
preliminary identification of novel rejuvenation therapies, these
must still be evidently validated across several other biological lev-
els, and particularly at the phenotypic/physiological level. For ex-
ample, simply editing CpG methylation levels of certain clock sites
to “young” levels is unlikely to change physiological functions, but
this is still unknown. New methods enabling targeted epigenomic
remodeling via CRISPR-based approaches may hold the key to defi-
nitely answer this complex question (Nunez et al., 2021).

Despite these unanswered questions, DNA methylation clocks have
emerged as a powerful set of tools to identify potential rejuvenation
therapies. It has become possible to evaluate and test several existing
approaches aiming to reverse biological age (Figure 1 and Table 1). In
humans, the thymus regeneration strategy mentioned previously has
been shown to lower epigenetic age, supporting the possibility that
certain drug interventions may rewind biological age (Fahy et al., 2019).
However, these results are still preliminary, and it should be noted that
this study had a small sample size (n = 10) and no control group. Other
popular interventions focus on the expression of reprogramming factors,
which were shown to directly reverse epigenetic age of adult cells to
zero in cell culture systems (Horvath, 2013; Olova et al., 2019; Petkovich
et al., 2017). A promising milder expression strategy, known as transient
or partial reprogramming, involves reversing biological age of multiple
cell types while maintaining cell identity (Gill et al., 2021; Ocampo et al.,
2016). When this strategy is applied in vivo, reprogramming factors have
not only shown lifespan extension of animals with a progeroid syndrome,
but also demonstrated the ability to rejuvenate retinal cells through

neuro-regeneration (Lu et al., 2020; Ocampo et al., 2016). Additionally,

A rejuvenation
event found in
embryogenesis
(Kerepesi et al.)
A drug cocktail
reverses DNAm age
in humans
(Fahy et al.)

Young splenocyte
transplantation to
progeria mice
(Yousefzadeh et al.)

Mouse DNAm age
reversal by transient
expression of RFs

(Lu et al.)
Young blood plasma
fractions reverses rat

DNAm age

(Horvath et al.)

Mouse bone marrow
transplantation
increases lifespan
(Stolzel et al.)

FIGURE 1 Timeline of advances in rejuvenation research. Several potential rejuvenation therapies that fall into the three major categories
are listed in chronological order. Treatments marked in red show a reversal in biological age as assessed by epigenetic clocks. Additional
studies not shown on this timeline are described in Table 1. RF, reprogramming factor
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TABLE 1 Studies reporting biological age reduction

Study

Horvath
(2013)

Petkovich
etal.
(2017)

Olova et al.
(2019)

Meer et al.
(2018)

Wang and
Lemos
(2019)

Fahy et al.
(2019)

Sarkar et al.
(2020)

Lu et al. (2020)

Horvath
etal.(2020)
(preprint)

Gill
etal.(2021)
(preprint)

Kerepesi et al.
(2021)

Trapp
etal.(2021)
(preprint)

Rejuvenation class

Reprogramming (in
vitro)

Reprogramming (in
vitro)

Reprogramming (in
vitro)

Reprogramming (in
vitro)

Reprogramming (in
vitro)

Thymus regeneration
treatment (in
vivo)

Reprogramming (in
vitro)

Reprogramming (in
vivo)

Heterochronic
transplantation
(in vivo)

Reprogramming (in
vitro)

Reprogramming (in
vitro)

Embryonic (in vivo)

Embryonic (in vivo)

Species

Human

Mouse

Human

Mouse

Mouse

Human

Human

Mouse

Rat

Human

Mouse

Mouse

Mouse
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Accession

GSE30653
GSE31848
GSE38806

GSE80672

GSE54848

GSE80672

GSE80672

NA

GSE142439

PRINA655981

NA

NA

GSE80672

GSE34864
GSE56697
GSE98151
GSE121690
GSE51239

GSE121690

Clock(s) applied

Horvath multi-tissue

Petkovich blood

Horvath multi-tissue
Weidner 99 CpG
Skin & blood
PhenoAge

Hannum blood
Weidner 3 CpG

Meer multi-tissue
Stubbs multi-tissue
Petkovich blood
Wang liver

Wang blood rDNA

Horvath multi-tissue
PhenoAge

Hannum blood
GrimAge

Horvath multi-tissue

Wang blood rDNA

5 rat clocks (pan-
tissue, blood,
liver, heart, brain)

Human-rat

Horvath multi-tissue
Skin & blood
Transcriptome

Multi-tissue rDNA

Petkovich blood
Stubbs multi-tissue
Meer multi-tissue
Thompson
multi-tissue
Blood rDNA
Multi-tissue rDNA

scAge

Reported biological age reduction

iPSCs have a lower DNAm age than
corresponding primary cells

iPSCs have a lower DNAm age than
corresponding primary fibroblasts

Steady decrease in epigenetic age during
reprogramming of fibroblasts reported
by 3 of the 5 applied epigenetic
clocks (two other clocks did not show
informative trajectories)

iPSCs have remarkably lower DNAm age
than primary fibroblasts as shown by 2
of 4 epigenetic clocks (minimal change
by two other clocks)

iPSCs have a lower ribosomal DNAm age
than primary fibroblasts

A decrease in epigenetic age after
12 months of treatment (intended to
regenerate the thymus) by four applied
clocks

Transient reprogramming reverted
the DNA methylation age of aged
fibroblasts and endothelial cells

Lower rDNAm age of RGCs from axon-
injured retinas upon an OSK treatment

Lower epigenetic age after a plasma
fraction treatment in four tissues

Remarkable (~30 year) decrease in
epigenetic age and transcriptomic
age by maturation phase transient
reprogramming of fibroblasts

iPSCs have a lower DNAm age than primary
fibroblasts

Epigenetic age of embryonic day 6.5/7.5
embryos is lower than in earlier stages
of embryogenesis by all of applied
clocks

Profound epigenetic age decrease in single
cells between embryonic days 4.5 and
7.5

Abbreviations: iPSC, induced pluripotent stem cell; NA, not available; OSK, Oct4/Sox2/KIf4; rDNA, ribosomal DNA; RGC, retinal ganglion cell.

treatment of plasma fraction combinations was shown to reverse epi-

genetic age in rats (Horvath et al., 2020). Together, these studies point

to the notion that aging may be reversible via a variety of approaches.

Although several interventions assessed by aging clocks have

shown an age reversal effect, many remain to be tested. Of the estab-

lished and promising interventions, heterochronic transplantation,

youthful factor expression, and age reversal during embryogenesis

are three particularly interesting facets with putative in vivo appli-

cability in human systems. Understanding key links between these

approaches may help to elucidate the underlying mechanisms of age

reversal, eventually enabling development and application of robust

rejuvenation therapies in humans.
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TRANSPLANTATION

It has long been known that tissues and organs from animals of one
age can be transplanted to animals of different ages to form “hetero-
chronic” age chimeras (Krohn, 1962). Of the potential rejuvenation
therapies that remain to be thoroughly characterized, heterochro-
nic parabiosis is one of the most notable. This surgical procedure
has been performed for years on rodents, and it was shown that
mouse lifespan can be extended by linking the circulatory system of
an old mouse with that of a young mouse (Ludwig & Elashoff, 1972).
Heterochronic parabiosis was rediscovered as one of the most
promising rejuvenation interventions in 2005 (Conboy et al., 2005).
By briefly connecting the circulatory system of young and aged mice,
old mice exhibited youthful features in the brain, muscle, and liver,
characterized by increased cognitive function, replenished stem cell
pools, and augmented regenerative capacity.

Following up on this study, researchers have focused on blood
components for biological age reversal, while others have investi-
gated transplantation of other organs types to replace aged tissues
(Figure 2). With bone marrow transplantation, the blood epigenetic
age of the recipients generally matches the age of the donors, although
whether this effect is systemic has yet to be established (Stolzel et al.,
2017). Of note, bone marrow transplantation has also showna 12% in-
crease in mouse lifespan (Guderyon et al., 2020). Additionally, a study
using an undisclosed plasma fraction demonstrated robust reversal of
epigenetic age, further suggesting that heterochronic transplantation
may be a potential rejuvenation intervention (Horvath et al., 2020).
Recent work has also revealed that young splenocyte transplantation
ameliorates aging features of progeroid animals (Yousefzadeh et al.,
2021). In addition, transplantation of embryonic brain tissues has
shown potential for neuronal repair (Falkner et al., 2016; Gaillard et al.,
2007; Hebert & Vijg, 2018), and ovarian transplantation was reported
to improve health parameters and result in elongated lifespan (Cargill
et al., 2003; Mason et al., 2009).

Parabiosis '

Ovary
transplantation

Plasma
dilution

e

Aging

Following this set of promising experiments, a key question
about their underlying mechanisms emerges: are the effects ob-
served caused by the dilution or removal of age-related detrimental
factors, or do they alternatively occur as a result of introducing ben-
eficial youthful factors (i.e., juvenile protecting factors)? Research on
youthful factor introduction as an age reversal therapy has focused
on identifying the active component(s) that serve as rejuvenation
factors in parabiosis, resulting in part in the discovery of the effect
of oxytocin on regenerative capacity (Elabd et al., 2014). Consistent
with these results from heterochronic bone marrow transplantation
and plasma treatment experiments, circulation of young blood im-
mune cells and/or specific components of plasma may be a potential
mechanism for the reversal of biological age. Importantly, the pos-
sibility that individual components have a certain longevity effect
is not in conflict with the thought that aging occurs systemically,
although the existence of such component is yet to be validated.
Instead of directly targeting certain disease-related genes or pro-
teins, these components will likely act globally to extend lifespan
and slow aging independent of targeting disease, and although the
endpoint-elongation of lifespan may be the same, the way in which
this longer life is achieved is different from a clear pharmaceutical
treatment.

While some discoveries emphasize the importance of young
blood components, others highlight the importance of diluting “old
factors” or damage to achieve rejuvenation. This approach is con-
sistent with the idea that detrimental bio-molecules, such as side-
products of intracellular biochemical reactions, accumulate with age
in the body (Gladyshev, 2016; Zhang & Gladyshev, 2020). Aging is
thought to involve an inevitable increase in a myriad of biochemi-
cal damage forms that arise as by-products of metabolism and in-
efficiencies in maintenance pathways. This damage is incompletely
cleared by processes such as DNA repair and detoxification path-
ways at the molecular level, autophagy at the subcellular level, and
senescence/apoptosis at the cellular level. Within this framework,
the accumulation of damage is thought to subsequently cause

1 Cortex/neuronal
./ \‘ \\5\?:/ transplantation
Splenocyte
‘ transplantation
\ly
- Bone marrow
= transplantation
HZ'J
\
=
Plasma fraction

/ l treatment

FIGURE 2 Heterochronic transplantation in mouse models. Schematic of potential heterochronic transplantation interventions for

rejuvenation in mice
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age-related phenotypes, manifesting in decreased cell functional-

ity and physiological frailty. Hence, it is possible that lowering the
concentration of damage via dilution could partially restore youthful
functional features. Consistent with this idea, it has been recently
reported that diluting aged plasma with saline and albumin contrib-
utes to muscle repair (Mehdipour et al., 2020).

Some may argue that dilution of old factors better categorizes
as a longevity intervention than a rejuvenation therapy. A simple
thought experiment can be brought into play to consider this idea.
Let us imagine a single cell that starts of with no biological damage;
hence, a biological age of 0. Now, let us also consider that damage
takes only one form, perhaps the accumulation of a specific mole-
cule or by-product. As the cell proceeds with its life, it will inevitably
accumulate several such “damaging” molecules. Now, let us imagine
that the cell reaches a point where it is heavily damaged, quanti-
fied as having an arbitrarily high number of damaging molecules.
Thinking about the accumulation of damage as the principal marker
of “age” in this simplistic cell model, if the effective concentration of
these damaging molecules was somehow halved in a cell, perhaps
through dilution or other mechanisms, it would follow that the cell is
now only half as old. Hence, its lifespan has not only been extended,
but it has truly undergone a rejuvenation or age reversal event. Of
course, this is just simplistic thought experiment, but it may help to
understand the putative complex interplay between damaging fac-
tors, aging, and rejuvenation.

It is important to note that these two viewpoints—damage re-
moval and youthful factor introduction—are far from mutually exclu-
sive. The global effect observed in several studies may in fact be due
to an interactive combinatorial effect of both (1) introducing juvenile
factors and (2) diluting/removing damage. In future, it will be criti-
cal to separately assess the effects of damage dilution and youthful
factor introduction on systemic age reversal in humans and in model

organisms.

2.1 | Rejuvenation by expression of
reprogramming factors

On a microscopic scale, the most extreme case of heterochronic
transplantation is somatic cell nuclear transfer, which has emerged
as the basis for modern-day cloning approaches (Gurdon et al.,
1958). By transferring an adult cell nucleus to a de-nucleated oocyte,
a new individual can be generated. This technique encapsulates the
full potential of reversing the biological age of a somatic cell to that
of the new embryo (Wilmut et al., 1997). Interestingly, this implies
that methylation patterns in the transferred nucleus are likely reset
by cytosolic components in the oocyte, suggesting another potential
mechanism for rejuvenation.

To recapitulate this effect without the introduction of complex
microscopic procedures, scientists discovered four critical “repro-
gramming factors” (Yamanaka factors), which when expressed in so-
matic cells, could effectively reverse the developmental status to that
of early embryos, generating induced pluripotent stem cells (iPSCs)

(Takahashi et al., 2007; Takahashi & Yamanaka, 2006). Interestingly,
when epigenetic clocks were applied to iPSC samples, low epigen-
etic ages around zero were predicted (Horvath, 2013; Petkovich
et al., 2017). Several clock models—Horvath multi-tissue (Horvath,
2013), Weidner 99 CpG (Lin et al., 2016), Skin & Blood (Horvath
etal., 2018), PhenoAge (Levine et al., 2018), Hannum blood (Hannum
et al., 2013), Weidner 3 CpG clock (Weidner et al., 2014)—reported
the application of epigenetic clocks to iPSC reprogramming (Olova
et al., 2019). Almost all clocks showed considerable epigenetic age
decreases compared with dermal fibroblasts used as the source of
fully reprogrammed iPSCs. On the contrary, the clocks exhibited
considerable variability in the actual epigenetic age of iPSCs, which
ranged from -60 to 10 years. Similar characteristics were observed
in mice. Five epigenetic clocks were applied to fibroblasts from adult
mice and derived iPSCs (Meer et al., 2018; Petkovich et al., 2017).
Three of these clocks showed a remarkable decrease in epigenetic
age after reprogramming, while two clocks showed minimal changes.
In the case of mice, clocks reported a range of epigenetic ages of
the same iPSCs from -1.4 to 3 months. Taken together, most human
and mouse clocks reach a general consensus in establishing age re-
versal that occurs as a result of reprogramming, although consistent
predictions of age in these cells across different models remain a
challenge.

Ultimately, these observations are in line with the fact that
iPSCs can contribute to the whole new embryo, corroborating re-
programming as a key rejuvenation intervention (Kang et al., 2009).
With this in mind, several studies have applied these approaches
in vivo. By modulating transient expression of reprogramming fac-
tors in the whole body to avoid cells being fully reprogrammed to
iPSCs, researchers were able to extend the lifespan of progeria
mice and improve tissue repair (Ocampo et al., 2016). A similar
approach using adeno-associated virus (AAV) induction achieved
the reversal of epigenetic age as well as neuronal regeneration in
the retina (Lu et al., 2020). It has also been reported that repro-
gramming factor expression in human muscle cells can enhance
functional restoration of the muscle stem cell reservoir (Sarkar
et al., 2020). Together, these findings strongly support the idea
that systemic rejuvenation may occur when reprogramming fac-
tors are expressed.

One crucial caveat to this approach is whether reprogramming
can be carefully modulated to harness age reversal while prevent-
ing unwanted effects. Conventional reprogramming methods totally
alter cell lineage and identity, and as a result, cells lose their struc-
ture and functions. When this full reprogramming method is applied
to mice in vivo, it promotes tumor formation, interfering with the re-
juvenation effect (Abad et al., 2013; Ohnishi et al., 2014). It has been
shown in cell culture studies that human cells may achieve epigenetic
age reversal without changing cell lineage markers (Gill et al., 2021).
However, as the four reprogramming factors (Oct4, Sox2, KlIf4, and
c-Myc) create a black box of mixed downstream gene expression
patterns, the sets of genes specifically responsible for biological
age reversal have yet to be distinguished from the genes respon-
sible for de-differentiation and reversal of cell identity. Although
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FIGURE 3 Reprogramming approaches for rejuvenation. Schematic of reprogramming approaches for rejuvenation in vitro and in vivo.
Full reprogramming of cells in vitro can reverse biological age to that of the embryo, but this approach can be tumorigenic in vivo. Partial
reprogramming could reverse biological age of the cell without an irreversible change of cell identity, and the in vivo approach may be

promising in order to achieve rejuvenation

partial reprogramming methods have been developed to minimize
the tumorigenic effect, the risk has yet to be totally controlled for.
Therefore, a potential future effort might be to investigate intrinsic
connections and differences between the reversal of cell identity
and the reversal of biological age.

In this regard, a key potential experiment would be to study the
fundamental intersection of downstream gene expression dynamics
common to OSK/OSKM expression and other interventions or bio-
logical events that cause robust reversal of aging assessed by molec-
ular aging biomarkers. This would enable investigation of alternative
reprogramming factors downstream of OSKM that only reverses the
molecular aging biomarker readout and age-related cellular pheno-
types, but not cell identity (Figure 3). Alternatively, it would be ex-
tremely interesting to identify genetic programs that lead only to
loss of cell identity, but not biological age reversal. Furthermore, it is
worth noting that reprogramming factors were originally identified
by screening embryonic-specific gene expression patterns. Hence,
the dynamics of biological age in embryos may provide insights into

novel rejuvenation therapies.

2.2 | Arejuvenation event during early embryonic
development

There is a profoundly evident contradiction in the concept of ir-
reversible aging, which is the reset of individual age from genera-
tion to generation. This reset precisely sets the clock back to zero,
guaranteeing that a species does not die out due to a constant
biological age increase as a function of the passage of genera-
tions. It was recently proposed that germline cells may age and
be rejuvenated in the offspring after conception (Ashapkin et al.,
2017; Gladyshev, 2021). If this is the case, there must be a point (or
period) of the lowest biological age (here, referred to as “ground
zero”) during the initial phases of embryogenesis. Indeed, by ap-
plying an array of established and novel DNA methylation clocks
to study embryonic development in mice and humans, a natural
rejuvenation event was identified during mid-embryogenesis
followed by organismal aging (Kerepesi et al., 2021; Trapp et al.,

2021). This rejuvenation event results in the lowest biological age
of the organism, occurring approximately at the stage of gastrula-
tion. Additionally, single-cell analyses revealed that the rejuvena-
tion effect observed in early embryogenesis is stratified to certain
cell lineages, wherein supportive extra-embryonic cell lineages do
not appear to undergo rejuvenation. Notably, this rejuvenation
event is also reflected in ribosomal DNA methylation dynamics,
indicating that ribosomal DNA likely accumulates damage and may
be rejuvenated during embryogenesis. This notion is particularly
interesting within the context of previous findings that pertur-
bations in ribosomal expression dynamics affect gamete health
(Duncan et al., 2017). Also, a renewal of oocyte proteostasis was
observed in Caenorhabditis elegans before fertilization, induced
by sperm cells (Bohnert & Kenyon, 2017). This by itself may be
considered another germline-related rejuvenation process. It is
also important to note that gametes are not immune to age-relate
damage-they do age. Therefore, it would be particularly interest-
ing to find out how gametes are affected by these cellular mainte-
nance machineries (Cao et al., 2020).

Although detailed molecular mechanisms of the embryonic re-
juvenation process are still enigmatic, a possible explanation may
be the dilution of damaging molecules inside the cells (Figure 4).
During cleavage, the total volume of the original embryo is con-
served. However, because each cell develops its own maintenance
and repair machinery, the ability to clear damage may increase. If we
assume that damage from the original parental germ cells is distrib-
uted among the newly dividing cells, this could suggest a mechanism
where cell-specific maintenance pathways are able to better clear
damage, resulting in a global decrease in deleterious molecules and
a subsequent reduction in the biological age readout of the embryo.
However, it should be noted that epigenetic clocks do not show a re-
duction in biological age during cleavage and early stages of embryo-
genesis. Such reduction is observed only in the later stages, hinting
that additional mechanisms, such as the growth of cell mass and/
or unequal separation of damage among daughter cells, may define
the rejuvenation event observed. Recent development of the first
single-cell epigenetic clock, scAge, helped increase the resolution
of the above-mentioned natural rejuvenation process (Trapp et al.,
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2021), although further studies are needed to both refine the tra-

jectory of epigenetic age changes at the single-cell level and identify

the molecular mechanisms involved.

Identification of this natural rejuvenation event promises sev-
eral interesting future research directions. There is an obvious need
to characterize the multidimensional molecular dynamics at play.
Additionally, it will be important to characterize the biological mech-
anisms related to the subsequent increase in age shortly after the
“ground zero” time point, but before birth. This will help to uncover
whether there are biological processes in charge of age acceleration
of organisms, or if aging is simply a manifestation of the accumu-
lation of damage. If there are specific processes that contribute to
age acceleration in the later development of the embryo, it is possi-
ble these processes can be inherently perturbed to help slow down
aging. Another potential application would be to target the “ground
zero” and elucidate the underlying mechanisms behind this natural
rejuvenation process, in order to possibly reverse biological age in
adult cells. This might be achieved by accentuating the biological re-
juvenation phenomenon during early development in order to “begin
aging” at a lower biological age (Gladyshev, 2021). Some preliminary
studies may support this idea: by growing mice from embryonic stem
cells passaged many times in culture, researchers achieved success-
ful elongation of lifespan with low incidence of disease, compared
with the same cells that were not successively passaged (Munoz-
Lorente et al., 2019).
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2.3 | Other potential rejuvenation strategies

Although the three categories mentioned above cover the majority
of known rejuvenation therapies, this categorization is far from ex-
haustive, and many other promising strategies may pass the criterion
of biomarker-validated age reversal across several biological modali-
ties. From the strategies analyzed here, damage dilution appears to
be a plausible mechanism underlying some rejuvenation interven-
tions. Moreover, it follows that clearance of particularly abundant
forms of damage is expected to decrease the age of biological sys-
tems in which this damage accumulated.

On the cellular or tissue level, this idea of damage clearance
within the cell is closely linked to developing strategies involving
senescent cell clearance. It has been recently shown that the re-
moval of senescent cells is associated with improved physiological
responses and restoration of organ function, as well as with lifespan
extension (Baar et al., 2017; Childs et al., 2017; Pignolo et al., 2020;
Xu et al., 2018; Zhu et al., 2015). Of note, a set of mouse models
were recently developed where senescent cells expressing p16'™4?
cells can be selectively eliminated (Baker et al., 2016; Demaria et al.,
2014). Using this model to clear senescent cells results in reversal of
certain aging phenotypes in several tissues, including skeletal mus-
cle and eyes (Baker et al., 2011). Alternative methods include a set
of pharmaceutical perturbations called senolytics, which have been

reported to ameliorate age-related functional decline in the nervous

FIGURE 4 Damage dilutionin
rejuvenation. Schematic of damage
dilution, a potential mechanism shared
between embryonic rejuvenation and
heterochronic transplantation. In (a),
heterochronic transplantation, the damage
accumulated with age is likely diluted by
donor tissues (i.e., young blood), resulting
in lower DNAm age readouts. In early

High embryonic development (b), this is done
biological through cell division, unequal distribution
age of damage, and an increase in cellular

maintenance and repair machinery. In a
single cell, damage can only be cleared at a
certain rate, depending on the abundance
of maintenance mechanisms (top). During
highly proliferative states (bottom),
damage is distributed (likely unequally)
. '-°"§’ to different cells, which can each handle
bIOLZ%caI the reduced damage with their own repair

tools. Bulk and single-cell clocks may be
used to assess biological age readouts
resulting from these phenomena
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and cardiovascular systems, and reduce the age-related mortality
pertinent to coronavirus in mouse models (Camell et al., 2021; Gasek
et al., 2021; Xu et al., 2018; Zhu et al., 2015). Interestingly, intermit-
tent administration of these drugs has been shown to reduce side
effects to adjacent cells (Kirkland & Tchkonia, 2020). It would be in-
teresting to apply molecular aging biomarkers to these sets of inter-
ventions, in order to quantitatively assess their systemic effect. One
challenge for this senescence-clearing strategy is to achieve high
selectivity while not disturbing key physiological functions, as there
is presently no clear borderline to distinguish senescent from non-
senescent cells along a very dynamic spectrum. Additionally, many
senescent cells still are responsible for key biological processes such
as wound healing and cellular reprogramming (Demaria et al., 2014;
Mosteiro et al., 2016, 2018). It remains unclear how biological age
of tissues or adjacent single cells changes as a result of senescence-
clearing therapies.

There are also other strategies, most prominently represented
by the SENS (Strategies for Engineered Negligible Senescence) ap-
proach, which seeks to remove seven broad categories of damage
(de Grey et al., 2002; De Grey & Rae, 2007). In future, it will be inter-
esting to determine whether these approaches work, and how they
are related to age reversal as quantified by a diverse set of robust
aging biomarkers.
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FIGURE 5 Relationships between different rejuvenation
paradigms. Schematic of the connections between three putative
rejuvenation strategies. Embryonic rejuvenation and heterochronic
transplantation share a common potential mechanism (damage
dilution), and embryonic rejuvenation and reprogramming factor
expression both involve common changes in gene expression.
Additionally, heterochronic transplantation and reprogramming
both result in a significant elevation of regenerative capacity.
Harnessing the connections between current and future
rejuvenation therapies may lead to a more comprehensive
framework of rejuvenation, which could enable its eventual
systemic application in humans

Aging

2.4 | Common features of rejuvenation
interventions

It is a reasonable assumption that putative “youthful components”
are needed if one wants a rejuvenation intervention to be applied
to adult individuals. In the case of heterochronic transplantation,
these components are the young tissues, cells, and circulating mol-
ecules; with reprogramming, they consist of Yamanaka factors iden-
tified based on embryo-specific gene expression; and in the case of
the natural “ground zero” process, critical changes in the intra- and
extra-cellular environment in embryonic cells during a certain stage
of development may be responsible for the observed epigenetic
changes and age reversal. In this regard, it would again be useful
to explore the orthogonality of reprogramming, in order to decon-
volute the effects of de-differentiation and age reversal (Buganim
et al., 2014). Likewise, it would be helpful to determine whether
damage dilution-related effects could be recapitulated by inducing
specific gene programs. Indeed, it may also be possible to increase
the expression of maintenance pathways in cells, thereby improv-
ing damage-clearing capacity and lowering biological age. This may
also reveal if some “youthful” genes are inhibited by the deleterious
waste that accumulates in late life, and if we can reverse this pro-
cess by artificially inducing an environment where damage can be
effectively cleared in adult organisms. Commonalities between the
rejuvenation therapies discussed in this work are shown in Figure 5.

Rejuvenation strategies have much in common with exist-
ing longevity interventions. Although most longevity interven-
tions do not have the ability to systemically reverse biological
age like rejuvenation therapies, they serve to attenuate certain
age-related hallmarks, with important effects such as reduced
presence of senescent cells and increased stem cell pool size
and functionality. This implies that there may be common mech-
anisms that work to ameliorate specific aging hallmarks, and it
would be helpful if common signatures can be developed from
omics approaches to identify changes related to age reversal re-
sulting from these therapies. A more important feature common
to the existing and potential rejuvenation interventions is the ex-
ceptional enhancement of regenerative capacity. Expression of
reprogramming factors resulted in the regrowth of neurons, while
heterochronic parabiosis was related to the proliferation of liver
cells and increased muscle stem cell function. Since embryonic
tissues are also highly regenerative, it would be interesting to
further investigate the relationship between cell differentiation,
regenerative capacity, and biological age.

Overall, rejuvenation interventions open exciting opportunities to
reverse biological age of individuals, thereby extending lifespan and
health span. However, much of the biological underpinnings of rejuve-
nation remain enigmatic, and the current side effects induced by some
of these interventions (particularly reprogramming) currently prevent
their translational application. Current approaches such as reducing
the dosage and closely monitoring vital parameters can help reduce
these adverse effects. However, it will be critical in future to eliminate
these harmful effects via deep multi-modal analyses of the common
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features of current and emerging rejuvenation interventions. As more

of these interventions are developed and independently validated
based on molecular and physiological aging biomarkers, it will even-
tually be possible to assess and harness the underlying connections
between age-reversing strategies. Ultimately, this research at the in-
terface of aging, molecular profiling, high-resolution techniques, and
physiological assessments may enable safe and effective application

of systemic rejuvenation therapies in humans.

ACKNOWLEDGMENTS

This work was supported by NIA grants to V.N.G. It was also sup-
ported by the Michael Antonov Foundation and an Impetus grant.
Some figures were created with BioRender.com.

CONFLICTS OF INTERESTS
The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS

B.Z.,A.T., and V.N.G. wrote the manuscript with input from C.K.; B.Z.
and A.T. designed figures; B.Z. and V.N.G. conceived the thematic,
and V.N.G. supervised the work.

ORCID
Bohan Zhang "' https://orcid.org/0000-0002-8007-0214
Alexandre Trapp " https://orcid.org/0000-0001-7938-0410

Csaba Kerepesi " https://orcid.org/0000-0001-9541-246X

Vadim N. Gladyshev "= https://orcid.org/0000-0002-0372-7016

REFERENCES

Abad, M., Mosteiro, L., Pantoja, C., Cafamero, M., Rayon, T., Ors, I.,
Grafa, O., Megias, D., Dominguez, O., Martinez, D., Manzanares,
M., Ortega, S., & Serrano, M. (2013). Reprogramming in vivo pro-
duces teratomas and iPS cells with totipotency features. Nature,
502(7471), 340-345. https://doi.org/10.1038/nature12586

Adedeji, W. A. (2016). The treasure called antibiotics. Annals of Ibadan
Postgraduate Medicine, 14(2), 56-57.

Ashapkin, V. V., Kutueva, L. I., & Vanyushin, B. F. (2017). Aging as an epi-
genetic phenomenon. Current genomics, 18(5), 385-407.

Baar, M. P,, Brandt, R. M. C., Putavet, D. A., Klein, J. D. D., Derks, K. W.
J., Bourgeois, B. R. M., Stryeck, S., Rijksen, Y., van Willigenburg, H.,
Feijtel, D. A., van der Pluijm, ., Essers, J., van Cappellen, W. A., van
IJcken, W. F., Houtsmuller, A. B., Pothof, J., de Bruin, R. W. F., Madl,
T., Hoeijmakers, J. H. J., ... de Keizer, P. L. J. (2017). Targeted apop-
tosis of senescent cells restores tissue homeostasis in response to
chemotoxicity and aging. Cell, 169(1), 132-147 e116. https://doi.
org/10.1016/j.cell.2017.02.031

Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong,
J., A. Saltness, R., Jeganathan, K. B., Verzosa, G. C., Pezeshki, A.,
Khazaie, K., Miller, J. D., & van Deursen, J. M. (2016). Naturally oc-
curring p16(Ink4a)-positive cells shorten healthy lifespan. Nature,
530(7589), 184-189. https://doi.org/10.1038/nature16932

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van
de Sluis, B., Kirkland, J. L., & van Deursen, J. M. (2011). Clearance
of plélnk4a-positive senescent cells delays ageing-associated dis-
orders. Nature, 479(7372), 232-236. https://doi.org/10.1038/natur
10600

Bell, C. G,, Lowe, R., Adams, P. D., Baccarelli, A. A., Beck, S., Bell, J. T.,
Christensen, B. C., Gladysheyv, V. N., Heijmans, B. T., Horvath, S,

Ideker, T., Issa, J.-P., Kelsey, K. T., Marioni, R. E., Reik, W., Relton,
C. L., Schalkwyk, L. C., Teschendorff, A. E., Wagner, W., ... Rakyan,
V. K. (2019). DNA methylation aging clocks: Challenges and recom-
mendations. Genome Biology, 20(1), 249. https://doi.org/10.1186/
s13059-019-1824-y

Bohnert, K. A., & Kenyon, C. (2017). A lysosomal switch triggers pro-
teostasis renewal in the immortal C. elegans germ lineage. Nature,
551(7682), 629-633. https://doi.org/10.1038/nature24620

Brayton, C. F., Treuting, P. M., & Ward, J. M. (2012). Pathobiology of
aging mice and GEM: Background strains and experimental design.
Veterinary Pathology, 49(1), 85-105. https://doi.org/10.1177/03009
85811430696

Breitling, L. P., Saum, K. U., Perna, L., Schottker, B., Holleczek, B., &
Brenner, H. (2016). Frailty is associated with the epigenetic clock
but not with telomere length in a German cohort. Clin Epigenetics,
8, 21. https://doi.org/10.1186/s13148-016-0186-5

Brett, J. O., & Rando, T. A. (2014). Alive and well? Exploring disease by
studying lifespan. Current Opinion in Genetics & Development, 26,
33-40. https://doi.org/10.1016/j.gde.2014.05.004

Bryant, D. M., O'Meara, C. C., Ho, N. N,, Gannon, J,, Cai, L., & Lee,
R. T. (2015). A systematic analysis of neonatal mouse heart
regeneration after apical resection. Journal of Molecular and
Cellular Cardiology, 79, 315-318. https://doi.org/10.1016/j.
yjmcc.2014.12.011

Buganim, Y., Markoulaki, S., van Wietmarschen, N., Hoke, H., Wu, T,
Ganz, K., Akhtar-Zaidi, B., He, Y., Abraham, B. J., Porubsky, D.,
Kulenkampff, E., Faddah, D. A., Shi, L., Gao, Q., Sarkar, S., Cohen,
M., Goldmann, J,, Nery, J. R, Schultz, M. D,, Ecker, J. R., ... Jaenisch,
R. (2014). The developmental potential of iPSCs is greatly influ-
enced by reprogramming factor selection. Cell stem cell, 15(3), 295-
309. https://doi.org/10.1016/j.stem.2014.07.003

Camell, C. D., Yousefzadeh, M. J,, Zhu, Y. |, Prata, L. G. P. L., Huggins, M.
A., Pierson, M., Zhang, L., O'Kelly, R. D., Pirtskhalava, T., Xun, P,
Ejima, K., Xue, A., Tripathi, U., Espindola-Netto, J. M., Giorgadze,
N., Atkinson, E. J., Inman, C. L., Johnson, K. O., Cholensky, S. H.,
... Robbins, P. D. (2021). Senolytics reduce coronavirus-related
mortality in old mice. Science, 373(6552), eabe4832. https://doi.
org/10.1126/science.abe4832

Cao, M,, Shao, X., Chan, P., Cheung, W., Kwan, T., Pastinen, T., & Robaire,
B. (2020). High-resolution analyses of human sperm dynamic methy-
lome reveal thousands of novel age-related epigenetic alterations. Clin
Epigenetics, 12(1), 192. https://doi.org/10.1186/s13148-020-00988-1

Cargill, S. L., Carey, J. R,, Muller, H. G., & Anderson, G. (2003). Age
of ovary determines remaining life expectancy in old ova-
riectomized mice. Aging Cell, 2(3), 185-190. https://doi.
org/10.1046/j.1474-9728.2003.00049.x

Childs, B. G., Gluscevic, M., Baker, D. J., Laberge, R. M., Marquess,
D., Dananberg, J., & van Deursen, J. M. (2017). Senescent cells:
An emerging target for diseases of ageing. Nature Reviews
Drug Discovery, 16(10), 718-735. https://doi.org/10.1038/
nrd.2017.116

Conboy, I. M., Conboy, M. J., Wagers, A. J., Girma, E. R., Weissman, I. L.,
& Rando, T. A. (2005). Rejuvenation of aged progenitor cells by ex-
posure to a young systemic environment. Nature, 433(7027), 760-
764. https://doi.org/10.1038/nature03260

Cypser, J. R., Tedesco, P., & Johnson, T. E. (2006). Hormesis and aging in
Caenorhabditis elegans. Experimental Gerontology, 41(10), 935-939.
https://doi.org/10.1016/j.exger.2006.09.004

De grey, A. D. N. J., Ames, B. N., Andersen, J. K., Bartke, A., Campisi, J.,
Heward, C. B., McCARTER, R. J. M., & Stock, G. (2002). Time to
talk SENS: Critiquing the immutability of human aging. Annals of
the New York Academy of Sciences, 959(1), 452-462; discussion 463-
455, https://doi.org/10.1111/j.1749-6632.2002.tb02115.x

De Grey, A., & Rae, M. (2007). Ending aging: The rejuvenation break-
throughs that could reverse human aging in our lifetime. St. Martin's
Press.


https://orcid.org/0000-0002-8007-0214
https://orcid.org/0000-0002-8007-0214
https://orcid.org/0000-0001-7938-0410
https://orcid.org/0000-0001-7938-0410
https://orcid.org/0000-0001-9541-246X
https://orcid.org/0000-0001-9541-246X
https://orcid.org/0000-0002-0372-7016
https://orcid.org/0000-0002-0372-7016
https://doi.org/10.1038/nature12586
https://doi.org/10.1016/j.cell.2017.02.031
https://doi.org/10.1016/j.cell.2017.02.031
https://doi.org/10.1038/nature16932
https://doi.org/10.1038/nature10600
https://doi.org/10.1038/nature10600
https://doi.org/10.1186/s13059-019-1824-y
https://doi.org/10.1186/s13059-019-1824-y
https://doi.org/10.1038/nature24620
https://doi.org/10.1177/0300985811430696
https://doi.org/10.1177/0300985811430696
https://doi.org/10.1186/s13148-016-0186-5
https://doi.org/10.1016/j.gde.2014.05.004
https://doi.org/10.1016/j.yjmcc.2014.12.011
https://doi.org/10.1016/j.yjmcc.2014.12.011
https://doi.org/10.1016/j.stem.2014.07.003
https://doi.org/10.1126/science.abe4832
https://doi.org/10.1126/science.abe4832
https://doi.org/10.1186/s13148-020-00988-1
https://doi.org/10.1046/j.1474-9728.2003.00049.x
https://doi.org/10.1046/j.1474-9728.2003.00049.x
https://doi.org/10.1038/nrd.2017.116
https://doi.org/10.1038/nrd.2017.116
https://doi.org/10.1038/nature03260
https://doi.org/10.1016/j.exger.2006.09.004
https://doi.org/10.1111/j.1749-6632.2002.tb02115.x

ZHANG ET AL.

Demaria, M., Ohtani, N., Youssef, S. A., Rodier, F.,, Toussaint, W.,
Mitchell, J. R., Laberge, R.-M., Vijg, J., Van Steeg, H., Dollé, M. E. T.,
Hoeijmakers, J. H. J., de Bruin, A., Hara, E., & Campisi, J. (2014). An
essential role for senescent cells in optimal wound healing through
secretion of PDGF-AA. Developmental Cell, 31(6), 722-733. https://
doi.org/10.1016/j.devcel.2014.11.012

Duncan, F. E., Jasti, S., Paulson, A., Kelsh, J. M., Fegley, B., & Gerton, J.
L. (2017). Age-associated dysregulation of protein metabolism in
the mammalian oocyte. Aging Cell, 16(6), 1381-1393. https://doi.
org/10.1111/acel. 12676

Elabd, C., Cousin, W., Upadhyayula, P., Chen, R. Y., Chooljian, M. S., Li,
J. U, Kung, S., Jiang, K. P,, & Conboy, |. M. (2014). Oxytocin is an
age-specific circulating hormone that is necessary for muscle main-
tenance and regeneration. Nature Communications, 5, 4082. https://
doi.org/10.1038/ncomms5082

Fahy, G. M., Brooke, R. T., Watson, J. P., Good, Z., Vasanawala, S. S., Maecker,
H., Leipold, M. D., Lin, D. T. S., Kobor, M. S., & Horvath, S. (2019).
Reversal of epigenetic aging and immunosenescent trends in humans.
Aging Cell, 18(6), e13028. https://doi.org/10.1111/acel.13028

Falkner, S., Grade, S., Dimou, L., Conzelmann, K. K., Bonhoeffer, T., Gotz,
M., & Hubener, M. (2016). Transplanted embryonic neurons inte-
grate into adult neocortical circuits. Nature, 539(7628), 248-253.
https://doi.org/10.1038/nature20113

Gaillard, A., Prestoz, L., Dumartin, B., Cantereau, A., Morel, F., Roger, M.,
& Jaber, M. (2007). Reestablishment of damaged adult motor path-
ways by grafted embryonic cortical neurons. Nature Neuroscience,
10(10), 1294-1299. https://doi.org/10.1038/nn1970

Galkin, F.,Zhang, B., Dmitriev, S. E., & Gladysheyv, V. N. (2019). Reversibility
of irreversible aging. Ageing research reviews, 49, 104-114.

Galkin, F., Mamoshina, P., Aliper, A., de Magalhaes, J. P., Gladyshev, V.
N., & Zhavoronkov, A. (2020). Biohorology and biomarkers of
aging: Current state-of-the-art, challenges and opportunities.
Ageing Research Reviews, 60, 101050. https://doi.org/10.1016/j.
arr.2020.101050

Galkin, F., Mamoshina, P., Kochetov, K., Sidorenko, D., & Zhavoronkov,
A. (2021). DeepMAge: A methylation aging clock developed with
deep learning. Aging and Disease, 12(5), 1252-1262. https://doi.
org/10.14336/AD.2020.1202

Gasek, N. S., Kuchel, G. A, Kirkland, J. L., & Xu, M. (2021). Strategies
for targeting senescent cells in human disease. Nature Aging, 1(10),
870-879. https://doi.org/10.1038/s43587-021-00121-8

Gems, D., & Partridge, L. (2008). Stress-response hormesis and aging:
"That which does not kill us makes us stronger". Cell Metabolism,
7(3), 200-203. https://doi.org/10.1016/j.cmet.2008.01.001

Gill, D., Parry, A. Santos, F., Hernando-Herraez, 1., Stubbs, T.
M., Milagre, 1., & Reik, W. (2021). Multi-omic rejuvena-
tion of human cells by maturation phase transient repro-
gramming.  bioRxiv, = 2021.2001.2015.426786.  https://doi.
org/10.1101/2021.01.15.426786

Gladysheyv, V. N. (2016). Aging: Progressive decline in fitness due to the
rising deleteriome adjusted by genetic, environmental, and stochas-
tic processes. Aging Cell, 15(4), 594-602. https://doi.org/10.1111/
acel.12480

Gladyshev, V. N. (2021). The ground zero of organismal life and aging.
Trends in Molecular Medicine, 27(1), 11-19. https://doi.org/10.1016/j.
molmed.2020.08.012

Guderyon, M. J, Chen, C., Bhattacharjee, A., Ge, G., Fernandez, R. A,,
Gelfond, J. A. L., Gorena, K. M., Cheng, C. J, Li, Y., Nelson, J. F,
Strong, R. J., Hornsby, P. J,, Clark, R. A., & Li, S. (2020). Mobilization-
based transplantation of young-donor hematopoietic stem cells
extends lifespan in mice. Aging Cell, 19(3), e13110. https://doi.
org/10.1111/acel. 13110

Gurdon, J. B, Elsdale, T. R., & Fischberg, M. (1958). Sexually mature indi-
viduals of Xenopus laevis from the transplantation of single somatic
nuclei. Nature, 182(4627), 64-65.

Aging v 110f 13

Haas, B. J., & Whited, J. L. (2017). Advances in decoding axolotl limb
regeneration. Trends in Genetics, 33(8), 553-565. https://doi.
org/10.1016/j.tig.2017.05.006

Hannum, G., Guinney, J., Zhao, L., Zhang, L. |., Hughes, G., Sadda, S. V.,
Klotzle, B., Bibikova, M., Fan, J.-B., Gao, Y., Deconde, R., Chen, M.,
Rajapakse, |., Friend, S., Ideker, T., & Zhang, K. (2013). Genome-
wide methylation profiles reveal quantitative views of human aging
rates. Molecular Cell, 49(2), 359-367. https://doi.org/10.1016/j.
molcel.2012.10.016

Hayano, M., Yang, J.-H., Bonkowski, M. S., Amorim, J. A., Ross, J. M,,
Coppotelli, G., & Sinclair, D. A. (2019). DNA break-induced epi-
genetic drift as a cause of mammalian aging. bioRxiv. https://doi.
org/10.1101/808659

Hebert, J. M., & Vijg, J. (2018). Cell replacement to reverse brain aging:
Challenges, pitfalls, and opportunities. Trends in Neurosciences,
41(5), 267-279. https://doi.org/10.1016/j.tins.2018.02.008

Higgins-Chen, A. T., Thrush, K. L., Wang, Y., Kuo, P.-L., Wang, M.,
Minteer, C. J., Moore, A. Z., Bandinelli, S., Vinkers, C. H., Vermetten,
E., Rutten, B. P. F.,, Geuze, E., Okhuijsen-Pfeifer, C., van der Horst,
M. Z., Schreiter, S., Gutwinski, S., Luykx, J. J., Ferrucci, L., Crimmins,
E. M, ... Levine, M. E. (2021). A computational solution for bolster-
ing reliability of epigenetic clocks: Implications for clinical trials and
longitudinal tracking. bioRxiv, 2021.2004.2016.440205. https://
doi.org/10.1101/2021.04.16.440205

Horvath, S. (2013). DNA methylation age of human tissues and cell
types. Genome Biology, 14(10), R115. https://doi.org/10.1186/
gh-2013-14-10-r115

Horvath, S., Oshima, J., Martin, G. M., Lu, A. T., Quach, A., Cohen, H.,
Felton, S., Matsuyama, M., Lowe, D., Kabacik, S., Wilson, J. G.,
Reiner, A. P., Maierhofer, A., Flunkert, J., Aviv, A., Hou, L., Baccarelli,
A. A, Li, Y., Stewart, J. D,, ... Raj, K. (2018). Epigenetic clock for
skin and blood cells applied to Hutchinson Gilford Progeria
Syndrome and ex vivo studies. Aging, 10(7), 1758-1775. https://
doi.org/10.18632/aging.101508

Horvath, S., & Raj, K. (2018). DNA methylation-based biomarkers and the
epigenetic clock theory of ageing. Nature Reviews Genetics, 19(6),
371-384. https://doi.org/10.1038/s41576-018-0004-3

Horvath, S., Singh, K., Raj, K., Khairnar, S., Sanghavi, A., Shrivastava, A.,
Zoller, J. A, Li, C. Z., Herenu, C. B., Canatelli-Mallat, M., Lehmann,
M., Solberg Woods, L. C., Garcia Martinez, A., Wang, T., Chiavellini,
P., Levine, A. J., Chen, H., Goya, R. G., & Katcher, H. L. (2020).
Reversing age: Dual species measurement of epigenetic age with
a single clock. bioRxiv, 2020.2005.2007.082917. https://doi.
org/10.1101/2020.05.07.082917

Kang, L., Wang, J., Zhang, Y., Kou, Z., & Gao, S. (2009). iPS cells can sup-
port full-term development of tetraploid blastocyst-complemented
embryos. Cell Stem Cell, 5(2), 135-138. https://doi.org/10.1016/j.
stem.2009.07.001

Kerepesi, C., Zhang, B., Lee, S. G., Trapp, A., & Gladysheyv, V. N. (2021).
Epigenetic clocks reveal a rejuvenation event during embryogene-
sis followed by aging. Science Advances, 7(26), eabg6082. https://
doi.org/10.1126/sciadv.abg6082

Kirkland, J. L., & Tchkonia, T. (2020). Senolytic drugs: From discovery to
translation. Journal of Internal Medicine, 288(5), 518-536. https://
doi.org/10.1111/joim.13141

Krohn, P. L. (1962). Review lectures on senescence. Il. Heterochronic
transplantation in the study of ageing. Proceedings of the Royal
Society of London. Series B: Biological Sciences, 157, 128-147. https://
doi.org/10.1098/rspb.1962.0066

Levine, M. E,, Lu, A. T., Quach, A., Chen, B. H., Assimes, T. L., Bandinelli,
S., Hou, L., Baccarelli, A. A., Stewart, J. D., Li, Y., Whitsel, E. A.,
Wilson, J. G., Reiner, A. P, Aviv, A., Lohman, K, Liu, Y., Ferrucci, L.,
& Horvath, S. (2018). An epigenetic biomarker of aging for lifespan
and healthspan. Aging, 10(4), 573-591. https://doi.org/10.18632/
aging.101414



https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.1111/acel.12676
https://doi.org/10.1111/acel.12676
https://doi.org/10.1038/ncomms5082
https://doi.org/10.1038/ncomms5082
https://doi.org/10.1111/acel.13028
https://doi.org/10.1038/nature20113
https://doi.org/10.1038/nn1970
https://doi.org/10.1016/j.arr.2020.101050
https://doi.org/10.1016/j.arr.2020.101050
https://doi.org/10.14336/AD.2020.1202
https://doi.org/10.14336/AD.2020.1202
https://doi.org/10.1038/s43587-021-00121-8
https://doi.org/10.1016/j.cmet.2008.01.001
https://doi.org/10.1101/2021.01.15.426786
https://doi.org/10.1101/2021.01.15.426786
https://doi.org/10.1111/acel.12480
https://doi.org/10.1111/acel.12480
https://doi.org/10.1016/j.molmed.2020.08.012
https://doi.org/10.1016/j.molmed.2020.08.012
https://doi.org/10.1111/acel.13110
https://doi.org/10.1111/acel.13110
https://doi.org/10.1016/j.tig.2017.05.006
https://doi.org/10.1016/j.tig.2017.05.006
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1101/808659
https://doi.org/10.1101/808659
https://doi.org/10.1016/j.tins.2018.02.008
https://doi.org/10.1101/2021.04.16.440205
https://doi.org/10.1101/2021.04.16.440205
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.18632/aging.101508
https://doi.org/10.18632/aging.101508
https://doi.org/10.1038/s41576-018-0004-3
https://doi.org/10.1101/2020.05.07.082917
https://doi.org/10.1101/2020.05.07.082917
https://doi.org/10.1016/j.stem.2009.07.001
https://doi.org/10.1016/j.stem.2009.07.001
https://doi.org/10.1126/sciadv.abg6082
https://doi.org/10.1126/sciadv.abg6082
https://doi.org/10.1111/joim.13141
https://doi.org/10.1111/joim.13141
https://doi.org/10.1098/rspb.1962.0066
https://doi.org/10.1098/rspb.1962.0066
https://doi.org/10.18632/aging.101414
https://doi.org/10.18632/aging.101414

ZHANG ET AL.

12 0f 13 WI LEY- Aging

Li, C. Z., Haghani, A., Robeck, T. R., Villar, D., Lu, A. T., Zhang, J.,
Faulkes, C. G., Vu, H., Ablaeva, J.,, Adams, D. M., Ardehali, R.,
Arneson, A., Baker, C. S., Belov, K., Blumstein, D. T., Bors, E. K,
Breeze, C. E., Brooke, R. T., Brown, J. L., ... Horvath, S. (2021).
Epigenetic predictors of maximum lifespan and other life history
traits in mammals. bioRxiv, 2021.2005.2016.444078. https://doi.
org/10.1101/2021.05.16.444078

Lin, Q., Weidner, C. |, Costa, |. G, Marioni, R. E., Ferreira, M. R, Deary, I.
J., & Wagner, W. (2016). DNA methylation levels at individual age-
associated CpG sites can be indicative for life expectancy. Aging,
8(2), 394-401. https://doi.org/10.18632/aging.100908

Lopez-Otin, C., Blasco, M. A,, Partridge, L., Serrano, M., & Kroemer, G.
(2013). The hallmarks of aging. Cell, 153(6), 1194-1217. https://doi.
org/10.1016/j.cell.2013.05.039

Lu, A. T, Fei, Z., Haghani, A., Robeck, T. R., Zoller, J. A., Li, C. Z,
Zhang, J., Ablaeva, J., Adams, D. M., Almunia, J., Ardehali, R.,
Arneson, A., Baker, C. S., Belov, K., Black, P., Blumstein, D. T.,
Bors, E. K., Breeze, C. E., Brooke, R. T. ... Mammalian Methylation
Consortium (2021). Universal DNA methylation age across mam-
malian tissues. bioRxiv, 2021.2001.2018.426733. https://doi.
org/10.1101/2021.01.18.426733

Lu, A. T., Quach, A., Wilson, J. G., Reiner, A. P,, Aviv, A, Raj, K., Hou,
L., Baccarelli, A. A, Li, Y., Stewart, J. D., Whitsel, E. A., Assimes,
T. L., Ferrucci, L., & Horvath, S. (2019). DNA methylation GrimAge
strongly predicts lifespan and healthspan. Aging, 11(2), 303-327.
https://doi.org/10.18632/aging.101684

Lu, Y., Brommer, B., Tian, X., Krishnan, A., Meer, M., Wang, C., Vera, D. L.,
Zeng, Q., Yu, D., Bonkowski, M. S., Yang, J.-H., Zhou, S., Hoffmann,
E. M., Karg, M. M., Schultz, M. B., Kane, A. E., Davidsohn, N.,
Korobkina, E., Chwalek, K., ... Sinclair, D. A. (2020). Reprogramming
to recover youthful epigenetic information and restore vision.
Nature, 588(7836), 124-129. https://doi.org/10.1038/s4158
6-020-2975-4

Ludwig, F. C., & Elashoff, R. M. (1972). Mortality in syngeneic rat para-
bionts of different chronological age. Transactions of the New York
Academy of Sciences, 34(7), 582-587. https://doi.org/10.1111/
j.2164-0947.1972.tb02712.x

Maierhofer, A., Flunkert, J., Oshima, J., Martin, G. M., Haaf, T., & Horvath,
S.(2017). Accelerated epigenetic aging in Werner syndrome. Aging,
9(4), 1143-1152. https://doi.org/10.18632/aging.101217

Marioni, R. E., Shah, S., McRae, A. F,, Chen, B. H., Colicino, E., Harris, S.
E., Gibson, J., Henders, A. K., Redmond, P., Cox, S. R., Pattie, A.,
Corley, J., Murphy, L., Martin, N. G., Montgomery, G. W., Feinberg,
A. P, Fallin, M. D., Multhaup, M. L., Jaffe, A. E., ... Deary, |. J. (2015).
DNA methylation age of blood predicts all-cause mortality in
later life. Genome Biology, 16, 25. https://doi.org/10.1186/s1305
9-015-0584-6

Marioni, R. E., Shah, S., McRae, A. F, Ritchie, S. J., Muniz-Terrera, G.,
Harris, S. E., Gibson, J., Redmond, P, Cox, S. R., Pattie, A., Corley, J.,
Taylor, A., Murphy, L., Starr, J. M., Horvath, S., Visscher, P. M., Wray,
N. R., & Deary, I. J. (2015). The epigenetic clock is correlated with
physical and cognitive fitness in the Lothian Birth Cohort 1936.
International Journal of Epidemiology, 44(4), 1388-1396. https://doi.
org/10.1093/ije/dyu277

Mason, J. B., Cargill, S. L., Anderson, G. B., & Carey, J. R. (2009).
Transplantation of young ovaries to old mice increased life span
in transplant recipients. Journals of Gerontology. Series A, Biological
Sciences and Medical Sciences, 64(12), 1207-1211. https://doi.
org/10.1093/gerona/glp134

Meer, M. V., Podolskiy, D. I., Tyshkovskiy, A., & Gladyshev, V. N. (2018). A
whole lifespan mouse multi-tissue DNA methylation clock. eLife, 7,
e40675. https://doi.org/10.7554/eLife.40675

Mehdipour, M., Skinner, C., Wong, N., Lieb, M., Liu, C., Etienne, J., Kato,
C., Kiprov, D., Conboy, M. J., & Conboy, I. M. (2020). Rejuvenation
of three germ layers tissues by exchanging old blood plasma

with saline-albumin. Aging, 12(10), 8790-8819. https://doi.
org/10.18632/aging.103418

Meyer, D. H., & Schumacher, B. (2021). BiT age: A transcriptome-based
aging clock near the theoretical limit of accuracy. Aging Cell, 20(3),
€13320. https://doi.org/10.1111/acel.13320

Mosteiro, L., Pantoja, C., Alcazar, N., Marién, R. M., Chondronasiou, D.,
Rovira, M., Fernandez-Marcos, P. J., Mufoz-Martin, M., Blanco-
Aparicio, C., Pastor, J., Gbmez-Lépez, G., De Martino, A., Blasco, M.
A., Abad, M., & Serrano, M. (2016). Tissue damage and senescence
provide critical signals for cellular reprogramming in vivo. Science,
354(6315). https://doi.org/10.1126/science.aaf4445

Mosteiro, L., Pantoja, C., de Martino, A., & Serrano, M. (2018).
Senescence promotes in vivo reprogramming through p16(INK)
(4a) and IL-6. Aging Cell, 17(2), e12711. https://doi.org/10.1111/
acel.12711

Munoz-Lorente, M. A., Cano-Martin, A. C., & Blasco, M. A. (2019).
Mice with hyper-long telomeres show less metabolic aging and
longer lifespans. Nature Communications, 10(1), 4723. https://doi.
org/10.1038/s41467-019-12664-x

Nuiez, J. K., Chen, J., Pommier, G. C., Cogan, J. Z., Replogle, J. M,,
Adriaens, C., Ramadoss, G. N., Shi, Q., Hung, K. L., Samelson, A.
J., Pogson, A. N., Kim, J. Y. S., Chung, A., Leonetti, M. D., Chang,
H.Y., Kampmann, M., Bernstein, B. E., Hovestadt, V., Gilbert, L. A.,
& Weissman, J. S. (2021). Genome-wide programmable transcrip-
tional memory by CRISPR-based epigenome editing. Cell, 184(9),
2503-2519 e2517. https://doi.org/10.1016/j.cell.2021.03.025

Ocampo, A., Reddy, P., Martinez-Redondo, P., Platero-Luengo, A.,
Hatanaka, F., Hishida, T., & Izpisua Belmonte, J. C. (2016). In vivo
amelioration of age-associated hallmarks by partial reprogram-
ming. Cell, 167(7), 1719-1733 e1712. https://doi.org/10.1016/j.
cell.2016.11.052

Ohnishi, K., Semi, K., Yamamoto, T., Shimizu, M., Tanaka, A., Mitsunaga,
K., & Yamada, Y. (2014). Premature termination of reprogramming
in vivo leads to cancer development through altered epigene-
tic regulation. Cell, 156(4), 663-677. https://doi.org/10.1016/j.
cell.2014.01.005

Olova, N., Simpson, D. J., Marioni, R. E., & Chandra, T. (2019). Partial
reprogramming induces a steady decline in epigenetic age be-
fore loss of somatic identity. Aging Cell, 18(1), e12877. https://doi.
org/10.1111/acel. 12877

Petkovich, D. A., Podolskiy, D. I., Lobanov, A. V, Lee, S. G, Miller, R. A.,
& Gladysheyv, V. N. (2017). Using DNA methylation profiling to eval-
uate biological age and longevity interventions. Cell Metabolism,
25(4), 954-960 €956. https://doi.org/10.1016/j.cmet.2017.03.016

Pignolo, R. J., Passos, J. F., Khosla, S., Tchkonia, T., & Kirkland, J. L.
(2020). Reducing senescent cell burden in aging and disease. Trends
in Molecular Medicine, 26(7), 630-638. https://doi.org/10.1016/j.
molmed.2020.03.005

Putin, E., Mamoshina, P., Aliper, A., Korzinkin, M., Moskalev, A., Kolosov,
A., Ostrovskiy, A., Cantor, C., Vijg, J., & Zhavoronkov, A. (2016).
Deep biomarkers of human aging: Application of deep neural net-
works to biomarker development. Aging, 8(5), 1021-1033. https://
doi.org/10.18632/aging.100968

Sarkar, T. J., Quarta, M., Mukherjee, S., Colville, A., Paine, P., Doan, L.,
Tran, C. M., Chu, C. R, Horvath, S., Qi, L. S., Bhutani, N., Rando, T.
A., & Sebastiano, V. (2020). Transient non-integrative expression
of nuclear reprogramming factors promotes multifaceted amelio-
ration of aging in human cells. Nature Communications, 11(1), 1545.
https://doi.org/10.1038/s41467-020-15174-3

Sayed, N., Huang, Y., Nguyen, K., Krejciova-Rajaniemi, Z., Grawe, A. P.,
Gao, T., Tibshirani, R., Hastie, T., Alpert, A., Cui, L. U., Kuznetsova,
T., Rosenberg-Hasson, Y., Ostan, R., Monti, D., Lehallier, B., Shen-
Orr, S. S., Maecker, H. T., Dekker, C. L., Wyss-Coray, T., ... Furman,
D. (2021). An inflammatory aging clock (iAge) based on deep
learning tracks multimorbidity, immunosenescence, frailty and


https://doi.org/10.1101/2021.05.16.444078
https://doi.org/10.1101/2021.05.16.444078
https://doi.org/10.18632/aging.100908
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1101/2021.01.18.426733
https://doi.org/10.1101/2021.01.18.426733
https://doi.org/10.18632/aging.101684
https://doi.org/10.1038/s41586-020-2975-4
https://doi.org/10.1038/s41586-020-2975-4
https://doi.org/10.1111/j.2164-0947.1972.tb02712.x
https://doi.org/10.1111/j.2164-0947.1972.tb02712.x
https://doi.org/10.18632/aging.101217
https://doi.org/10.1186/s13059-015-0584-6
https://doi.org/10.1186/s13059-015-0584-6
https://doi.org/10.1093/ije/dyu277
https://doi.org/10.1093/ije/dyu277
https://doi.org/10.1093/gerona/glp134
https://doi.org/10.1093/gerona/glp134
https://doi.org/10.7554/eLife.40675
https://doi.org/10.18632/aging.103418
https://doi.org/10.18632/aging.103418
https://doi.org/10.1111/acel.13320
https://doi.org/10.1126/science.aaf4445
https://doi.org/10.1111/acel.12711
https://doi.org/10.1111/acel.12711
https://doi.org/10.1038/s41467-019-12664-x
https://doi.org/10.1038/s41467-019-12664-x
https://doi.org/10.1016/j.cell.2021.03.025
https://doi.org/10.1016/j.cell.2016.11.052
https://doi.org/10.1016/j.cell.2016.11.052
https://doi.org/10.1016/j.cell.2014.01.005
https://doi.org/10.1016/j.cell.2014.01.005
https://doi.org/10.1111/acel.12877
https://doi.org/10.1111/acel.12877
https://doi.org/10.1016/j.cmet.2017.03.016
https://doi.org/10.1016/j.molmed.2020.03.005
https://doi.org/10.1016/j.molmed.2020.03.005
https://doi.org/10.18632/aging.100968
https://doi.org/10.18632/aging.100968
https://doi.org/10.1038/s41467-020-15174-3

ZHANG ET AL.

cardiovascular aging. Nature Aging, 1(7), 598-615. https://doi.
org/10.1038/s43587-021-00082-y

Schultz, M. B., Kane, A. E., Mitchell, S. J., MacArthur, M. R., Warner,
E., Vogel, D. S., Mitchell, J. R., Howlett, S. E., Bonkowski, M. S., &
Sinclair, D. A. (2020). Age and life expectancy clocks based on ma-
chine learning analysis of mouse frailty. Nature Communications,
11(1), 4618. https://doi.org/10.1038/s41467-020-18446-0

Stolzel, F., Brosch, M., Horvath, S., Kramer, M., Thiede, C., von Bonin,
M., Ammerpohl, O., Middeke, M., Schetelig, J., Ehninger, G., Hampe,
J., & Bornhauser, M. (2017). Dynamics of epigenetic age following
hematopoietic stem cell transplantation. Haematologica, 102(8),
e321-e323. https://doi.org/10.3324/haematol.2016.160481

Stubbs, T. M., Bonder, M. J,, Stark, A.-K., Krueger, F., von Meyenn, F.,
Stegle, O., & Reik, W. (2017). Multi-tissue DNA methylation
age predictor in mouse. Genome Biology, 18(1), 68. https://doi.
org/10.1186/s13059-017-1203-5

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda,
K., & Yamanaka, S. (2007). Induction of pluripotent stem cells from
adult human fibroblasts by defined factors. Cell, 131(5), 861-872.
https://doi.org/10.1016/j.cell.2007.11.019

Takahashi, K., & Yamanaka, S. (2006). Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures by de-
fined factors. Cell, 126(4), 663-676. https://doi.org/10.1016/j.
cell.2006.07.024

Trapp, A., Kerepesi, C., & Gladyshev, V. N. (2021). Profiling epigenetic age
in single cells. Nature Aging, 1, 1189-1201. https://doi.org/10.1038/
s43587-021-00134-3

Turturro, A., Duffy, P., Hass, B., Kodell, R., & Hart, R. (2002). Survival
characteristics and age-adjusted disease incidences in C57BL/6
mice fed a commonly used cereal-based diet modulated by dietary
restriction. Journals of Gerontology. Series A, Biological Sciences and
Medical Sciences, 57(11), B379-B389. https://doi.org/10.1093/
gerona/57.11.b379

Wang, M., & Lemos, B. (2019). Ribosomal DNA harbors an evolutionarily
conserved clock of biological aging. Genome Research, 29(3), 325-
333. https://doi.org/10.1101/gr.241745.118

Wang, T., Tsui, B., Kreisberg, J. F., Robertson, N. A., Gross, A. M., Yu, M.
K., Carter, H., Brown-Borg, H. M., Adams, P. D., & Ideker, T. (2017).
Epigenetic aging signatures in mice livers are slowed by dwarfism,
calorie restriction and rapamycin treatment. Genome Biology, 18(1),
57. https://doi.org/10.1186/s13059-017-1186-2

Weidner, C., Lin, Q., Koch, C,, Eisele, L., Beier, F., Ziegler, P., Bauerschlag,
D., Jockel, K.-H., Erbel, R., Mihleisen, T., Zenke, M., Brimmendorf,
T., & Wagner, W. (2014). Aging of blood can be tracked by DNA
methylation changes at just three CpG sites. Genome Biology, 15(2),
R24. https://doi.org/10.1186/gb-2014-15-2-r24

Aging v 13 of 13

Whitehead, J. C., Hildebrand, B. A., Sun, M., Rockwood, M. R., Rose, R.
A., Rockwood, K., & Howlett, S. E. (2014). A clinical frailty index in
aging mice: Comparisons with frailty index data in humans. Journals
of Gerontology. Series A, Biological Sciences and Medical Sciences,
69(6), 621-632. https://doi.org/10.1093/gerona/glt136

Wilmut, ., Schnieke, A. E., McWhir, J., Kind, A. J., & Campbell, K. H. S.
(1997).Viable offspring derived from fetaland adult mammalian cells.
Nature, 385(6619), 810-813. https://doi.org/10.1038/385810a0

Xu, M., Pirtskhalava, T., Farr, J. N.,, Weigand, B. M., Palmer, A. K.,
Weivoda, M. M., Inman, C. L., Ogrodnik, M. B., Hachfeld, C. M.,
Fraser, D. G., Onken, J. L., Johnson, K. O,, Verzosa, G. C., Langhi, L.
G. P, Weigl, M., Giorgadze, N., LeBrasseur, N. K., Miller, J. D., Jurk,
D., ... Kirkland, J. L. (2018). Senolytics improve physical function
and increase lifespan in old age. Nature Medicine, 24(8), 1246-1256.
https://doi.org/10.1038/541591-018-0092-9

Yousefzadeh, M. J,, Flores, R. R., Zhu, Y. I., Schmiechen, Z. C., Brooks,
R. W.,, Trussoni, C. E., Cui, Y., Angelini, L., Lee, K.-A., McGowan, S.
J., Burrack, A. L., Wang, D., Dong, Q., Lu, A., Sano, T., O’Kelly, R.
D., McGuckian, C. A,, Kato, J. I, Bank, M. P, ... Niedernhofer, L. J.
(2021). An aged immune system drives senescence and ageing of
solid organs. Nature, 594, 100-105. https://doi.org/10.1038/s4158
6-021-03547-7

Zhang, B., & Gladyshev, V. N. (2020). How can aging be reversed?
Exploring rejuvenation from a damage-based perspective. Advanced
Genetics, 1(1), e10025. https://doi.org/10.1002/ggn2.10025

Zhang, B., Podolskiy, D. I., Mariotti, M., Seravalli, J., & Gladyshev, V. N.
(2020). Systematic age-, organ-, and diet-associated ionome remod-
eling and the development of ionomic aging clocks. Aging Cell, 19(5),
e13119. https://doi.org/10.1111/acel.13119

Zhu, Y. 1., Tchkonia, T., Pirtskhalava, T., Gower, A. C., Ding, H., Giorgadze,
N., Palmer, A. K., lkeno, Y., Hubbard, G. B., Lenburg, M., O'Hara,
S. P, LaRusso, N. F., Miller, J. D., Roos, C. M., Verzosa, G. C,,
LeBrasseur, N. K., Wren, J. D., Farr, J. N,, Khosla, S, ... Kirkland,
J. L. (2015). The Achilles’ heel of senescent cells: From transcrip-
tome to senolytic drugs. Aging Cell, 14(4), 644-658. https://doi.
org/10.1111/acel.12344

How to cite this article: Zhang, B., Trapp, A., Kerepesi, C., &
Gladyshev, V. N. (2022). Emerging rejuvenation strategies—
Reducing the biological age. Aging Cell, 21, e13538. https://doi.
org/10.1111/acel.13538



https://doi.org/10.1038/s43587-021-00082-y
https://doi.org/10.1038/s43587-021-00082-y
https://doi.org/10.1038/s41467-020-18446-0
https://doi.org/10.3324/haematol.2016.160481
https://doi.org/10.1186/s13059-017-1203-5
https://doi.org/10.1186/s13059-017-1203-5
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1101/2021.03.13.435247
https://doi.org/10.1101/2021.03.13.435247
https://doi.org/10.1093/gerona/57.11.b379
https://doi.org/10.1093/gerona/57.11.b379
https://doi.org/10.1101/gr.241745.118
https://doi.org/10.1186/s13059-017-1186-2
https://doi.org/10.1186/gb-2014-15-2-r24
https://doi.org/10.1093/gerona/glt136
https://doi.org/10.1038/385810a0
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1002/ggn2.10025
https://doi.org/10.1111/acel.13119
https://doi.org/10.1111/acel.12344
https://doi.org/10.1111/acel.12344
https://doi.org/10.1111/acel.13538
https://doi.org/10.1111/acel.13538

