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Abstract

Aging is driven by unavoidable entropic forces, physicochemical in nature, that damage the raw 

materials that constitute biological systems. Single cells experience and respond to stochastic 

physicochemical insults that occur either to the cells themselves or to their microenvironment, in a 

dynamic and reciprocal manner, leading to increased age-related cell-to-cell variation. We will 

discuss the biological mechanisms that integrate cell-to-cell variation across tissues resulting in 

stereotypical phenotypes of age.

Introduction

Aging - defined here as the time-correlated functional decline of biological systems - is a 

nearly universal phenomenon across somatic life. Virtually all known life, be it nematode, 

fish, or human, has an expiration date, which can vary greatly between even closely related 

species. Aging is perhaps the archetype of inevitably. At first, it might seem just another 

consequence of entropy: rooms get messy, appliances break, and the march of time grinds 

even mountains to dust. Increased entropy is inevitable (systems tend towards disorder), 

therefore biological systems are the embodiment of fighting entropy (negative entropy). 

Schrödinger described over 70 years ago how life consumes free energy, permitting living 

systems to locally reduce entropy and, at least in principle, avoid otherwise inevitable 

disorder. The biological manifestations of aging, and the apparent rates of aging, are 

heritable and reflect the variation and effectiveness with which different biological systems 

are negative entropy machines.

Aging results in a number of stereotypical states that are observable at the level of the 

organism. In humans, these states include wrinkles and spots in skin, graying hair, loss of 

muscle mass, general physiological and cognitive decline, and increased frailty. 

Stereotypical changes observed at the tissue level, such as changes in cellular composition 

(e.g. more adipose cells and less epithelia in breast or more granulocytes in blood) and 

changes in the extracellular matrix[1,2] likely underlie the more easily observed 

physiological changes. However, at the level of single cells, aging is associated with 

increased variation in molecular phenotypes. Thus, on the level of cells, the effects and 
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phenotypes of aging are less predictable than in the tissues they comprise. Perhaps 

dysfunction of tissues with age results from the integration of many parts that are each 

broken in a different way. Here, we attempt to codify how cellular responses to entropic 

forces result in the stereotypical tissue-level changes that are characteristic of aging.

Entropic Drivers of Aging

The universality of degenerative aging implies that whatever processes drive aging should be 

universal as well. We suggest that the most upstream drivers of biological aging are 

physicochemical processes that are ubiquitous to life as we know it.

1) Oxidation, especially by oxidizing by-products of aerobic metabolism, such as 

the hydroxyl radical[3].

2) Ionizing radiation, both intrinsic, such as radioactive decay of cellular 

constituents, and extrinsic, such as radon gas or cosmic rays[4,5].

3) Spontaneous (de)methylation, triggered by endogenous agents such as s-

adenosylmethionine[6] or nitroso compounds[7]. In particular, spontaneous 5-

methylcytosine methylation[8] and demethylation[9] are relevant to humans.

4) The Amadori and Heyns reactions, causing glycative reactions between 

carbonyls and amines[10].

5) An honorable mention to ultraviolet light, which causes thymidine dimerization 

and photolysis, especially in skin[11]. However, this is not truly universal, being 

avoided by marine life, troglodytes, and nocturnal animals.

6) An honorable mention to peptide racemization, which sometimes changes 

protein structure[12]. This occurs slowly but measurably in humans[13], but 

functional consequences have not been demonstrated in long-lived proteins.

7) An honorable mention to carbamylation, an adduct-forming reaction between 

proteins and urea derivatives[14]. However, the research connecting 

carbamylation and aging is still in a fledgling state.

These entropic processes act as primary drivers of aging in the absence of countervailing 

biological forces (Figure 1a). Irreversible processes like glycation and ionizing radiation 

should cause reaction products to accumulate with age. On the other hand, reversible 

processes like methylation should cause motion towards an equilibrium. In either case, these 

primary drivers damage the molecular constituents of cells, causing cellular effects that 

ultimately lead to aging-associated degenerate outcomes in the organism.

Biological systems can, to varying degrees, repair the physicochemical insults of aging. 

DNA and a small subset of low-turnover proteins have half-lives longer than months[15,16] 

and are important substrates for physicochemical aging. The suite of DNA repair proteins is 

a subject of active investigation, and most common insults to DNA, such as 8-oxo-guanine 

formation or depurination, have known repair pathways. Similarly, damaged proteins are 

subject to autophagy and proteasomal degradation, and indirect evidence suggests that 

specific enzymes catalyze the repair of specific protein adducts[17]. Even if the forward 
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rates of physicochemical damage are constant, variability in these reverse repair rates would 

be sufficient to cause variability in aging rates.

Assuming that repair mechanisms themselves also are subject to the physicochemical forces 

of aging, this model predicts that the apparent rate of aging will accelerate with age (Figure 

1b). The ever-increasing gulf between the constant damaging forces and the diminishing 

repair forces would produce an acceleration analogous to the kinematic trajectory of a 

falling object. In reality, this is almost certainly complicated by various biological 

feedbacks. However, evidence in the literature is consistent with the linear accumulation of 

molecular defects such as oxidized DNA[18] and the superlinear accumulation of 

organismal damage, as seen in the seemingly exponential hazard function for human 

mortality[19].

The degenerative effects of aging do not appear to affect species at a multigenerational scale 

- only individuals age. Although degenerative aging of individual organisms is an all-but-

universal observation in biology, species themselves do not degenerate - i.e., children are not 

degenerate relative to their parents. Various processes may contribute to this, including high 

activity of repair processes in the germ line. For instance, in C.elegans, oxidative damage to 

the germ line disappears during gamete maturation[20], apparently due to transiently 

elevated protein turnover. Furthermore, the mutation rate in human gametes appears to be 

two orders of magnitude lower than the mutation rate in human somatic cells[21]. This 

evidence supports the conclusion that, at least in specific cell lineages, organisms are able to 

negate the forward aging rate. In turn, this suggests variability in the aging rate across cell 

lineages within an individual.

Variability in Aging

One of the most striking aspects of aging is the wide range of variation observed. Across 

species, there are marked differences in aging rates even between closely related groups, e.g. 

compare the maximum lifespan of bowhead whales to minke whales (211 vs 50 years) or 

little brown bats to evening bats (34 vs 6 years)[22]. Within a species, differences in lifespan 

and healthspan also are apparent across populations. Regardless whether processes that drive 

aging are stochastic or deterministic, these processes converge into observable aging 

phenotypes that manifest in changes to tissue structure and function. Metastability is a 

physical concept, whereby an equilibrium state is stable for all intents and purposes, until 

acted upon by an external force. Aging may cause cells to transit across a continuum of 

metastable states, and these states may be maintained via epigenetic regulation[23]. In 

humans, aging is associated with changing DNA methylation states[24–26], and an 

‘epigenetic clock’ requiring only 353 CpG sites has been shown to provide a robust estimate 

of age across many tissue types[27]. These marked phenotypic and epigenetic changes in 

aged tissues can be preserved in primary culture and shifted by altering the 

microenvironment[28,29], providing evidence that these states are likely metastable.

A number of studies have investigated the relationship between aging and gene expression 

variance. In one twin study, the concentrations of serum cytokines, chemokines, growth 

factors, and the frequencies of 95 different immune cell subsets showed that non-heritable 
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influences dominated a majority of the observable variance, and that these measures became 

more variable with age[30]. Another twin study comprehensively measured gene expression 

in primary fat, skin, whole blood, and derived lymphoblastoid cell lines and found that over 

36% of the tested genes showed age-associated expression in at least one tissue[31]. While 

additive genetic effects explained more of the variance in gene expression than age, this 

study concluded that gene expression variance changes with age. Measurements from bulk 

tissues are complicated by the multiple cell types present, a problem that is addressable by 

lineage-specific studies. In a study of mammary epithelia across individuals, aging 

manifested as a loss of lineage fidelity between the two principal epithelial lineages[29], 

such that the magnitude of difference in expression between the two lineages decreases with 

age. What stands out from this population-level transcriptomic profile of human mammary 

cells is that cellular aging is not stereotyped across individuals - loss of lineage fidelity 

occurs at different magnitudes and in different sets of genes.

With the advent of single-cell-RNA sequencing (sc-RNA-seq), cell-to-cell transcriptional 

heterogeneity (Figure 2a) has been shown in cell populations previously considered 

homogenous (e.g mouse bone marrow[32], mouse T-cells[33], and human myoblasts[34]). 

Several factors underlie this observed heterogeneity, including the sub-population structure 

of lineages, and stratification of expression based on spatial localization and/or the timing of 

regulatory events and cyclical processes – e.g. cell and hormonal cycles and circadian 

rhythm (Figure 2d, top panel). A number of sc-RNA-seq studies suggest that some of these 

underlying processes themselves are likely subject to age-dependent changes. Hematopoietic 

stem cells (HSCs) in young and old mice were found to have age-dependent gene expression 

variability associated with older HSCs traversing the G1 phase faster than young HSCs[35]. 

HSCs also show age-dependent shifts in balance away from self-renewal and towards 

differentiation[35]. Lineage bias of HSCs also were shown to change with age towards an 

increase in platelets, possibly explaining compositional shifts in hematopoietic lineages seen 

during aging[36]. The magnitude of response of the genes that are crucial for activation in 

naïve CD4 T-cells was found to be age-dependent, with reduced activation in older mice and 

increased cell-to-cell transcriptional variability with age[37]. In a human cohort whose ages 

ranged across six decades, pancreatic cells had increased transcriptional variation in the 

older subjects independent of cell composition, and these cells underwent fate drift where 

fractions of α- and β-cells with atypic hormone expression increased with age[38]. Increases 

in transcriptional variability (Figure 2b) and in compositional variability, either via shift in 

lineage bias or fate drift (Figure 2c), and the loss of stratification via aberrant timing and/or 

spatial localization of expression (Figure 2d, bottom panel) with age illustrate how increases 

in molecular noise can lead to aberrant phenotypes and function.

Despite the cell-to-cell variability associated with aging, aging phenotypes at the macroscale 

are highly stereotyped. If robustness is an important characteristic of tissues[39], then 

healthy young cells should be able to compensate for perturbations and resist changes. Cells 

undergo cycles of proliferation and differentiation, and cells respond to cycles of systemic 

and local signaling that is dependent on each cell’s microenvironment. Therefore, cell-level 

gene-expression windows must be orchestrated among cells to produce dynamic and 

reciprocal population responses that allow proper tissue function. In coupled systems, as in 

gene networks, variability in expression could be viewed as evidence of a need for a 
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compensatory mechanism (e.g. like shock absorbers for biological systems) that allows cell 

populations to dampen perturbations. Variability also can cause aberrant function when the 

optimal dynamic range of the system is exceeded, potentially manifesting as functional 

decline that is perceivable as aging at the tissue level.

Metastability of Aging Phenotypes

The inevitably of physicochemical damage does not imply the irreversibility of said damage. 

However, there are plausible mechanisms by which aging processes exhibit ratcheting, 

enabling metastability.

First, several types of physicochemical aging damage are of a two-step nature: a fast 

reversible process coupled to a slow irreversible process. In the case of glycation, this is fast 

imine formation coupled to slow glycosylamine formation coupled to slower Amadori 

rearrangements and permanent advanced glycation end-product formation[10]. Given an 

irreversible chemical reaction, accumulation of products is inevitable. Second, cell division 

can perpetuate the damage caused by DNA lesions, essentially making them permanent. 

Third, stable changes occur within tissues, including senescence and the stiffening of aged 

ECM. Fourth, there are epigenetic modifications that cause durable changes to cell states. 

Across a number of tissues, DNA methylation has been shown to change with age, although 

it is unclear by what mechanisms[29,40–42].

Conceptually, epigenetic changes can be divided into two classes. First, epigenetic drift, the 

gradual accumulation of DNA methylation changes that leads to increased diversity and 

variation in DNA methylation, corresponds with increased age-associated variation of 

transcription[31]. Second, epigenetic shifts are directional DNA methylation states at 

specific sites that seem to be stereotyped and age-specific across individuals. For example, 

methylation and chromatin accessibility of the genome organizer SATB1 is negatively 

correlated with age in T-cells[41], and genes used in autophagy are hypermethylated in 

aging macrophages[43]. Currently, the directness of the relationship between epigenetic 

marks and transcriptional outputs is still unclear. It is also unclear to what extent one is the 

cause and the other is the effect, or indeed whether their relationship is reciprocal. 

Epigenetics are not limited to DNA methylation and also include histone modification and 

higher-order changes to chromatin structure and nuclear architecture[44]. Indeed, nuclear-

architecture-associated proteins such as CTCF likely reinforce these initial methylation 

changes[45].

The aging phenotype of a tissue results from many of these mechanisms of metastability 

working together. For example, physicochemical entropic drivers, like gamma radiation, will 

damage the raw materials used by cells, perhaps forcing cells to enter senescence. Senescent 

cells secrete molecules that cause chronic inflammatory states, which are a characteristic of 

aging (the so-called SASP)[46]. Mice engineered to kill senescent cells live longer and 

healthier lives compared to their wild-type cousins[47]. Muscle transplantation and 

parabiosis with young and old mice proved the existence of cell non-autonomous aging and 

provide excellent examples of aging as metastable states[48,49]. The SASP is an example of 

a cell non-autonomous means of spreading aging-states throughout a tissue. Other examples 
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of cell non-autonomous aging include age-related NFkB signaling in muscle fibers 

controlling the activity of satellite cells[50], intestinal cells signalling to neurons to 

propagate the health and longevity benefits of diet restriction[51,52], and epithelial cells in 

breast communicating age-states through a cell-cell contact-dependent mechanism[29]. The 

multiple ratcheting mechanisms of aging that are at work in tissues suggest aging may be 

irreversible. However, the involvement of multiple epigenetic mechanisms suggests some 

effects of aging may be preventable or malleable.

Conclusions

At the organismal level aging phenotypes appear stereotypical, but aging brings 

unpredictable and increasing variation at the single-cell level. Entropic forces act on the raw 

materials and building blocks of biological systems. However, biological systems are at odds 

with the notion of persistent and irreversible change because the molecular constituents are 

subject to continual renewal and repair. Cells manufacture the soluble factors, ECM 

scaffolds, and even the other cells that together comprise tissue microenvironments. They 

also produce the receptors required to interact with their microenvironment and the 

molecular machines needed to repair damage. Over time, as entropic forces alter the 

molecular constituents of cells, and cells in turn alter the microenvironment, cells exhibit a 

reciprocal response that alters the microenvironment further and changes how cells will 

respond to future perturbations (Figure 3). In a particular cell, if a physicochemical process 

alters a crucial repair or renewal mechanism, then the rate at which the cell resists the march 

of aging is forever altered. Thus, variation can arise in cells according to the distribution of 

damage to either the microenvironment or to the cells themselves.

The rate of aging, defined both by the accumulation of molecular insults and the rate at 

which cellular function and physiological frailty accumulates, is non-linear, accelerating 

with age over time[53]. Thus, biological systems subjected to vigorously applied entropic 

forces should show accelerated aging. Indeed, children who receive myeloablative treatment 

prior to bone marrow transplant, or who receive chemotherapy, exhibit physiological ages 

that are many years beyond their peers[54–56]. Another way to explain the outpacing of 

molecular aging markers by physiological aging is that, for every direct molecular insult, 

there will be cascading interconnected consequences. The robustness of a biological system 

itself may decrease as well. Given the interconnectedness of cells within an organism, it is 

reasonable to conclude that advanced aging phenotypes, or state changes such as senescence, 

within a minority of cells may accelerate aging in the majority population. A growing body 

of evidence supports the hypothesis that molecular noise and heterogeneity of cells increases 

as an organism ages. Given this, outlier cells, especially cells, such as stem cells and 

fibroblasts, that exert an outsize effect on their surrounding tissue are especially likely 

candidates for aging acceleration.
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Figure 1- Proposed causal chain of aging phenomena.
(a) A handful of distinct physicochemical drivers of aging, each antagonized by a biological 

repair mechanism, eventually leads to distinct cellular effects and shared degenerate 

outcomes. (b) Due to continually reduced effectiveness of the repair mechanisms, a constant 

level of physicochemical damage leads to an increasing quantity of cellular effects and an 

accelerating amount of degenerate outcomes.OGG1 repairs 8-oxoguanine[57], fructosamine 

3-kinase deglycates proteins[17], double-strand break (DSB) repair involves various 
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pathways[58], and TET1 and DNMT1 maintain methylation fidelity by acting on 

hemimethylated DNA[59].
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Figure 2- Proposed etiology of aging-associated transcriptional variability.
There are multiple routes to achieve age-associated variability among the cells that derive 

tissues. Hypothetical single-cell RNA sequencing shows heterogeneity of cell populations 

within a tissue. (a) Two hypothetical lineages each with a given frequency: L1=40% and 

L2=60% are depicted. At single cell resolution, one can observe multiple sub-populations of 

L2, e.g. L2–1 (6%), L2–2 (36%), and L2–3 (18%). Histograms of expression of Gene A of 

the bulk population and sub-populations shown in the top two panels. Dot-plot showing 

lineage-specific expression of Genes A and B are shown in the bottom panel. (b) Increased 
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transcriptional variability with age has been reported. A hypothetical example in shown 

whereby expression of Genes A and B in the L2 sub-populations increases in variance, 

leading to an apparent loss of lineage-specific expression with age. (c) Changes with age in 

the composition of lineages that comprise a tissue has been reported. Change in sub-

population frequency is shown with reduction of L2–2 (12%), and increases of L2–1 (18%) 

and L2–3 (30%) sub-populations with age. This could occur either via shift in lineage bias 

or by fate drift. (d) Loss of stratification with age is another hypothetical means of 

increasing transcriptional variability. Stratified expression of the original population in time 

and/or space is shown in the top panel. Loss of stratified expression with age is illustrated in 

bottom panel with half of L2–1 showing aberrant timing and/or spatial localization.
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Figure 3- Entropic forces drive transitions through metastable states within an aging biological 
system.
Over time, constant entropic forces act on molecular constituents, altering cells and 

extracellular matrix and ultimately evoking dynamic and reciprocal responses from the 

tissues. This, in turn, pushes cells through a series of metastable states of decreasing 

robustness and increasing frailty. This decreased robustness, combined with the stochastic 

nature of the entropic drivers, tends to increase cell-to-cell variability over time.
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