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Abstract

The process of aging manifests from a highly interconnected network of
biological cascades resulting in the degradation and breakdown of every
living organism over time. This natural development increases risk for
numerous diseases and can be debilitating. Academic and industrial inves-
tigators have long sought to impede, or potentially reverse, aging in the
hopes of alleviating clinical burden, restoring functionality, and promoting
longevity. Despite widespread investigation, identifying impactful therapeu-
tics has been hindered by narrow experimental validation and the lack of
rigorous study design. In this review, we explore the current understanding
of the biological mechanisms of aging and how this understanding both in-
forms and limits interpreting data from experimental models based on these
mechanisms. We also discuss select therapeutic strategies that have yielded
promising data in these model systems with potential clinical translation.
Lastly, we propose a unifying approach needed to rigorously vet current and
future therapeutics and guide evaluation toward efficacious therapies.
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INTRODUCTION

Aging is the natural process in which the human body undergoes systemic changes leading to
decreased functionality and increased risk for age-related diseases, eventually resulting in death.
Despite decades of observation and research, this process has yet to be effectively altered by human
intervention. Yet the market for anti-aging therapies and cosmetics is nearly $60 billion USD and
is expected to increase by 50% in the next 5 years. Despite this great interest, the field is still in
its infancy and driven by big promises, with little impact made in slowing this process.

A major problem plaguing the field of anti-aging therapeutics is a lack of standardization with
which to determine efficacious therapies. Although the biological effect of aging impacts many
areas, therapeutic candidates are often evaluated within a narrow scope, generating hype and cap-
ital investments, but ultimately unable to provide the promised effect. In this review, we present
an overview of the current state of aging research; review select interventions under investigation
and the models currently available to study their efficacy; and discuss the scope, utility, and lim-
itations of these models. Finally, we propose a framework to evaluate these therapies and future
aging-related research to produce meaningful progress in this field.

What Is Aging?

Aging is the normal change to the body throughout the human life cycle. It is the result of
the combination of loss of youthful, rejuvenation properties and gain of detrimental features,
tipping the balance between these factors toward a degenerative process over time. Aging affects
both the quantity and quality of life. The quantity, or lifespan, is a measure of the time alive,
whereas the quality, or healthspan, is the duration of life whereby an individual can function fully
without the ravages of disease. The effects of aging spare no organ system, and advanced age is a
well-established risk factor for diseases (Figure 1). It is thought that changes in biological age due
to environmental factors or intrinsic properties, such as exposure to chemicals (1), reproductive
capabilities (2), metabolic changes (3), and factors influencing epigenetic expression (4), result in
the observed variation in individuals’ lifespans. Indeed, in recent decades, as modern medicine
has advanced, we have seen how new treatments and advances in healthcare enable prolonged
longevity in the civilized world. The upper limit of extending longevity through this approach is
still unknown.Ultimately, ideal therapeutic candidates should impede the underlying mechanisms
of aging that, in turn, may promote longevity.
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Figure 1

Common diseases associated with advanced age. Advanced age is a known risk factor for degenerative
diseases and cancer in nearly every organ system. Some of the most common diseases, which account for the
greatest mortality, are depicted. A direction often taken for anti-aging strategies is to target disease
progression rather than the aging phenotype in that organ system. Figure adapted from Internal Organs with
Callouts (Layout) (2) by BioRender.com, retrieved from https://app.biorender.com/biorender-templates.

Hallmarks and Mechanisms of Aging

The forces driving the aging phenotype and advanced biological age are complex, multifactorial,
and mechanistically interconnected. It was originally proposed that this process began through
the accumulation of somatic mutations in cells, and varying frameworks of aging have focused on
cellular and genetic trends seen throughout the aging process (5, 6). Yet significant gaps remain in
this hypothesis, and DNA damage as a unifying theory has yet to be proven. It is now becoming
clear that the aging phenotype is the result of numerous alterations to several molecular pathways
that regulate homeostatic functions. In 2013, López-Otín et al. (5) proposed a new paradigm to
view the mechanisms of aging, dubbed the hallmarks of aging, and identified nine key changes that
manifest during the normal aging process and whose manipulation can potentially influence the
aging process. Many of these hallmarks have become the mechanistic targets of anti-aging ther-
apies. Yet these hallmarks are highly interconnected, and interventions meant to target a single
hallmark are often studied within a narrow scope, while the aging phenotype manifests uniquely
through multiple hallmarks at each biological scale in an organism (Figure 2). Induction of a
single hallmark of aging does not necessarily yield an advanced aging phenotype in totality. For
example, single mutations at the genetic level in progeroid animal models result in altered pat-
terns of health but overall normal lifespans (7–10). Likewise, targeting a specific hallmark may not
attenuate aging.
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Figure 2

Manifestations of the aging phenotype across scales of organized biology. Aging presents with differing
features, depending on the biological level at which it is observed. This figure outlines such levels and the
common manifestations of the aging phenotype at each point in the biological scale. Figure adapted from
images created with BioRender.com.

Here we highlight this gap in the research approach for three such hallmarks of aging: (a) cel-
lular senescence, (b) reactive oxygen species (ROS) production, and (c) stem cell exhaustion, which
are highly interdependent and are emerging targets for therapeutic intervention. They manifest
with similar features, are induced through similar mechanisms, and result in reciprocal expression.
Untangling their intertwined mechanisms, and understanding experimental results in the context
of this cycle, can help researchers further interpret the effects of anti-aging interventions, iden-
tify shortcomings in the field, and elucidate future therapeutic avenues to ultimately influence the
aging process.

Cellular senescence. In cellular senescence, a phenotype following serial replication, replicatory
function is arrested, but the cell maintains viability and resistance to apoptosis (11, 12).What were
once quiescent and productive cellular components of tissue switch to detrimental phenotypes that
are thought to contribute to the aging process by negative cellular signaling coming from these
reprogrammed cells (13–17).
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Figure 3

Development and features of the senescence-associated secretory phenotype. The senescent phenotype can
be induced through (a) signaling generated by environmental or intrinsic cues. These signaling pathways
(b) lead to the senescence-associated secretory phenotype, which (c) produces a wide range of intercellular
mediators. Figure adapted from images created with BioRender.com.

As depicted inFigure 3,many conditions, such as exposure to protein aggregates, advanced gly-
cosylation end products, DNA damage, ROS mediators, and inflammatory cytokines, may lead to
this cellular fate (12). Proinflammatory signaling through interleukins and cytokines may further
amplifyNF-κB,p38MAPK, and associated signaling pathways that are thought to play a role in the
development of the senescent phenotype (18–20). In response to DNA damage, p53/p21WAF1/CIP1

is activated, leading to cell cycle arrest and the characteristic replicative-inert senescent feature
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(21). While the DNA damage response can directly lead to expression of senescent markers,
ectopic induction of senescence-associated markers does not recapitulate this phenotype in its
totality, indicating mechanisms beyond DNA damage alone (21). However, sustained p16INK4a ex-
pression maintains this senescent state, and removal of cells expressing this marker has resulted in
the delayed onset of age-related patterns (13, 21).

Senescent cells influence tissue homeostasis through the senescence-associated secretory phe-
notype (SASP), which has been linked to many age-related conditions, particularly cancer, and
telomeric shortening (15, 22, 23). As a result of this phenotype, senescent cells increase secretion of
inflammatory cytokines, chemokines, growth factors, matrix metalloproteinases, and nitric oxide
(12, 24). In addition, these cells increase secretion of profibrotic factors, stem cell–dysregulating
factors, and other detrimental biological mediators (12). Ultimately, SASP cells may induce ROS
damage through cytokine signaling and direct stem cell dysregulation, leading to themanifestation
of other hallmark features of aging.

Oxidative stress. ROS signaling influences the aging phenotype. Interestingly, the magnitude
and duration of ROS expression may yield differing effects. For example, knockdown of NAPDH
oxidase leads to chronic, low levels of ROS expression, which in turn activate compensatory mech-
anisms and promote longevity (25, 26). However, chronic expression of high levels of ROS is a
well-established risk factor associated with the aging phenotype, in part due to the accumulated
damage over time (27). This accumulation occurs from loss of intrinsic antioxidative mechanisms
coupled with increased pro-oxidative stressors (28). ROS expression is induced due to multiple
sources, including mitochondrial dysfunction (29, 30), inflammatory processes (27, 31–33), and
exogenous stressors such as UV light (34). ROS acts as a polyfunctional signaling moiety, influ-
encing cellular senescent pathways (27, 28, 35), DNA damage response and repair, and metabolic
activity (36–38). All these signaling pathways influence stem cell aging and acquisition of the SASP.
Increased ROS production has been linked to many aging-associated diseases, such as cardiovas-
cular disease (39, 40), diabetes (41–46), and cancer (27, 42). This central functionality in multiple
cellular processes and diseases has made targeting ROS accumulation and stress an attractive area
for modeling aging and for anti-aging interventions.

Stem cell exhaustion.Decreased replicative function of tissue-specific stem cells is thought to
contribute to development of the aging phenotype (5). Stem cells occupy niches in tissues primarily
for regular tissue maintenance or in response to injury, and upon stimulatory cues, the stem cells
shift from a quiescent to a proliferative state to replace damaged or lost cells (47). Their long-term
presence increases the probability of damage over time, which results in ineffective functionality
and replication, a blunted response to tissue injury, and decreased healing and maintenance of
tissues in aged organisms (47).

Dysregulation of the microenvironment for stem cell populations induces loss of this func-
tion (48). External factors such as inflammatory signaling (49), ROS-mediated damage (47, 50),
and metabolic perturbations (51–53) may result in accumulation of DNA damage, leading to
senescence and replicatory arrest in stem cells (49). Metabolic perturbations through insulin-like
growth factor 1 (IGF-1),mTOR,Wnt, andTGF-β influence stem cell exhaustion in aging (51–53)
and can occur from metabolic syndromes and lipodystrophy (50, 54). Hematopoietic stem cells in
aged mice displayed reduced proliferation due to increased cytokine signaling and reduction of
the supportive stromal cell population (55). An increased failure rate of stem cell transplantations
and engraftments in elderly populations is attributed to this hostile microenvironment (55–57).
Modeling the effects of the young versus old microenvironment, and deriving methods to restore
the young microenvironment, has gained interest as a rejuvenation strategy.
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Overlapping characteristics of three key hallmarks of aging: oxidative stress, stem cell exhaustion, and the
senescence-associated secretory phenotype. These three hallmarks share common features such as
replicatory arrest, DNA damage, and inflammatory signaling. Induction of one hallmark can yield the
manifestation of the other two hallmark features. Figure adapted from images created with BioRender.com.

Summary of Mechanisms of Aging

The molecular mechanisms of aging form a complex and highly interconnected network, leading
to the emergence of aging phenotypes. Their role as truly causal mechanisms of the aging pheno-
type is muddled by their overlapping features and reciprocal induction (27, 28, 35) (summarized in
Figure 4). To identify truly efficacious anti-aging therapeutics, it is imperative to study the effects
across multiple hallmarks of aging and biological scales in relevant model systems. Identifying
efficacious drug candidates therefore requires methods that can capture these features.

MODELING AGING SYSTEMS

Identifying ideal therapeutic candidates requires representative models of the aging physiology.
An ideal model of aging should (a) recapitulate the hallmarks of aging and (b) provide practical and
actionable data as readouts to adequately evaluate therapeutic efficacy. Several key model designs
with promise in determining efficacy of anti-aging therapeutics have emerged. These models,
which vary in their methodological approach but provide unique benefits and limitations, fall
under three major categories: (a) in silico, (b) in vitro, and (c) in vivo (see Table 1).

In Silico Models

A popular approach to characterize biological age from chronological age is through computa-
tionally derived predictions from large datasets of biomarkers. These models are not completely
in silico, as they rely on biologically derived experimental data to develop the basis of their pre-
dictions. However, the application of these models beyond their training dataset and in clinical
trials makes them powerful tools to characterize the effects of anti-aging interventions.
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Table 1 Summary of models used to evaluate anti-aging therapeutics

In silico In vitro In vivo
Key readouts Predictions of biological age Molecular and genomic signatures Functional activity, whole-tissue

histology
Biological

scale
Genetic, epigenetic, functional Genetic, epigenetic, organelle,

cellular
All

Benefits Large datasets integrating complex
interactions

Single-pathway and cell type
analysis

Lifespan measurements,
whole-organism reactions

Limitations Requires high-throughput data
collection, rigid training
structures

Limited scope of biological scales,
low throughput

Multifaceted interactions, difficult
to discern causal mechanisms,
low throughput

Implementation is simple: Measure biomarkers that predict longevity, and use changes in the
levels of thesemarkers to determine therapeutic efficacy.However, a major challenge in the field of
aging research is a lack of consensus on the definition of biological age and its associated biomark-
ers. Butler et al. (58) proposed a definition of aging biomarkers as measurable features that (a) can
be used to predict the outcome of an age-sensitive test better than chronological age, (b) can be
used to predict an individual’s remaining longevity, and (c) can be measured without influencing
life expectancy. Such an ideal marker for aging and lifespan has yet to be identified (58–60).

Models have instead used biomarkers that correlate with time; such biomarkers have pro-
vided accurate predictions of chronological age, thereby creating aging clocks. Biological age
estimators have been trained using biomedical data on different features, including genetics, epi-
genetics, function (e.g., spirometry), neuroimaging, telomere length (61), transcriptomics (62),
DNA methylation (63, 64), proteomics (65), and blood-based biomarkers.

One of the most reliable data sources to predict chronological age is DNA methylation. DNA
methylation is considered to be a hallmark of aging (5) and is susceptible to changes from inter-
actions with the environment, such as interactions with stress, as well as to changes through the
passage of time alone (64, 66). The first DNA methylation models were reported in 2013, and
time-dependent features from methylation datasets were extracted and regressed to chronologi-
cal age to generate age estimators, reaching a high correlation (>0.9) of Pearson scores (63–65,
67). These predictive models have intrinsic features with serious limitations to their utility.Due to
the linear nature of these methylation clocks, they lack flexibility to accurately predict the intrin-
sic variability in biological age seen between individuals in whom variance is most prevalent and,
critically, has the highest yield for its application. Efforts have been made to circumvent this limi-
tation by leveraging advances in artificial intelligence using deep neural networks to overcome the
rigidity of linear regression models, and these artificial intelligence models have been applied to
predict biological age by integrating transcriptomics, methylation, and proteomic arrays (68–70).
Leveraging artificial intelligence for DNAmethylation clocks continues to be an active area of re-
search (71). Yet this increasing complexity and the need for larger datasets are additional hurdles
for these clocks’ widespread application in the drug discovery sector.

It was originally thought that telomere length could be a predictive biomarker for aging.How-
ever, its use has been limited due to high rates of variability across epidemiological studies, casting
doubt as to telomere length being a cause or result of aging (72, 73). Vaiserman & Krasnienkov
(73) provide a highly detailed and thorough recent review of telomeres in aging research.
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Many studies in aging have demonstrated enrichment of inflammatory pathways with age (65,
74), indicating chronic inflammation develops over time and is associated with many age-related
diseases and increased mortality (75, 76). It is unclear whether this low-grade chronic inflamma-
tory state, dubbed inflammaging, is a mechanism or a feature of the aging process, but it can be
used to predict features of aging (17), and serum levels of proinflammatory cytokines have been
used to predict mortality (32, 77). Biological age clocks based on inflammaging are still in the
early stages of development since identifying the relevant biomarkers has been challenging (78).
One clock developed uses a guided autoencoder method to nonlinearly model the inflammatory
burden and predict chronological age (17).

DNAmethylation clocks have been utilized to predict lifespan by integrating organ-functional
data to estimate age-related physiological decline (69) and to determine changes in the rate of
biological aging to evaluate anti-aging therapies (69, 79, 80) and rejuvenation strategies (81).These
clocks have also been used to explore how environmental and health risk factors, such as socio-
economic status (66, 82), smoking (82), ischemic stroke (83), and even COVID-19 infection (84),
might influence mortality. Yet the predictions from these clocks must be understood in the context
of their limitations.These clocks are often highly population specific, owing to the influence of the
external environment on these epigenetic expression patterns (82), and lose external validity when
applied to alternative populations. Furthermore, there is no consensus on which methylation sites
to measure (82), making these clocks mechanistically uninterpretable (67). There are variations
in the clinical data integrated into the models, and they aggregate population data to apply to
individuals, thereby reducing the interpersonal variability in the mean error in the model. These
predictions are even limited between samples within the same individual. DNA methylation can
vary across tissue types, thereby limiting the predictive value when one is using samples derived
from locations not included in the training of the model (85).

Even with these limitations, DNA methylation clocks have the potential to be implemented
in conjunction with high-throughput screenings of therapeutic candidates to further characterize
their anti-aging effects.

In Vitro Models

In vitro modeling provides the means to elucidate underlying aging mechanisms, the effects
of drug candidates, and the efficacy of anti-aging therapeutics. In vitro models are broadly
characterized into normal aging models or accelerated aging models.

Normal aging models subject cells to the mercy of time. Cell culture models intrinsically
achieve a senescent state, as defined by the Hayflick model of cellular aging (11). Ultimately, the
characteristic changes in these cell models that occur from serial passaging can be used to de-
scribe the intrinsic properties of aging cells (86). This approach has yielded a wealth of findings
on telomere biology and its impact on cellular senescence (87), as well as stem cell aging through
telomeric shortening (88). Methodology using pathway perturbations with serial passaging can
elucidate mechanistic associations of individual proteins and pathways that manifest in aging phe-
notypes, such as induction of cellular senescence through constant Wnt signaling (89). However,
these models have obvious limitations; most notably, they are time consuming and expensive, us-
ing large quantities of reagents, and have a low overall throughput. These models would be best
utilized to identify mechanisms of specific drug candidates.

Accelerated aging models have emerged as an alternative to normal aging models. These
models induce aging in vitro using ROS-mediated damage (90). The reducing sugar d-galactose
induces ROS production in vitro and has been used to generate aging models across numerous cell
types of all primordial germ layers. Cells treated with d-galactose exhibit increased cytokine pro-
duction, reduced proliferation, and increased expression of senescent genes such as those encoding
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p53 and p21, indicating an aged phenotype (91). Other reducing sugars have also demonstrated
increased ROS production and similar aging phenotypes (92).Models utilizing hydrogen peroxide
to directly induce ROS damage yielded differing results relative to in vivo data (93). Interpretation
of the results from these models is limited, as they are not truly models of aging, but rather models
of ROS damage. Limited exposure to ROS-inducing agents [e.g., 48 h (94) to 7 weeks (95)] may
yield expression of aging markers. However, the durability of this phenotype, and whether it truly
represents aging or a transient stress response, is poorly validated.

In Vivo Models

Whole organisms provide the greatest insight into the aging process. Many organisms, including
yeasts, flies, worms, fish, rodents, and nonhuman primates, have been used to study aging (96).
The primary challenge of in vivo studies of aging is the lifespan of the model organism used. For
example, rhesus monkeys can live up to 40 years, making their ubiquitous use in therapeutic trials
untenable. In comparison, murine models have relatively short lifespans (∼2–3 years) and can be
invaluable for untangling the mechanisms and therapeutic targets for aging. Murine models have
already provided insight into the mechanisms and pathophysiology of progeroid diseases and the
potential application of rejuvenation strategies.

Progeria and accelerated aging models.Murine models of accelerated aging provide mecha-
nistic insight into the features of aging. Single-mutation models have demonstrated features of
advanced and accelerated aging of multiple tissue types, such as in models of human progeroid
syndromes or other mutations (10, 89). Human progeroid syndromes are a group of diseases that
constitute an early-onset advanced-age phenotype. Typically induced by defects in DNA dam-
age repair, these progeroid syndromes are also a promising source for in vitro models to study
age-related diseases by using inducible pluripotent stem cells (iPSCs) that can recapitulate organ-
specific progeroid disease states. These models have illuminated our understanding of age-related
diseases across multiple organ systems, including brain, heart, lung, and kidneys (97). Several
mouse models of progeroid syndromes have been established and can be readily utilized to test
therapeutic candidates (Table 2).

Heterochronic parabiosis.Heterochronic parabiosis is the process through which two organ-
isms of differing aged individuals (hetero denotes different, and chronic denotes ages) are surgically

Table 2 Summary of progeroid models

Model organism Key mutations Phenotypic features Disease modeling Reference(s)
Mouse BubR1

overexpression
Decreased cancer deaths
Extended lifespan
Increased muscle function

Not applicable 98

Mouse WRN Reduced cellular proliferation
Increased sensitivity to p53

knockout
No premature aging

Werner syndrome 7, 8, 10

Mouse LMNA Muscular dystrophy
Reduced growth rate
Normal lifespan

Hutchinson–Gilford
progeria syndrome

99, 100

Mouse Zmptste24 Growth retardation
Reduced lifespan
Muscular dystrophy

Hutchinson–Gilford
progeria syndrome

9
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joined, forming an anastomosis (parabiosis) between their circulations to share blood contents
(101).This model of aging is implemented to study the response of tissues to altered environments
due to age-related factors, although very few studies have utilized this approach (101).

In 2005, Conboy et al. (102) reported a heterochronic parabiosis study to investigate whether
biological factors in young blood might enhance pathways associated with progenitor cell prolif-
eration and rejuvenate old stem cells. They found that parabiosis of young to old mice facilitated
muscle regeneration through activation of resident progenitor cells via upregulation of the Notch
ligand Delta, whose activity is lost with age in muscle satellite cells (102, 103). Furthermore, liver
regeneration increased twofold in old parabiont mice. A secondary pathway potentially medi-
ating muscle repair was through reduction of an age-dependent increase in tissue fibrosis that
accompanies loss of muscle regeneration via canonical Wnt signaling pathways (51). These reju-
venation properties may also be attributed to growth differentiation factor 11 (GDF11) activity,
which normally declines with age (104).This rejuvenation effect is thought to extend to epigenetic
modifications, specifically in the central nervous system (105, 106), where parabiosis may induce
cAMP signaling and CREB activation in hippocampal neurons, promoting increased learning and
memory (107). Heterochronic parabiosis models have also observed variations in the quantity of
senescent cells, with increased senescent cells in younger mice and decreased senescent cells in
older mice (108). Single-cell RNA sequencing of these models revealed that introduction of young
blood facilitated expression of metabolic genes in old counterparts across multiple tissues (109).
In fact, young heterochronic mice have significantly lower mitochondrial fitness relative to young
isochronic controls (110).

Understanding aging using the findings from this model system has significant limitations. In
general, these studies suffer from using one time point with little or no investigation into whether
the effect is sustained over time. Furthermore, in heterochronic parabiosis, organisms share the
same organs, and functional changes may be explained due to processing blood in younger organs,
and not necessarily due to the presence or absence of age-related blood-borne factors.These stud-
ies also involve little follow-up analysis to discern causative features and have few controls in place
to rule out alternative hypotheses, such as weight differences, volume considerations between
parabionts, and bullying between parabiont animals (111). In fact, heterochronic organ trans-
plants influence the fitness of the organ and function as an independent predictor of graft success
(112). Rebo et al. (113) addressed this limitation by performing heterochronic blood exchanges
rather than pairings, thereby removing the effect of shared organs, and studied the effects on
muscle regeneration, liver proliferation, and hippocampal neurogenesis. These researchers found
that, following ∼90% homogenization of blood, there was a moderate increase in muscle fiber
regeneration and a decrease in fibrosis (113).

A critical area needed to move this model and other aging models forward is standardization
of methods. Assays measuring proliferation, by using nuclear markers that merely correlate with
proliferation, are poor indicators of stem cell rejuvenation, and little functional analysis follows
this initial measurement. Many features of stem cell exhaustion—including cytoplasmic accumu-
lation of toxic macromolecules; aberrant activity of Wnt, Notch, and Hedgehog pathways; and
epigenetic alterations—could be measured (114). An increased emphasis must be placed on inves-
tigating effects across multiple biological scales, and while histopathological evidence is a starting
point, true functional evaluation of organisms must also be performed.

THERAPEUTIC STRATEGIES

Anti-aging therapeutics have gained increased attention in the biotechnology sector, with sev-
eral pharmaceutical and biotechnology companies making such development a top priority of
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Therapeutic strategies to attenuate the aging phenotype. Emerging therapeutic strategies focus on mitigating degradation over time
(e.g., dietary modifications and senolytics) or reversing the effects of aging through rejuvenation mechanisms (e.g., cellular
reprogramming and heterochronic parabiosis for youthful rejuvenation). Figure adapted from images created with BioRender.com.

their research and development. Anti-aging treatments focus on prevention of damage over time
(geroprotection), restoration of youthful features (rejuvenation), and the ability to replace tissue
following injury (regeneration). Many of these anti-aging strategies revolve around attenuating
one of the hallmarks of aging (5) or targeting a specific age-related disease (115). Here we high-
light four emerging areas of interest in the field of anti-aging interventions (Figure 5) and discuss
the evidence supporting their implementation and their limitations.

Geroprotective Strategies

A common approach of anti-aging strategies is through geroprotection.These interventions focus
on impeding the rate of degradation over time by minimizing exposure to inducers of aging.

Dietary modifications.Dietary modifications and resulting metabolic changes hold promise as
a readily available method to attenuate aging. Alterations to metabolic pathways, specifically the
shift from an anabolic to a catabolic state, have been implicated in the aging process, leading
to cell stress and ROS signaling and production (37, 38, 116). Modulation of metabolic path-
ways such as IGF signaling (117, 118), growth hormone (GH) signaling (118, 119), and mTOR
pathways (120) increases longevity in various nonvertebrate model organisms. In fact, analysis of
human centenarian tissues has found that specific genetic loci involved in these metabolic pro-
cesses, such as TOMM40/APOE (121–123) and FOXO3a (124, 125), are linked with increased
longevity. Therefore, various methods modulating metabolic processes are being explored as an
anti-aging strategy.

Studies suggest that caloric restriction may extend lifespan (126). Caloric restriction is the pro-
cess of reducing caloric intake below baseline levels while maintaining sufficient nutritional intake.
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Originally hypothesized to be due to a passive mechanism of reducing metabolic processing, this
process is now understood to induce metabolic changes to influence aging (127, 128). Caloric re-
striction induces changes in DNAmethylation, posttranslational histone modifications, and other
epigenetic alterations (129). A systematic review of caloric restriction intervention in human and
animal trials found that caloric restriction increased the lifespans of yeasts, flies, worms, fish, and
rodents (130). However, the extent of this effect varied greatly between species, and a universal
mechanism between species is contested (131).

In humans, a 2-year clinical trial investigating caloric restriction found no change in circulat-
ing levels of IGF-1, GH, or other caloric restriction–sensitive biomarkers but did find favorable
changes in body weight, glucoregulatory function, and markers for cardiovascular disease (132).
However, studies in humans have been relatively short term, relying on metabolic biomarkers
as a gauge of efficacy with an undetermined effect on longevity (133). These results are further
complicated by the inclusion criteria: Many of the studies conducted on humans use an initially
overweight cohort, which raises the question as to whether the mechanism of effect is directly on
aging or indirectly due to modifying disease progression. Ultimately, it is estimated that caloric
restriction has the potential to extend human lifespan by 1–5 years, depending on the age at which
this modification is implemented (134).

A growing body of evidence suggests that intermittent fasting, or changing the pattern of calo-
rie intake, rather than the quantity of calories taken in, may induce favorable benefits similar to
those of caloric restriction (135). Fasting periods trigger metabolic alterations like those seen in
caloric restriction, which has the favorable benefits of preventing disease and degradation (136). In
fact, prolonged periods of fasting are necessary to induce the key molecular and metabolic effects
seen in caloric restriction diets (137).

Antioxidative diets have also gained popularity to attenuate the rate of aging, with many com-
mercial products now using the antioxidative term as amarketing strategy.However, little evidence
exists to justify an influence on longevity in humans. Dietary supplementation of antioxidative
molecules demonstrated cognitive benefits in mammalian models but failed to increase lifespan
(96). Several studies looking at gain-of-function mutations in superoxide dismutase and catalase,
two antioxidant enzymes, found that these mutations did yield an increase in Drosophila lifespan
(96), and in a dose-dependent manner (138). Interestingly, alterations to other antioxidant en-
zymes, such as glutathione reductase, did not yield an increase in lifespan, suggesting that distinct
ROS signaling pathways influence the aging process (139). These mutations had the greatest ef-
fect on adult motor neurons, indicating a site-specific benefit (140). In fact, oxidative stress has
the greatest detrimental effect on cognition and neuronal functionality in mammalian models (96,
141).

Collectively, lifestyle modifications, such as diet and exercise, are the most straightforward
method to attenuate the effects of aging and other disease processes. While widely studied and
highly promising, dietary modifications are difficult to maintain and require sustained effort and
discipline. Therefore, alternative strategies using pharmaceutical mimetics are under considera-
tion. Many common medications, such as aspirin, metformin, rapamycin, and resveratrol, have
demonstrated metabolic modulation (142–144). It was even reported that patients receiving re-
combinant human GH displayed evidence of epigenetic deaging on the basis of four different
epigenetic clocks (145).

Senolytics. In 2011, Baker et al. (13) demonstrated that removal of senescent cells in a transgenic
mouse model promoted longevity and a youthful phenotype. Since then, numerous biotech com-
panies have sought pharmaceutical means to reduce expression of this phenotype, and research on
senotherapeutics, or drugs targeting the cellular senescence pathway, is a highly active area.
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Only a handful of pharmaceuticals are categorized specifically as senolytics.These include dasa-
tinib, quercetin, navitoclax, A1331852, A1155463, and fisetin. These drugs have shown promising
results in preclinical models to reduce senescent cells, resulting in delaying and preventing age-
and senescence-related conditions (14). Recent trials in humans for idiopathic pulmonary fibro-
sis (NCT02874989) using a combination of dasatinib and quercetin showed inconclusive results
about these compounds’ senolytic properties but did find improved functional changes upon
pulmonary function testing (146). Additional placebo-controlled, double-blinded, randomized
clinical trials are needed to adequately assess the potential benefits of these pharmaceuticals in
organ function and longevity.

Themost advanced candidates in this field are repurposed pharmaceuticals with senolytic prop-
erties.Metformin, a widely prescribed type II diabetesmedication,has been found to decrease rates
of DNA damage, cellular senescence, and mitochondrial oxidation while increasing rates of au-
tophagy of pathogenic cells through a wide array of possible mechanisms (147–149).Metformin is
currently under investigation in FDA-approved clinical trials [the TAME (Targeting Aging with
Metformin) trials] as a prevention strategy for age-related diseases. Unity Biotechnology gained
attention through billionaire investments for its senolytic candidate drug UBX0101, which was
hoped to reduce the joint stiffness and pain associated with osteoarthritis, although trial results
failed to show significance. Other well-established therapeutics targeting the mTOR pathway,
such as rapamycin or sirolimus, have demonstrated senolytic properties and are currently under
investigation (12, 150).

Despite sparse data showing real-world efficacy of senolytics in humans, senolytics continue
to be highly sought after among pharmaceutical companies and academic centers (150). Com-
panies are searching for novel senolytic targets, leveraging advances in artificial intelligence, to
prevent cellular senescence and promote regenerative growth. The majority of senolytics un-
der investigation are small-molecule or peptide-based pharmaceuticals. However, recently (18)
a cell-based approach using senolytic CAR T cells targeting urokinase-type plasminogen activa-
tor receptor, a cell surface protein induced during senescence, extended the survival of mice with
lung adenocarcinoma that were treated with a senescence-inducing combination of drugs, and this
approach restored tissue homeostasis in mice in which liver fibrosis was induced chemically or by
diet.

Rejuvenation Strategies

One approach to combat aging is through restoration of youthful properties, or rejuvenation.
These strategies leverage our understanding of embryonic development and stem cell biology to
remove markers of damage accumulated with age.

Cellular reprogramming. In 2006, it was demonstrated that fully differentiated cells derived
from a patient could be induced into an embryonic state with pluripotent differentiative capac-
ity and indefinite self-renewal (151). Through induction of four key transcription factors, OCT4,
SOX2,KLF4, and C-MYC (OSKM factors), cells can be brought back to an embryonic state, with
the potential to differentiate into any cell type or tissue among the three germ layers: ectoderm,
mesoderm, and endoderm (152). These cells, iPSCs, have become a bedrock of the modern field
of stem cell engineering, with promising applications in modeling and treating a wide array of
human diseases, including age-related diseases (152, 153).

The principle behind this strategy is that, throughout the reprogramming process, cells return
to a youthful state and, as a result, will confer youthful characteristics to the organism. The in-
duction process decreases levels of the senescence markers p16INK4A and p21CIP1 and resets the
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epigenetic DNAmethylation clock (154).This may be a preferable strategy over directly targeting
methylation sites, given the sheer number of age-associated DNA methylation sites (∼500,000)
(155). This process appears to be mediated through a cytokine signaling cascade converging
through NF-κB and mediated by IL-6 signaling (156). Patient-derived iPSCs exhibit reduced
ROS, restored telomeric lengths, restored mitochondrial function, and reversal of other hallmarks
of aging (97, 154, 157). Thus, cellular reprogramming holds promising applications in treatment
of age-related diseases, although inducing this youthful phenotype is not without its risks.Chronic
expression of OSKM genes has generated reports of teratomas (158) and reprogramming-derived
cancers (159, 160). Cyclical expression of OSKM genes appears to have overcome this limitation,
with no reports of cancer in studies utilizing this approach (160–162).

Transient expression of OSKM factors in a mouse model demonstrated youthful epigenetic
methylation patterns in the pancreas, liver, spleen, and blood (163). Indeed, partial reprogramming
of cells in a Hutchinson–Gilford progeria syndrome mouse model demonstrated delayed onset of
aging that was characterized by increased median lifespan (from 18 to 24 weeks) and tissue-level
reduction in age-related characteristics (161). Researchers also recently reported that activation of
three of the main iPSC-deriving factors restored youthful DNA methylation expression patterns
in mouse retinal ganglion cells and reversed vision loss (164). Furthermore, short-term expression
of OSKM factors in a mouse model showed that expression of these factors during myocardial
infarction reduced myocardial damage and improved cardiac function, supporting the use of these
factors to facilitate cardiac regeneration following tissue insults (160).

These results have inspired companies to use partial reprogramming as a rejuvenation process
in humans (165, 166). Many reports of this process have been demonstrated in vitro (167), but
no reports of human clinical trials using cellular reprogramming have been reported. There are
many challenges facing the clinical implementation of this strategy, calling into question its future
applications. The models used to demonstrate its effect are genetically modified organisms with
engineered promoters to ectopically express the OSKM factors, which cannot be implemented
in humans. Transient expression may be possible through transfection of plasmids, but that ap-
proach incurs the further challenges of achieving effective transduction efficiency to generate a
meaningful effect.

Modulating the stem cell niche. Reports of rejuvenation and regeneration have been docu-
mented in aged parabionts due to exposure to young serum, inducing histological organ-level
changes across multiple tissue types, in all primordial germ layers (168). While the exact mecha-
nisms mediating these effects vary between organs and are currently poorly defined, the findings
from these studies have prompted the exploration of young blood components as a potential
rejuvenation strategy (169).

Parabiosis studies suggest that young blood may contain rejuvenation-promoting factors that
decline with age and that the dilution of old serum decreases the accumulation of detrimental
factors. Mehdipour et al. (170) investigated this question by performing blood exchanges in mice
with either isochronic pairings or albumin-rich saline. The authors suggest that a single exchange
of plasma with albumin-rich saline is sufficient to induce enhanced properties of muscle regen-
eration, neurogenesis, and reduced liver adiposity and fibrosis. These findings suggest that the
dilution of detrimental factors, rather than the beneficial effects gained from youth, may be the
primary driving force behind heterochronic parabiosis. In contrast, Sinha et al. (104) and Katsim-
pardi et al. (171) found that GDF11 was elevated in young serum and that this factor contributed
to muscle regeneration and olfactory neurogenesis. These seemingly contradictory results from
parabiosis studies require additional investigation prior to implementation in humans.
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Table 3 Proposed standardized methods to effectively evaluate anti-aging strategies

Biological scale Representative feature Example assays Evidence of efficacy
Genetic Telomeric shortening Quantitative PCR of telomere

length (172)
↑ Average length

Epigenetic Altered methylation Methylation clocks ↓ Biological age
Organellar Mitochondrial dysfunction Reactive oxygen species staining ↓ Reactive oxygen species

expression
Cellular Senescence p16INK4a and p53/p21WAF1/CIP

expression
↓ Expression

Tissue Fibrosis Collagen quantification (173) ↓ Extracellular matrix deposition
Organ Organ dependent, e.g., decreased

glomerular filtration rate in
kidneys

Organ dependent Attenuation of aging-related
decline

System/function System dependent, e.g., liver
function testing, pulmonary
function testing

Blood tests, plethysmography, etc. System specific

CONCLUSIONS

The field of anti-aging therapeutics is highly active. However, it is currently characterized by an
emerging pattern of initial excitement and popularity followed by a loss of interest due to under-
whelming results. For the field to advance toward meaningful and impactful work, there must be
some reformation. Specifically, there must be standardization of methodologies and baseline anal-
yses for all therapeutic candidates to help screen for interventions that hold the greatest potential
to combat aging.

An area in need of major reformation is investigation across biological scales. Despite novel
features of aging at each scale of biology, many studies limit their analysis to a single scale and as-
sume propagation of the effect. Furthermore, the data collected must truly reflect an effect on the
feature of aging at that scale. Assays should measure the features directly and not measure surro-
gate markers, which can be the result of alternative hypotheses. InTable 3, we outline examples of
different assays that could be utilized at each scale to demonstrate therapeutic efficacy. Most crit-
ically, efficacy must be demonstrated at a functional level for both healthspan and lifespan to fully
contextualize the therapeutic effect, with experiments ideally conducted in mammalian models for
the greatest clinical relevance.

In conclusion, several promising strategies are emerging to combat the aging phenotype. Yet
there is still a critical need for method standardization to efficiently evaluate potential candidates.
Specifically, there is a need to increase reports of a drug candidate’s effect on (a) organ and physical
function in vivo, (b) lifespan duration in vivo, (c) changes to multiple hallmarks of aging by using
assays that best represent the aging phenotype, (d) the therapeutic effect across the differing scales
of biology, and most critically (e) the robustness and longevity of the therapeutic intervention.
With this comprehensive and rigorous evaluation framework, high-impact therapeutics may be
identified to promote longevity and extend healthspan.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

378 Rosen • Yarmush



BE25CH15_Yarmush ARjats.cls May 22, 2023 17:25

LITERATURE CITED

1. Guyuron B, Rowe DJ, Weinfeld AB, Eshraghi Y, Fathi A, et al. 2009. Factors contributing to the facial
aging of identical twins. Plastic Reconstr. Surg. 123(4):1321–31

2. Min K-J, Lee C-K, Park H-N. 2012. The lifespan of Korean eunuchs. Curr. Biol. 22(18):R792–93
3. Bunning BJ, Contrepois K, Lee-McMullen B,Dhondalay GKR,ZhangW, et al. 2020.Global metabolic

profiling to model biological processes of aging in twins. Aging Cell 19(1):e13073
4. Tan Q, Christiansen L, Thomassen M, Kruse TA, Christensen K. 2013. Twins for epigenetic studies of

human aging and development. Ageing Res. Rev. 12(1):182–87
5. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. 2013. The hallmarks of aging. Cell

153(6):1194–217
6. Moskalev AA, Shaposhnikov MV, Plyusnina EN, Zhavoronkov A, Budovsky A, et al. 2013. The role of

DNA damage and repair in aging through the prism of Koch-like criteria.Ageing Res. Rev. 12(2):661–84
7. Lebel M, Leder P. 1998. A deletion within the murine Werner syndrome helicase induces sensitivity to

inhibitors of topoisomerase and loss of cellular proliferative capacity. PNAS 95(22):13097–102
8. Wang L, Ogburn CE,Ware CB, Ladiges WC, Youssoufian H, et al. 2000. Cellular Werner phenotypes

in mice expressing a putative dominant-negative human WRN gene.Genetics 154(1):357–62
9. Pendás AM, Zhou Z, Cadiñanos J, Freije JM,Wang J, et al. 2002. Defective prelamin A processing and

muscular and adipocyte alterations in Zmpste24 metalloproteinase–deficient mice.Nat. Genet. 31(1):94–
99

10. Kudlow BA, Kennedy BK, Monnat RJ. 2007. Werner and Hutchinson–Gilford progeria syndromes:
mechanistic basis of human progeroid diseases.Nat. Rev. Mol. Cell Biol. 8(5):394–404

11. Hayflick L, Moorhead PS. 1961. The serial cultivation of human diploid cell strains. Exp. Cell Res.
25(3):585–621

12. Kirkland J, Tchkonia T. 2020. Senolytic drugs: from discovery to translation. J. Intern. Med. 288(5):518–
36

13. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, et al. 2011. Clearance of p16Ink4a-
positive senescent cells delays ageing-associated disorders.Nature 479(7372):232–36

14. Ellison-Hughes GM. 2020. First evidence that senolytics are effective at decreasing senescent cells in
humans. EBioMedicine 56:102473

15. Thoppil H, Riabowol K. 2020. Senolytics: a translational bridge between cellular senescence and
organismal aging. Front. Cell Dev. Biol. 7:367

16. Amor C, Feucht J, Leibold J, Ho Y-J, Zhu C, et al. 2020. Senolytic CAR T cells reverse senescence-
associated pathologies.Nature 583(7814):127–32

17. Sayed N, Huang Y, Nguyen K, Krejciova-Rajaniemi Z, Grawe AP, et al. 2021. An inflammatory aging
clock (iAge) based on deep learning tracks multimorbidity, immunosenescence, frailty and cardiovascular
aging.Nat. Aging 1(7):598–615

18. Chien Y, Scuoppo C, Wang X, Fang X, Balgley B, et al. 2011. Control of the senescence-associated
secretory phenotype by NF-κB promotes senescence and enhances chemosensitivity. Genes Dev.
25(20):2125–36

19. Watanabe S, Kawamoto S, Ohtani N, Hara E. 2017. Impact of senescence-associated secretory
phenotype and its potential as a therapeutic target for senescence-associated diseases. Cancer Sci.
108(4):563–69

20. Lopes-Paciencia S, Saint-Germain E, Rowell M-C, Ruiz AF, Kalegari P, et al. 2019. The senescence-
associated secretory phenotype and its regulation. Cytokine 117:15–22

21. Kumari R, Jat P. 2021. Mechanisms of cellular senescence: cell cycle arrest and senescence associated
secretory phenotype. Front. Cell Dev. Biol. 9:485

22. Krtolica A, Parrinello S, Lockett S, Desprez P-Y, Campisi J. 2001. Senescent fibroblasts promote
epithelial cell growth and tumorigenesis: a link between cancer and aging. PNAS 98(21):12072–77

23. Harley CB, Futcher AB, Greider CW. 1990. Telomeres shorten during ageing of human fibroblasts.
Nature 345(6274):458–60

24. Coppé J-P, Desprez P-Y, Krtolica A, Campisi J. 2010. The senescence-associated secretory phenotype:
the dark side of tumor suppression. Annu. Rev. Pathol. Mech. Dis. 5:99–118

www.annualreviews.org • Current Trends in Anti-Aging Strategies 379



BE25CH15_Yarmush ARjats.cls May 22, 2023 17:25

25. Ewald CY, Hourihan JM, Bland MS, Obieglo C, Katic I, et al. 2017. NADPH oxidase–mediated redox
signaling promotes oxidative stress resistance and longevity throughmemo-1 in C. elegans. eLife 6:e19493

26. Sirokmány G,Donkó Á,Geiszt M. 2016.Nox/Duox family of NADPH oxidases: lessons from knockout
mouse models. Trends Pharmacol. Sci. 37(4):318–27

27. Liguori I, Russo G, Curcio F, Bulli G, Aran L, et al. 2018. Oxidative stress, aging, and diseases. Clin.
Intervent. Aging 13:757

28. Junqueira VB, Barros SB, Chan SS, Rodrigues L, Giavarotti L, et al. 2004. Aging and oxidative stress.
Mol. Aspects Med. 25(1–2):5–16

29. Sastre J, Pallardó FV, Viña J. 2003. The role of mitochondrial oxidative stress in aging. Free Radic. Biol.
Med. 35(1):1–8

30. Dai D-F, Chiao YA, Marcinek DJ, Szeto HH, Rabinovitch PS. 2014. Mitochondrial oxidative stress in
aging and healthspan. Longevity Healthspan 3:6

31. Franceschi C,CapriM,Monti D,Giunta S,Olivieri F, et al. 2007. Inflammaging and anti-inflammaging:
a systemic perspective on aging and longevity emerged from studies in humans. Mech. Ageing Dev.
128(1):92–105

32. Franceschi C, Campisi J. 2014. Chronic inflammation (inflammaging) and its potential contribution to
age-associated diseases. J. Gerontol. A 69(Suppl. 1):4–9

33. Minciullo PL, Catalano A, Mandraffino G, Casciaro M, Crucitti A, et al. 2016. Inflammaging and anti-
inflammaging: the role of cytokines in extreme longevity. Arch. Immunol. Ther. Exp. 64(2):111–26

34. Landau M. 2007. Exogenous factors in skin aging. Environ. Factors Skin Dis. 35:1–13
35. Sohal RS, Mockett RJ, Orr WC. 2002. Mechanisms of aging: an appraisal of the oxidative stress

hypothesis. Free Radic. Biol. Med. 33(5):575–86
36. Barja G. 2002. Endogenous oxidative stress: relationship to aging, longevity and caloric restriction.

Ageing Res. Rev. 1(3):397–411
37. Heilbronn LK, De Jonge L, Frisard MI, DeLany JP, Larson-Meyer DE, et al. 2006. Effect of 6-month

calorie restriction on biomarkers of longevity, metabolic adaptation, and oxidative stress in overweight
individuals: a randomized controlled trial. JAMA 295(13):1539–48

38. Redman LM, Smith SR, Burton JH, Martin CK, Il’yasova D, et al. 2018. Metabolic slowing and re-
duced oxidative damage with sustained caloric restriction support the rate of living and oxidative damage
theories of aging. Cell Metab. 27(4):805–15.e4

39. Dai D-F, Santana LF, Vermulst M, Tomazela DM, Emond MJ, et al. 2009. Overexpression of catalase
targeted to mitochondria attenuates murine cardiac aging. Circulation 119(21):2789–97

40. Dai D-F, Rabinovitch PS, Ungvari Z. 2012. Mitochondria and cardiovascular aging. Circ. Res.
110(8):1109–24

41. Stadler K, Jenei V, von Bölcsházy G, Somogyi A, Jakus J. 2003. Increased nitric oxide levels as an early
sign of premature aging in diabetes. Free Radic. Biol. Med. 35(10):1240–51

42. Kang D, Hamasaki N. 2005. Alterations of mitochondrial DNA in common diseases and disease states:
aging, neurodegeneration, heart failure, diabetes and cancer. Curr. Med. Chem. 12(4):429–41

43. Ahima RS. 2009. Connecting obesity, aging and diabetes.Nat. Med. 15(9):996–97
44. Monickaraj F, Aravind S, Gokulakrishnan K, Sathishkumar C, Prabu P, et al. 2012. Accelerated aging as

evidenced by increased telomere shortening and mitochondrial DNA depletion in patients with type 2
diabetes.Mol. Cell. Biochem. 365(1):343–50

45. Newsholme P, Gaudel C, Krause M. 2012. Mitochondria and diabetes. An intriguing pathogenetic
role. In Advances in Experimental Medicine and Biology, Vol. 942: Advances in Mitochondrial Medicine, ed.
R Scatena, P Bottoni, B Giardina, pp. 235–47. Springer, Dordrecht

46. Halim M, Halim A. 2019. The effects of inflammation, aging and oxidative stress on the pathogenesis
of diabetes mellitus (type 2 diabetes).Diabetes Metab. Syndr. Clin. Res. Rev. 13(2):1165–72

47. Oh J, Lee YD,Wagers AJ. 2014. Stem cell aging: mechanisms, regulators and therapeutic opportunities.
Nat. Med. 20(8):870–80

48. Rübe CE, Fricke A, Widmann TA, Fürst T, Madry H, et al. 2011. Accumulation of DNA damage in
hematopoietic stem and progenitor cells during human aging. PLOS ONE 6(3):e17487

49. Ergen AV,GoodellMA. 2010.Mechanisms of hematopoietic stem cell aging.Exp.Gerontol.45(4):286–90

380 Rosen • Yarmush



BE25CH15_Yarmush ARjats.cls May 22, 2023 17:25

50. Ren R, Ocampo A, Liu G-H, Belmonte JCI. 2017. Regulation of stem cell aging by metabolism and
epigenetics. Cell Metab. 26(3):460–74

51. Brack AS, Conboy MJ, Roy S, Lee M, Kuo CJ, et al. 2007. Increased Wnt signaling during aging alters
muscle stem cell fate and increases fibrosis. Science 317(5839):807–10

52. Castilho RM, Squarize CH, Chodosh LA, Williams BO, Gutkind JS. 2009. mTOR mediates
Wnt-induced epidermal stem cell exhaustion and aging. Cell Stem Cell 5(3):279–89

53. Boyette LB, Tuan RS. 2014. Adult stem cells and diseases of aging. J. Clin. Med. 3(1):88–134
54. Mansilla E, Diaz Aquino V, Zambón D,Marin GH,Mártire K, et al. 2011. Could metabolic syndrome,

lipodystrophy, and aging be mesenchymal stem cell exhaustion syndromes? Stem Cells Int. 2011:943216
55. Ju Z, Jiang H, Jaworski M, Rathinam C, Gompf A, et al. 2007. Telomere dysfunction induces

environmental alterations limiting hematopoietic stem cell function and engraftment. Nat. Med.
13(6):742–47

56. Wagner W, Horn P, Bork S, Ho AD. 2008. Aging of hematopoietic stem cells is regulated by the stem
cell niche. Exp. Gerontol. 43(11):974–80

57. Rossi DJ, Bryder D, Zahn JM, Ahlenius H, Sonu R, et al. 2005. Cell intrinsic alterations underlie
hematopoietic stem cell aging. PNAS 102(26):9194–99

58. Butler RN, Sprott R, Warner H, Bland J, Feuers R, et al. 2004. Aging: the reality: biomarkers of aging:
from primitive organisms to humans. J. Gerontol. A 59(6):B560–67

59. Jylhävä J, Pedersen NL, Hägg S. 2017. Biological age predictors. EBioMedicine 21:29–36
60. Am. Fed. Aging Res. 2016. Biomarkers of Aging: An Introduction to Aging Science Brought to You by the

American Federation for Aging Research. New York, NY: Am. Fed. Aging Res.
61. Blackburn EH, Greider CW, Szostak JW. 2006. Telomeres and telomerase: the path from maize,

Tetrahymena and yeast to human cancer and aging.Nat. Med. 12(10):1133–38
62. Meyer DH, Schumacher B. 2021. BiT age: a transcriptome-based aging clock near the theoretical limit

of accuracy. Aging Cell 20(3):e13320
63. Horvath S. 2013. DNA methylation age of human tissues and cell types.Genome Biol. 14:3156
64. Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, et al. 2013. Genome-wide methylation profiles

reveal quantitative views of human aging rates.Mol. Cell 49(2):359–67
65. Johnson AA, Shokhirev MN, Lehallier B. 2021. The protein inputs of an ultra-predictive aging clock

represent viable anti-aging drug targets. Ageing Res. Rev. 70:101404
66. McCrory C, Fiorito G, O’Halloran AM, Polidoro S, Vineis P, et al. 2022. Early life adversity and age

acceleration at mid-life and older ages indexed using the next-generation GrimAge and Pace of Aging
epigenetic clocks. Psychoneuroendocrinology 137:105643

67. Xia X,Wang Y, Yu Z, Chen J, Han J-DJ. 2021. Assessing the rate of aging to monitor aging itself.Ageing
Res. Rev. 69:101350

68. Galkin F, Mamoshina P, Kochetov K, Sidorenko D, Zhavoronkov A. 2021. DeepMAge: a methylation
aging clock developed with deep learning. Aging Dis. 12(5):1252

69. Noroozi R, Ghafouri-Fard S, Pisarek A, Rudnicka J, Spólnicka M, et al. 2021. DNA methylation–based
age clocks: from age prediction to age reversion. Ageing Res. Rev. 68:101314

70. Earls JC, Rappaport N,Heath L,Wilmanski T,Magis AT, et al. 2019.Multi-omic biological age estima-
tion and its correlation with wellness and disease phenotypes: a longitudinal study of 3,558 individuals.
J. Gerontol. A 74(Suppl. 1):52–60

71. Rahman SA,AdjerohDA. 2019.Deep learning using convolutional LSTM estimates biological age from
physical activity. Sci. Rep. 9(1):11425

72. Sanders JL, Newman AB. 2013. Telomere length in epidemiology: a biomarker of aging, age-related
disease, both, or neither? Epidemiol. Rev. 35(1):112–31

73. Vaiserman A,Krasnienkov D. 2021.Telomere length as a marker of biological age: state-of-the-art, open
issues, and future perspectives. Front. Genet. 11:1816

74. Lehallier B, Shokhirev MN,Wyss-Coray T, Johnson AA. 2020. Data mining of human plasma proteins
generates a multitude of highly predictive aging clocks that reflect different aspects of aging. Aging Cell
19(11):e13256

75. Baylis D, Bartlett DB, Patel HP, Roberts HC. 2013. Understanding how we age: insights into
inflammaging. Longevity Healthspan 2:8

www.annualreviews.org • Current Trends in Anti-Aging Strategies 381



BE25CH15_Yarmush ARjats.cls May 22, 2023 17:25

76. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. 2018. Inflammaging: a new immune–
metabolic viewpoint for age-related diseases.Nat. Rev. Endocrinol. 14(10):576–90

77. Varadhan R, YaoW,Matteini A, Beamer BA, Xue Q-l, et al. 2014. Simple biologically informed inflam-
matory index of two serum cytokines predicts 10 year all-cause mortality in older adults. J. Gerontol. A
69(2):165–73

78. Morrisette-Thomas V, Cohen AA, Fülöp T, Riesco É, Legault V, et al. 2014. Inflamm-aging does not
simply reflect increases in pro-inflammatory markers.Mech. Ageing Dev. 139:49–57

79. Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, et al. 2019. DNA methylation GrimAge strongly
predicts lifespan and healthspan. Aging 11(2):303

80. Belsky DW,Caspi A, Arseneault L, Baccarelli A, Corcoran DL, et al. 2020. Quantification of the pace of
biological aging in humans through a blood test, the DunedinPoAm DNA methylation algorithm. eLife
9:e54870

81. Zhang B, Trapp A, Kerepesi C, Gladyshev VN. 2022. Emerging rejuvenation strategies—reducing the
biological age. Aging Cell 21(1):e13538

82. Gialluisi A,Santoro A,Tirozzi A,Cerletti C,DonatiMB, et al. 2021.Epidemiological and genetic overlap
among biological aging clocks: new challenges in biogerontology. Ageing Res. Rev. 72:101502

83. Soriano-Tárraga C, Giralt-Steinhauer E, Mola-Caminal M, Ois A, Rodríguez-Campello A, et al. 2018.
Biological age is a predictor of mortality in ischemic stroke. Sci. Rep. 8(1):4148

84. Cao X, Li W, Wang T, Ran D, Davalos V, et al. 2022. Accelerated biological aging in COVID-19
patients.Nat. Commun. 13:2135

85. Shireby GL, Davies JP, Francis PT, Burrage J, Walker EM, et al. 2020. Recalibrating the epigenetic
clock: implications for assessing biological age in the human cortex. Brain 143(12):3763–75

86. Bonab MM, Alimoghaddam K, Talebian F, Ghaffari SH, Ghavamzadeh A, et al. 2006. Aging of
mesenchymal stem cell in vitro. BMC Cell Biol. 7(1):14

87. Shay JW,Wright WE. 2000. Hayflick, his limit, and cellular ageing.Nat. Rev. Mol. Cell Biol. 1(1):72–76
88. Baxter MA,Wynn RF, Jowitt SN,Wraith JE, Fairbairn LJ, et al. 2004. Study of telomere length reveals

rapid aging of human marrow stromal cells following in vitro expansion. Stem Cells 22(5):675–82
89. Liu H, Fergusson MM, Castilho RM, Liu J, Cao L, et al. 2007. Augmented Wnt signaling in a

mammalian model of accelerated aging. Science 317(5839):803–6
90. Campos PB, Paulsen BS,Rehen SK. 2014. Accelerating neuronal aging in in vitro model brain disorders:

a focus on reactive oxygen species. Front. Aging Neurosci. 6:292
91. Azman KF, Zakaria R. 2019. d-Galactose-induced accelerated aging model: an overview. Biogerontology

20(6):763–82
92. Sejersen H, Rattan SI. 2009. Dicarbonyl-induced accelerated aging in vitro in human skin fibroblasts.

Biogerontology 10(2):203–11
93. Caldwell R, Street MG, Sharma R, Takmakov P, Baker B, et al. 2020. Characterization of Parylene-

C degradation mechanisms: in vitro reactive accelerated aging model compared to multiyear in vivo
implantation. Biomaterials 232:119731

94. Cheng X, Yao H, Xiang Y, Chen L, Xiao M, et al. 2019. Effect of Angelica polysaccharide on brain
senescence of Nestin-GFP mice induced by d-galactose.Neurochem. Int. 122:149–56

95. Shen Y, Gao H, Shi X, Wang N, Ai D, et al. 2014. Glutamine synthetase plays a role in d-galactose-
induced astrocyte aging in vitro and in vivo. Exp. Gerontol. 58:166–73

96. Golden TR, Hinerfeld DA, Melov S. 2002. Oxidative stress and aging: beyond correlation. Aging Cell
1(2):117–23

97. Soria-Valles C, López-Otín C. 2016. iPSCs: on the road to reprogramming aging. Trends Mol. Med.
22(8):713–24

98. Baker DJ, Dawlaty MM,Wijshake T, Jeganathan KB,Malureanu L, et al. 2013. Increased expression of
BubR1 protects against aneuploidy and cancer and extends healthy lifespan.Nat. Cell Biol. 15(1):96–102

99. Sullivan T, Escalante-Alcalde D, Bhatt H, Anver M, Bhat N, et al. 1999. Loss of A-type lamin expression
compromises nuclear envelope integrity leading to muscular dystrophy. J. Cell Biol. 147(5):913–20

100. Nikolova V, Leimena C,McMahon AC,Tan JC, Chandar S, et al. 2004.Defects in nuclear structure and
function promote dilated cardiomyopathy in lamin A/C–deficient mice. J. Clin. Investig. 113(3):357–69

382 Rosen • Yarmush



BE25CH15_Yarmush ARjats.cls May 22, 2023 17:25

101. Conboy MJ, Conboy IM, Rando TA. 2013. Heterochronic parabiosis: historical perspective and
methodological considerations for studies of aging and longevity. Aging Cell 12(3):525–30

102. Conboy IM, Conboy MJ, Wagers AJ, Girma ER, Weissman IL, et al. 2005. Rejuvenation of aged
progenitor cells by exposure to a young systemic environment.Nature 433(7027):760–64

103. CarlsonME,HsuM,Conboy IM. 2008. Imbalance between pSmad3 andNotch induces CDK inhibitors
in old muscle stem cells.Nature 454(7203):528–32

104. Sinha M, Jang YC, Oh J, Khong D, Wu EY, et al. 2014. Restoring systemic GDF11 levels reverses
age-related dysfunction in mouse skeletal muscle. Science 344(6184):649–52

105. Koellhoffer EC, Morales-Scheihing D, d’Aigle J, McCullough LD. 2017. Heterochronic parabiosis
reverses the epigenetic imbalance of the aged central nervous system. Stroke 48(Suppl. 1):AWP122

106. Koellhoffer EC, d’Aigle J, Morales-Scheihing D,McCullough LD. 2019. Circulating peripheral factors
induce age-related epigenetic changes in microglia which induces a primed phenotype. Stroke 50(Suppl.
1):A23

107. Villeda SA, Plambeck KE, Middeldorp J, Castellano JM, Mosher KI, et al. 2014. Young blood reverses
age-related impairments in cognitive function and synaptic plasticity in mice.Nat. Med. 20(6):659–63

108. YousefzadehMJ,Wilkinson JE,Hughes B,Gadela N,LadigesWC, et al. 2020.Heterochronic parabiosis
regulates the extent of cellular senescence in multiple tissues.Geroscience 42(3):951–61

109. Pálovics R, Keller A, SchaumN,TanW, Fehlmann T, et al. 2022.Molecular hallmarks of heterochronic
parabiosis at single-cell resolution.Nature 603(7900):309–14

110. Gonzalez-Armenta JL, Li N, Lee R-L, Lu B, Molina AJ. 2021. Heterochronic parabiosis: Old blood
induces changes in mitochondrial structure and function of young mice. J. Gerontol. A 76(3):434–39

111. Yang C, Liu Z-L,Wang J, Bu X-L,Wang Y-J, et al. 2021. Parabiosis modeling: protocol, application and
perspectives. Zool. Res. 42(3):253
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