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Abstract

Aging has largely been defined by analog measures of organ and organismal dysfunction. This 

has led to the characterization of aging processes at the molecular and cellular levels that underlie 

these gradual changes. However, current knowledge does not fully explain the growing body 

of data emerging from large epidemiological, systems biology, and single cell studies of entire 

organisms pointing to varied rates of aging between individuals (different functionality and 

lifespan), across lifespan (asynchronous aging), and within an organism at the tissue and organ 

levels (aging mosaicism). Here we consider these inhomogeneities in the broader context of the 

rate of aging and from the perspective of underlying cellular changes. These changes reflect 

genetic, environmental, and stochastic factors that cells integrate to adopt new homeostatic, albeit 

less functional, states, such as cellular senescence. In this sense, cellular aging can be viewed, 

at least in part, as a quantal process we refer to as “digital aging”. Nevertheless, analog declines 

of tissue dysfunction and organ failure with age could be the sum of underlying digital events. 

Importantly, cellular aging, digital or otherwise, is not uniform across time or space within the 

organism or between organisms of the same species. Certain tissues may exhibit earliest signs 

of cellular aging, acting as drivers for organismal aging as signals from those driver cells within 

those tissues may accelerate the aging of other cells locally or even systemically. Advanced 

methodologies at the systems level and at the single cell level are likely to continue to refine 

our understanding to the processes of how cells and tissues age and how the integration of those 

processes leads to the complexities of individual, organismal aging.

Introduction

Evolutionary theories of aging have sought to explain “why” we age, with concepts 

evolving over the decades from genetic and deterministic to more physiological and adaptive 

theories.1 Among the most widely accepted theories currently are those involving mutation 

accumulation, antagonistic pleiotropy and physiological trade-offs between the mortal soma 

and the immortal germline (Box 1).2,3,4 Such theories provide a basis for understanding 
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aging as a result of processes whose manifestations are subject to evolutionary selection 

for reasons other than aging traits themselves. However, these theories shed little light on 

variations of the rate of aging within individuals of a species (Figure 1). In this Perspective, 

we will discuss challenges to the studies of aging and recent findings that highlight features 

of organismal aging that pertain to how individuals rather than species age.

Throughout, we will refer to “aging” as the underlying processes that lead to the cellular, 

tissue, and organismal phenotypes associated with that phase of metazoan life known, in the 

vernacular, as “old age”. Specifically, these manifestations are the hallmark of that phase 

of life that follows the period of development and postnatal growth, that follows a period 

of relative homeostasis during adult life associated with reproductive maturity, and that is 

characterized primarily by a decline in structure and function. This third phase is the raison 

d’etre for the field of geroscience,5 and is also characterized in humans by a dramatic 

increase in incidence of age-related diseases, including cancer, cardiovascular diseases, and 

neurodegenerative diseases. Although the manifestations of aging are a feature of later life, 

their underlying cellular and molecular bases certainly begin earlier and, arguably, at least 

for some molecular changes, even during development.6 However, such molecular events 

can be identified as potential underpinnings of aging phenotypes only in retrospect, and all 

of these occur even in organisms with negligible senescence.7 As such, no unified theory 

of the molecular basis of cellular aging has emerged, primarily because of the myriad and 

interacting contributions,8 and we do not attempt to define “aging”, its potential causes, or 

when the underlying changes begin (Box 2). We focus primarily on how the manifestations 

of aging, at the organismal level, reflect variants in the rate of tissue aging across space 

and time, and how they may arise from features of cellular aging that might not have been 

predicted from first principles.

Lifespan versus aging

One of the reasons for a limited understanding of the determinants of individual aging 

is that the broader research field of aging and longevity has relied heavily on studies in 

model organisms in which lifespan, and not aging itself, has been the predominant focus 

and primary benchmark. Studies of the determinants of lifespan within a species have 

been highly productive because of the numerous available short-lived model systems,9,10 

as well as the relative ease of the assay, namely counting the number of animals that are 

alive versus the number that are dead. This has led to a growing list of genes, drugs, and 

environmental factors (including diet) that can influence median and maximal lifespan of 

certain species.11,12,13

By contrast, the identification of the determinants that lead to an acceleration of aging in one 

member of a species and the slowing of aging in another has proved to be more challenging. 

While lifespan is a measure that incorporates the impacts of aging, the determinants of 

longevity are distinct from those that influence the rate at which an organism ages.14 

Furthermore, lifespan studies are conducted in laboratory settings that allow for prolonged 

periods of “protected aging”,15 just as human societies do, thereby masking many increased 

risks of dying as a result of functional declines with age that would be evident in the wild. 

Therefore, it is possible for measured lifespan to be uncoupled, at least to a large extent, 
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from the consequences of aging – recording of the death of a person provides no information 

as to how functional that person was over the previous decades. While there is clearly an 

interrelationship between aging and longevity, they are not inextricably linked.16 Evidence 

in C. elegans has provided support for this idea by demonstrating that genetic interventions 

that extend lifespan may do so without comparably altering the relevant aging phenotypes.17 

As such, it is imperative that quantitative measures of aging itself be increasingly used 

– so called biomarkers – in order to understand the complex processes that underlie the 

manifestations of organismal aging. In addition, quantitative measures of aging will allow 

more rapid study of interventions to slow the rate of aging of long-lived species, including 

humans, in which longevity studies are extraordinarily difficult and expensive. This, then, 

leads to the concept of the rate of aging.

Rates of aging

Studies of the rate of aging have been entwined with the study of variations in lifespan 

across species. The notion of differences of rates of aging among species is related to the 

“rate of living” theory of aging, which posits that the maximal lifespan of a species is 

determined, inversely, by its metabolic rate.18 According to this theory, species with high 

metabolic rate age rapidly and die sooner, whereas species with low metabolic rate age 

more slowly and die later. While generally correlated, there are many exceptions, notably 

flying species, such as birds and bats, and a wide variety of eusocial animals. Within the 

animal kingdom, maximal lifespans vary by more than five orders of magnitude,19 with 

the current world-record holder being a 507-year-old quahog clam.20 Assuming that nearly 

all animals in a protected environment will age before dying, it is almost tautological that 

members of a species whose maximal lifespan is 100 days age more rapidly than those from 

a species whose maximal lifespan is 100 years. By contrast, comparisons of rates of aging 

among individuals within a given species shine a light on variations that are independent 

of the maximal lifespan, and the genetic determinants thereof, of that species. Within any 

given species, there will be individuals that age more rapidly and those that age more 

slowly. In humans, this is brought into sharp relief in older populations. For example, among 

centenarians, for whom a main focus has been their relative propensity to avoid diseases 

of aging and age-related declines, there is a tremendous variability in functional status.21 

Furthermore, even for genetically identical organisms maintained in identical environments, 

there remains a large variability of aging trajectories (presumably related to different rates 

of aging) as determined by lifespan.22 Identifying which factors (especially if not genetic 

and not environmental) determine individual rates of aging remains a major challenge to the 

field. However, equally interesting and provocative is the question as to whether there are 

different rates of aging within a single individual, and what factors determine those rates 

(Figure 1). We will expand on these questions below.

At the level of an individual, a rate of aging can be determined by the rate of change of 

virtually any anatomic structure or physiological process (e.g., bone density, renal function, 

etc., for humans), as there are almost no aspects of anatomy or physiology that do not 

exhibit declines as an individual ages.23 It is from such observations that the notion 

of biological age as opposed to chronological age emerges – measurement of any such 

biomarker can identify an individual as being either biologically older or younger than the 
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mean for members of the species of the same chronological age. Clearly, readily obtainable 

physiological measures or molecular biomarkers are essential to studies of biological age. 

A vast number of biomarkers, ranging from DNA methylation,24,25 to telomere length,26,27 

to plasma protein composition,28 to facial morphologies,29 have been used to calculate 

biological age. Of course, any one of these measures produces a snapshot, whereas it is the 

changes of these biomarkers over time that reveal trajectories and rates of aging. With such 

measures of age-related changes, composite scores can be generated to provide an overall 

rate of organismal aging to predict, for example, health trajectory or life expectancy.

Based on the idea that measuring changes in biomarkers from one age to another allows 

for the calculation of a rate of aging, there are several key aspects to those measurements 

that will determine how relevant that calculated rate is for members of a species. A central 

feature is the definition of the starting point. It is essential to know that the biomarker is 

no longer changing along the trajectory of development and growth but has reached some 

steady state as a starting point, particularly when only two ages are used to assess the rate 

of change. As a trivial example, if height were used as a biomarker in humans, a starting 

point of age 5 would lead to the erroneous conclusion, regardless of what endpoint was used, 

that height increases during aging whereas we know that height in fact decreases over the 

decades of old age. This point highlights a second key aspect of measurements of rates of 

change of biomarkers, and that is that the accuracy of the rate, and especially changes in 

rate, will increase as the number of longitudinal measurements increase. In fact, as discussed 

below, some of the recent findings that shed light on unexpected temporal patterns of aging 

were discerned only because of multiple, serial biomarker measurements. Finally, caution 

should be exercised using biomarkers measured immediately prior to death, particularly in 

humans, because of the many confounding aspects of comorbidities that might yield highly 

variable results and thus skew trajectories.

Variations in the rate of aging in an individual across time and space

Using serial changes in biomarkers, whether molecular, anatomical, or physiological, allows 

for a definition of a rate of aging for an individual. This also allows for an assessment of 

whether that rate of aging is constant over time, or at least monotonic. In general, the decline 

of tissue function is commonly illustrated as gradual and steady,23 perhaps with a more rapid 

decline toward the end of life. However, is this how aging actually proceeds? Ultrastructural 

studies in C. elegans almost two decades ago hinted that it might not.30 The authors noted 

not only vastly different rates of aging of tissues and cells in individual worms, which 

they ascribed largely to stochastic events, but the onset of degenerative changes was neither 

linear nor synchronized. Mathematical modeling of longevity curves in flies also suggest at 

least 2 phases of aging with a sharp transition in between states characterized by intestinal 

degeneration.31 This discontinuous behavior of aging is becoming clearly evident in recent 

large-scale “omics” studies in mice and humans. Transcriptional changes in 17 organs across 

10 ages from neonatal to 30-month-old-mice show very different trajectories of aging with 

varied onset and amplitudes of changes.32 In humans, a meta-analysis of >300 brains and 17 

brain regions showed broad non-linear changes in gene expression which varied across brain 

regions with age.33 Similarly, DNA methylation, which shows a remarkable correlation 

with aging across species, was reported to be 24 times faster during the first few years 
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of life compared to after puberty.34 Inflection points in DNA methylation indicative of 

non-monotonous changes were also observed in a 20-year follow-up Swedish aging cohort 

of 845 individuals around ages 70 and 85.35 A recent study of some 3,000 proteins in 

blood of over 4,000 healthy people concluded that markers of aging do not in fact suggest 

at monotonic aging process, but instead show periods of accelerated change and periods 

of slower change.28 Peripheral blood mononuclear cells exhibit two distinct peaks of rapid 

epigenomic changes in humans, one around 40 years of age and another around 60–70 years 

of age.36 Likewise, a longitudinal study of the transcriptome and DNA methylation state of 

skin in 121 humans between 21 and 76 years of age revealed 4 distinct “phases of aging” 

highlighted by the activity of different biological processes.37 Interestingly, functional 

MRI measurements of brain connectivity seem to support these asynchronous molecular 

measurements, showing non-linear changes and transition points around ages 40 and 70–75 

years of age.38

In addition to these variations in rates of organismal aging over time, the above studies 

also provide clear evidence for the lack of uniformity of underlying aging process across 

space, namely among tissues in an individual (Figure 2). Undoubtedly, for any given species, 

there are certain tissues and organs whose functions decline earliest and most rapidly. For 

example, in humans the cardiovascular system exhibits a much greater functional decline 

with age than the gastrointestinal system,23 at least based on physiological parameters 

measured, as noted above, on absolute scales. In Drosophila, dysfunction of the gut and 

skeletal muscle appear to be primary drivers of aging and mortality.39,40,41,42 As mentioned 

above, transcriptomic studies strongly agree that tissues, organs, and even sub-regions within 

an organ such as the brain age at different rates.32,33 This is consistent with findings 

from studies in rats of organ-specific changes in transcriptome and proteome with age.43 

In addition, tissues within human and mouse individuals show unique DNA methylation 

rates.34,25. Thus, spatially, there is clear heterogeneity of aging rates among tissues, and 

the aging of members of one species may be driven by functional loss of tissues that are 

different from those in another species. However, is it the case that, within a species, the 

relative rates of aging of different tissues and organs are the same from one individual 

to another? In one pioneering human study, a multi-omics analysis of aging biomarkers 

suggested that different individuals manifest different “ageotypes”, meaning that the tissue 

that ages most rapidly differs from one person to another.44 Therefore, for any given species, 

although there may be certain organs and tissues that tend to be the most susceptible to 

functional decline with age, which is the actual driver of organismal aging for any given 

member of that species is highly variable.

If the most rapidly aging tissues are the main drivers of organismal aging, then it naturally 

begs the question as to what are intrinsic changes to the cellular and extracellular matrix 

constituents that drive the aging of those tissues. Within any tissue, changes in the cellular 

composition could be a result of changes in proportions of resident cells (such as, for 

example, an increase in the proportion of fibroblasts or resident macrophages) or to intrinsic 

changes to subpopulations without any change in cellular proportions. Analysis of bulk 

populations of cells may fail to reveal such a distinction, but single cell analysis has the 

potential to reveal the relative contribution of these two distinct, but of course not mutually 

exclusive, processes of tissue aging. In a groundbreaking single cell study, RNA isolated 
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from individual cardiomyocytes of young and old mice showed broad mosaicism in gene 

expression among cells within individual mice and increased differences in expression 

between cells.45. Isotope-based dating of DNA and protein at the ultrastructural level in 

various tissues in mice revealed extensive cellular mosaicism within aging tissues.46 Cells of 

the same type have vastly different ages based on DNA dating (including postmitotic cells), 

some as old as the animal, and subcellular structures within individual neurons or pancreatic 

beta cells have different ages based on protein dating. These observations are supported by a 

rapidly growing number of single cell RNA sequencing studies showing greater cell-to-cell 

variability in gene expression in human T cells and pancreatic cells, as well as differences 

in cellular mutation rates with age.47,48 A recent mouse aging cell atlas (Tabula muris senis) 

further underlines this finding across 23 tissues and organs.49 In addition, the atlas, as well 

as the related tissue RNA bulk study,32 demonstrate a change of composition of the cellular 

constituents. Notably, multiple tissues exhibited an increase in the numbers and percentages 

of pro-inflammatory immune cells as a function of age, a conclusion independently drawn in 

single cell transcriptomic surveys of 7 tissues in aging rats and 3 tissues in aging mice.50,51

Digital aging versus analog aging

With regard to intrinsic changes to cells as a driver of tissue aging, a particular cell type 

in a tissue could change gradually over time in a process of “analog” aging, analogous to 

how we characterize organismal aging. Indeed, in the scRNA-Seq study mentioned above, 

parenchymal cells in multiple tissues exhibited progressive changes in gene expression with 

age.49 However, at the cellular level, the possibility of a certain amount “digital aging” needs 

also to be considered, digital in the sense of discrimination by discrete units, not necessarily 

binary units (Figure 3). Whereas the progression of tissue aging suggests an analog process 

with such measures as physiological function, gene expression levels, and protein aggregates 

changing gradually, we know that there are at least some discrete state transitions of cells in 

a tissue that can underlie this apparent analog decline. For example, for the thymus, heart, 

and other tissues,52,53 there a progressive decline in cell number with age due to apoptotic 

cell death. The death of a cell can be considered one such digital readout – cells are either 

alive or dead. Likewise, cellular senescence is another digital cellular state in the sense that 

cells can be classified by various markers as being either senescent or non-senescent.54 The 

extent to which the age-dependent phenotype of a tissue is due to the burden of senescent 

cells provides for another example of a gradual processes being determined by the relative 

levels of cells in one state or another. Indeed, based on scRNA-Seq data, the proportion of 

cells expressing the senescence marker p16 more than doubled in a number of tissues of 

old mice compared to young mice in multiple tissues of mouse.49 None of these transitions 

occurs instantaneously, and there are clearly intermediate states. Nevertheless, such cellular 

states are routinely determined as discrete and quantal rather than continuous. Even in the 

case of senescence where multiple different senescent states have been defined,55 they are 

still modeled as discrete. With this model taken to its extreme, the analog decline of the 

function of a tissue can be modeled as a result of the gradual accumulation of cells that 

have transitioned from a functional to one or more dysfunctional states. Further single cell 

studies will clearly delineate the relative contribution of analog versus digital cellular aging 

as drivers of tissue aging.
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This notion of aging by quantal steps can clearly be extended to the subcellular world 

to explore proximal causes of age-related changes in cellular phenotypes. Proteins can be 

appropriately folded or mis-folded; RNA can be correctly spliced or mis-spliced; DNA can 

have single base changes. The extent to which cellular aging is due to digital versus analog 

changes at the molecular level is certain to depend of which cellular phenotype is under 

consideration in the same way that different tissues may exhibit age-related changes as a 

result of digital cellular aging to different degrees.

Likewise, it will be interesting to consider whether interventions that extend lifespan or 

healthspan act by shifting the balance between digital states at the cellular level. As an 

example, senolytic therapy is clearly aimed to enhance healthspan by cells in a particular 

state, not all cells in an aged tissue.56 Aging is associated with changes in the population 

of immune cells infiltrates,51 and caloric restriction can reverse those trends.50 This is not 

an effect on the aging states of the parenchymal cells but certainly results in age-related 

changes at the tissue level as a consequence of cell composition. Whereas transcriptional 

signature changes that are common among various lifespan extension interventions,57 

it remains to be determined by single cell analysis whether these changes reflect cell 

composition changes of a tissue as opposed to distributed gene expression changes among 

resident cells.

Is aging contagious?

Given the complex heterogeneities of cell and tissue aging in any single individual and the 

notion of the most rapidly aging tissues being the driver of the aging of that organism, do 

those more rapidly aging tissues accelerate the aging of other tissues in the body? Does 

the aging of one cell affect the age of another cell? Is aging contagious? The notion of the 

aging process “spreading” from one cell to another is highlighted, again, by the field of 

cellular senescence. The secretome of senescent cells has been shown to induce senescence 

of neighboring cells.58 In that sense, there can be cellular leaders that accelerate aging of 

other cells in the tissue.

The notion of cell-to-cell spreading of cellular dysfunction is of course not limited to 

the biology of senescence. This is becoming an increasingly recognized phenomenon in 

the pathogenesis of neurodegenerative diseases.59 In many diseases, including Alzheimer’s 

disease, Huntington’s disease, and Parkinson’s disease, a cardinal feature of the pathology 

is intracellular aggregation of proteins. While seemingly a cell-intrinsic phenomenon, one 

of the curious features of the pathology of these diseases is the apparent spread of the 

cellular abnormalities to anatomically connected brain regions. The general concept of this 

kind of spreading proteinopathy from one cell to another, locally, arise from the biology of 

prions and prion diseases.60 Of course, some prions are truly contagious, in the sense of 

being transmissible between individuals or across species, but the spread within the central 

nervous system of an individual suggests cell-to-cell spread.61 As with senescence, this 

phenomenon could represent the conversion of cells from one state (free from aggregates) 

to another (aggregate-laden) since protein aggregation can be self-propagating. As protein 

aggregation is one of the key features of cellular aging, it is intriguing to consider the 

possibility of aged cells achieving a sufficiently dysfunctional state as a result of protein 
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aggregation, then conferring an “aging signal” to nearby cells through non-cell autonomous 

regulation of proteostasis.62

If aging is indeed contagious, is the spread restricted to neighboring cells or might it spread 

to distant tissues via the systemic circulation? Based on early work from our laboratories 

that ushered in a new era of the use of the technique of parabiosis in aging research, it 

is clear that systemic factors originating from distant tissues in the body are able to either 

promote or reverse cell and tissue aging phenotypes.63,64,65 These findings, as well as 

many follow up studies,66,67,68 including the demonstration that plasma infusions alone are 

sufficient to exert these effects,65,69 have unequivocally demonstrated that factors in the 

blood are able to communicate information from one or more source tissues to other tissues 

throughout the body. These could potentially accelerate, delay, or even reverse the rate of 

aging of other tissues in the body. Indeed, single cell RNAseq studies of brain endothelial 

cell aging showed that infusion of aged plasma can accelerate while young plasma can 

reverse aging as a function of the transcriptome.70 These studies highlight the fact that 

cellular aging does not occur independently of influences that are both local and systemic.

Aging and disease: Chicken and egg?

Together, these finding highlight another emerging concept in aging research. It has long 

been known that the major risk factor for the vast majority of chronic diseases is age 

itself.71 Without a doubt, the aging process renders cells and tissues more susceptible to 

the pathophysiological processes that underlie these diseases. However, the data of the 

acceleration of aging by blood-borne factors also leads to the converse question: Is having a 

chronic disease a major risk factor for accelerated aging? That is, are diseases risk factors for 

aging? As a disease engulfs a tissue, it is likely to lead to local and systemic changes that, 

themselves, may promote dysfunction on neighboring and distant cells. Epidemiological 

data does suggest that individuals with various chronic diseases such as cancer, diabetes, 

and HIV/AIDS are more likely to develop co-morbidities later in life,72,73,74 consistent with 

the notion that one disease (or its treatment) may accelerate aging processes more generally, 

thus rendering individuals more susceptible to other diseases, just as aging itself does. In this 

sense, and related to the notion of the spread of aging described above, aging begets aging. 

How this process is modulated within tissues and across tissues to prevent an exponential 

increase in the rate of aging over time may also relate to the ability of cells to adopt new, 

relatively stable homeostatic states even in the face of extrinsic stresses.

Targeting cellular and tissue drivers of organismal aging, or their means of spreading their 

aging messages to nearby and distant cells and tissues, holds the promise of extending 

healthspan by slowing the overall rate of aging. If successful, this would not only slow 

the structural and functional declines that are the quintessential features of the organismal 

aging, but also would reduce the incidence of age-related diseases. Pharmacologic and 

dietary interventions that extend lifespan in model organisms and may do so by slowing 

aging rates are increasingly being developed for testing in humans.75 However, it is likely 

that, for humans, a considerable degree of personalized approaches will be necessary. Even 

among highly genetically similar strains of yeast or mice, dietary restriction is equally 

likely to shorten lifespan as to extend lifespan.76,77,78 A more thorough understanding 
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of the molecular processes of aging, the cellular basis of tissue aging, and the local and 

systemic communication networks that can accelerate or decelerate the rate of aging will 

certainly increase the number and diversity interventions to extend healthspan. Furthermore, 

the ability of interventions not only to slow the rate of aging but actually to rejuvenate cells 

and tissues seemingly by reversing aging processes expands the spectrum of healthspan-

promoting treatments.79,80,81,82,83 Coupled with technological advances to measure aging 

phenotypes and rates of aging at the cellular, tissue, and organismal levels, this will also 

likely increase the pace of the translation from the laboratory to the clinic.

Conclusion

As the number of distinct measures and biomarkers of aging increases and as the 

technologies to quantify them develop, the picture that emerges of the patterns of aging 

will continue to become increasingly more complex. Clearly, these temporal patterns cannot 

be discerned from lifespan studies and distinct patterns of aging among different tissues 

(as illustrated in Figure 1) cannot be discerned from samples of whole model organisms. 

Likewise, individual patterns of aging cannot be understood from pooled samples. We posit 

that the increased complexity that has and will continue to emerge will redirect attention 

away from singular and linear “causes” of aging and toward a more unified model of both 

intrinsic (e.g., oxidative damage, protein aggregation, genomic instability) and extrinsic (e.g. 

inflammation, hypoxia, nutritional deprivation) stresses impinging on cells whose responses 

are dictated by genetically determined homeostatic response. Such a model provides a 

framework for incorporating findings that highlight phenotypes of aging that deviate from 

models of uniform and synchronized processes throughout an organism.
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Box 1: Evolutionary Theories of Aging

As the renowned geneticist and Neo-Darwinian evolutionary theorist, Theodosius 

Dobzhansky, noted by the title of his 1973 essay, “Nothing in biology makes sense 

except in the light of evolution.”84 This is particularly germane to the biology of aging 

since all modern evolutionary theories of aging begin by positing that aging traits are 

largely if not entirely outside of evolutionary selective pressure. This is based on the 

principle that the forces of natural selection diminish with age because of the myriad 

of causes of extrinsic mortality in the wild. Thus, the challenge has been to ascribe the 

features of aging to evolutionary processes that could, at least in theory, account for their 

existence. Early theories centered around the idea that aging is genetically programmed 

and that aging is somehow adaptive for the species. This notion has been increasingly 

discounted as evidence has failed to provide support and as subsequent theories have 

suggested plausible accounts for aging phenotypes based upon processes that are under 

the influence of natural selection and those that are not.

The “mutation accumulation theory”, attributed to Medawar,2 postulates that mutations 

accumulate in the germline over generations, mutations that are largely if not entirely 

insignificant during development, growth, and early adulthood (and thus outside 

of evolutionary selection) but which manifest themselves as deleterious in the post-

reproductive period. This theory posits that the expression of these deleterious genes 

either increases with age or is switched on later in life. To date, few examples have been 

reported that support this pattern. In some senses, the “antagonistic pleiotropy” theory of 

Williams expands upon this idea of late-life deleterious effects of gene expression,3 but 

posits that there is no increase over time or switch later in life because the expression of 

these genes early in life has actually been selected for based on their beneficial effects. 

Hence, the pleiotropy is the different traits in early and late life, and the antagonism 

is the beneficial versus detrimental effects of those traits. Williams himself proposed 

a theoretical example: a mutation may favor calcification of bone during development 

but in a different “somatic environment” (i.e., the aged soma) leads to calcification of 

the connective tissues of arteries. The “disposable soma” theory of Kirkwood takes a 

more physiological perspective to propose that an organism is able to shift allocation 

of its own resources to either reproduction or to processes that maintain the soma (e.g., 

growth, homeostasis, nutrient storage, etc.).4 In that sense, it is not a purely genetic 

theory as those that came before and does not invoke genomic mutations or the effects 

of specific alleles to explain cell and tissue senescence. While previous theories certainly 

set aside the germline as a specific case separate from the soma in terms of aging, the 

disposable soma theory directly incorporates the germline as a critical component of the 

equation about allocation of resources. The theory rests upon the notion of physiological 

trade-offs in the context of broader genetic programs that support somatic maintenance 

and the failure of those programs that accounts for aging phenotypes. This failure 

varies from species to species depending upon the environment and the need to allocate 

resources to the soma versus the germline. Of course, these are all theories that will 

evolve with increasing evidence and further understanding of the relationship between 
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genetic programs, the response of those programs to environmental influences, and the 

susceptibility to functional decline in later life that we recognize as aging.
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Box 2: What is Aging?

Few questions evoke greater debate and disagreement in the field of the biology of aging 

than “What is aging”. This is followed closely in terms of contentiousness by the highly 

related questions, “What causes aging?” and “When does aging begin?” For the purposes 

of this Perspective, we have chosen to focus on phenotypes of aging as enumerated in 

the text. But is this aging? This is a semantic issue, but a central one. For example, 

is Alzheimer’s disease the clinical syndrome of dementia, or is Alzheimer’s disease 

the pathology of amyloid plaques and neurofibrillary tangles? Clearly it is possible to 

have a syndrome of dementia without these specific pathological changes, and clearly 

there can be widespread pathology without the clinical syndrome. As such, for sporadic 

Alzheimer’s disease (unlike the rare genetic forms), the “cause” and the “onset” remain 

enigmatic. For aging, the definition is even more problematic, and answers to questions 

about cause and onset are even more elusive for one simple reason – aging is universal 

(or nearly so).

Clearly, phenotypes of aging arise as a result of underlying molecular processes, but 

unlike genetic diseases that are unequivocally due to genetic mutations, there is no 

obvious or comparable starting point. Rather, we consider the processes that lead to 

cellular aging phenotypes to be ones of system failures, failures that can arise from 

dysfunction of diverse and interconnected organelles and other subcellular structures, 

which in turn can arise from diverse and interconnected molecular defects at the levels 

of DNA, RNA, protein, and metabolites. This perspective maps onto the notion of 

interacting “layers” of aging that has been proposed.85 The identification of proximal 

causes of aging phenotypes is tractable. The search for “the cause” of aging is akin to 

the search for the beginning of a circle. The search for “the inception” of aging is akin to 

the search for the onset of homeostasis. So, we have taken the easy way out and avoided 

these questions (for now)
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Figure 1. Lifespan as an integration of rates of aging at multiple levels.
Graphical representation of rates of aging with boxes representing aging in individual 

cells, organs, and persons. Cellular stress results in distinct homeostatic cellular states. 

These “digital” cellular states (as described later in the text) are integrated to give rise to 

distinct rates of aging across organs, ultimately leading to analog functional readouts that 

differ among organs and thus among individuals. The x-axis represents time/age, the y-axis 

magnitude of change for a given box.
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Figure 2: Asynchronous aging of different tissues and organs.
Differential rates of aging at the cellular level lead to organ aging at different rates and at 

different stages of life. Aging may start early in life in every tissue but, different tissues 

may age faster than other. The different rates of aging between tissues depicted here for 

illustrative purposes are based on transcriptomic changes across 17 organs in aging mice as 

described recently (Schaum, Lehallier, Hahn et al., Nature 2020).
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Figure 3. Digital aging.
Cells from the same organ, born at the same time, show distinct temporal patterns 

of functional decline. These functional changes can be viewed as occurring in digital 

steps corresponding to discreet states of dysfunction (blue, yellow), resulting in different 

homeostatic organ states over time. Cells do not necessarily have to follow the same 

sequences of digital steps and acquire the same levels of dysfunction before they die, shown 

here as the adoption of brown, apoptotic features.
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