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Highlights 

• Changes in somatic environment is necessary for antagonistic pleiotropy (AP) 
• These changes may result from allometric growth, or ontogenetic niche shifts 
• Or from physiological differences between adult and juvenile life stages 
• Suppression of AP genes/traits in late life is one anti-aging strategy 
• Prevention or reversal of changes in the somatic environment is another strategy 

Abstract 

The antagonistic pleiotropy (AP) mechanism of aging was first proposed by G.C. Williams in 1957. 
However, practical application of this theory for the targeted search of longevity interventions has 
lagged, owing to a lack of clear understanding of the conditions under which the same gene or trait 
may have opposite effects on fitness in young versus old organisms. We propose that changes in the 
somatic environment may result from allometric growth, physiological differences between adult 
and juvenile life stages beyond those caused by aging, and ontogenetic niche shifts, and we provide 
well-documented examples of AP mechanisms corresponding to these conditions. We then test this 
understanding through testable predictions. Specifically, we demonstrate that (1) traits that have 
diverged the most between developmental stages contribute the most to aging; (2) organisms with 
negligible senescence exhibit minimal differences between adult and juvenile life stages; and (3) 
among taxonomically close organisms, stronger differences between adult and juvenile stages are 
associated with higher aging rates, while greater similarity is associated with lower aging rates. This 
understanding opens opportunities for the targeted identification of AP mechanisms based on the 
analysis of organisms’ developmental trajectories. Additionally, it suggests two potential approaches 
for mitigating AP: suppression of adverse genes or traits in late life, or prevention or reversal of 
alterations in the somatic environment that convert previously beneficial traits into detrimental ones. 

Keywords: development; trade-off; growth arrest; metamorphosis; allometry; ontogenic niche; 
mTOR 
 

1. Introductions 

The antagonistic pleiotropy (AP) mechanism of aging was first proposed by the prominent 
American evolutionary biologist, George C. Williams, in 1957 (Williams, 1957). According to his 
hypothesis, if the same gene/trait favors reproductive success at a younger age but leads to the 
deterioration of health later in life, natural selection will support this trait (Williams, 1957). As older 
organisms enter the “selection shadow” (Medawar, 1952) due to population numbers decreasing 
from external causes, this trait will be favored. Many lines of research from laboratory models 
(Austad and Hoffman, 2018a; Promislow, 1995; Wu et al., 2022) and population studies (Albin, 1988; 
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Carter and Nguyen, 2011; Lockwood et al., 2024) have demonstrated evidence supporting the AP 
theory of aging. Among them, AP provides an explanation for the sustained prevalence of many 
disease-associated alleles in the general population. For example, BRCA mutations are associated 
with an increased incidence of cancer mortality; however, they are not eliminated from the 
population due to the increased fertility of both male and female carriers (Kwiatkowski et al., 2015). 
Similarly, superior cognitive performance (Schultz and Nopoulos, 2025) and increased fecundity 
among carriers of the mutant huntingtin gene (Albin, 1988; Morton et al., 2019) at a young age result 
in persistence of Huntington’s Disease (HD) despite its deleterious nature. Aging-associated 
polygenic diseases, like coronary artery disease (Byars et al., 2017) or type 2 diabetes (Stern et al., 
2021), also follow the AP pattern. Many examples of antagonistic pleiotropic genes with their roles in 
aging-associated conditions, including cancer, cardiovascular disease, chronic obstructive 
pulmonary disease, and Alzheimer’s disease, were discussed in a recent review (Gems and Kern, 
2024). 

Although the role of AP in aging is now well established and supported by a significant amount 
of evidence (Austad and Hoffman, 2018b), the practical application of this theory for the targeted 
search of longevity interventions is lagging. We hypothesize that, at least partly, this is due to the 
lack of a clear understanding of conditions in which the same gene or trait may have opposite effects 
on fitness in young and old organisms. Presence of such genes is a basic assumption of the theory 
and was formulated by G.C. Williams as follows: “It is necessary to postulate genes that have 
opposite effects on fitness at different ages, or, more accurately, in different somatic environments” 
(p. 400) (Williams, 1957). The key term here is “different somatic environment”, as it is a necessary 
condition for AP to develop. However, we could not find any substantiative discussion of what may 
constitute “different somatic environments”. We assume, however, that this discussion is important 
as it may help to detect AP traits and to target our efforts for the development of anti-aging therapy. 
Additionally, this line of research may help generate falsifiable predictions from the AP theory to 
further test this evolutionary model of aging. 

2. Why Do Same Gene Have Opposite Effects on Fitness at Different Ages? 

2.1. Does AP Result from Aging? 

It was suggested that different somatic environments can only be a result of aging process itself, 
and AP hypothesis was criticized for the circular logic (Kirkwood and Holliday, 1979; Podlutsky, 
2019; Sacher, 1982). Although the explanation of aging by AP resulting from prior aging is indeed 
circular logic, we will try to demonstrate below that different somatic environments in young and 
old organisms may have a different nature than aging. 

2.2. AP Resulting from Allometric Growth 

G.C. Williams (Williams, 1957) proposed a hypothetical example of AP onset, where an allele 
favoring calcification of bone during development continues calcification of tissues later in life, 
leading to deleterious calcification of arteries. This model may refer to two different mechanisms of 
changes in somatic environments. In organisms with determinate growth, the activity of the gene 
following growth cessation may gain adversity as continuous calcification of tissues is no longer 
matching the needs of growing bones. In this case, the change in somatic environment is explained 
by the natural progression through physiologically different life stages (growing vs non-growing). 
This case of AP is considered in more detail in the next section. 

In organisms with indeterminate and isometric growth, continuous activity of the gene 
providing bone calcification will always meet the demand of growing bones, and this type of 
development will not favor AP formation. However, most organisms have allometric growth where 
different parts of the organism grow at different rates, leading to a change in body proportions over 
time. Thus, allometric growth, assuming constant activity of the gene responsible for calcification, 
may result in a mismatch between the demand of growing bones and the calcium supply. Although 
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the Williams’s example was entirely theoretical, in the real world, the mismatch between the 
mechanism of tissue calcification and allometric growth will result in a shortage of calcium, as the 
proportion of bone to soft tissue increases as the organism grows larger (Brianza et al., 2007; Lindstedt 
and Hoppeler, 2023). This example illustrates that AP resulting from changes in somatic 
environments caused by different mechanisms (e.g., growth arrest vs allometric growth) may have 
very different and even opposite physiological effects. 

Allometric scaling is most often used for the analysis of age-dependent changes in relation to 
body part sizes and shapes. It may be similarly applied to any physiological or molecular function, 
however (van Valkengoed et al., 2025). Thus, the mechanism of AP development due to allometric 
changes suggests that differences in the rates of growth and development in body parts and shapes 
as well as molecular, physiological, and behavioral functions, may result in gradual emergence of a 
mismatch between parts and functions, negatively affecting fitness of older organisms. 

AP resulting from allometry can be illustrated by gill-oxygen limitation theory (GOLT) which 
suggests that the respiratory surfaces (e.g., gills) of aquatic ectotherms, as two-dimensional 
structures, cannot keep up with the growth of their three-dimensional bodies. Hence, oxygen uptake 
at the gills limits aerobic metabolism and ultimately, growth and other processes that rely on the 
energy produced by aerobic metabolism (Bignami, 2010; Pauly, 2021; PAULY, 1981). Reduction of 
oxygen supply with growth affects almost every aspect of physiology and behavior, including 
decelerated growth, preference for lower temperatures (deepwater habitats), reduced activity, 
reduced food consumption and food conversion efficiency, transition from mostly oxidative to 
mostly glycolytic metabolism, and an increase in fat content, among others (Pauly, 2021). Although 
GOLT was predominantly developed and tested on fish models, it is applicable to many other aquatic 
organisms. For example, in the planktonic fresh-water crustacean, Daphnia, body size increases faster 
than surface area such that oxygen uptake through the body surface becomes limiting in large 
individuals (Coone et al., 2023). That allometry may result in a significant decline in activity and 
overall fitness in larger/older organisms, especially in hypoxic conditions (Michiyori, 1982). Thus, AP 
resulting from allometric relations between breathing surfaces and body volume may contribute to 
age/size-dependent health and fitness decline in water-breathing aquatic ectotherms. 

Another example of allometry-driven AP is a hypothesis of the conflict between operative and 
conservative subsystems of the organisms, which was proposed to describe growth-dependent 
physiological limits in terrestrial snails (Suvorov, 1999) and other organisms with spiral shells. 
Growth of many types of spiral shells is associated with faster increase in the internal shell volume 
(three-dimensional) than the shell aperture area (two-dimensional). As a result, older snails have a 
smaller ratio of aperture area to shell volume. Aperture area determines the size of cephalopodium 
(operative subsystem), which includes the head, foot, and all sensory organs, and is responsible for 
most interactions with the environment, including information gathering, locomotion, foraging, and 
reproductive behavior. The shell (conservative subsystem) provides protection to the visceral mass, 
and its protective properties increase with growth reducing risks of desiccation and/or predation. 
Thus, allometric growth ensures a transition from the initial dominance of the operative subsystem 
associated with higher locomotory activity, exploration, and foraging, to the dominance of the 
conservative subsystem associated with reduced locomotion and passive strategies of avoidance of 
adverse environmental influences (Suvorov, 2002). The described allometry sets a physiological 
growth limit beyond which a too-small cephalopodium cannot move a too-heavy shell efficiently 
enough to efficiently feed and avoid unfavorable conditions. It was suggested that many directions 
of evolution of terrestrial gastropods are driven by various attempts to resolve this conflict (Suvorov, 
2002). At the level of the individual organism, it is likely that the described allometry reduces 
organisms’ fitness with growth and contributes to their aging. 
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2.3. AP Resulting from Differences in Lifecycle Stages 

AP may have stronger grounds in organisms with biologically distinct life stages. For example, 
molecular mechanisms polished by natural selection to optimize the survival of a caterpillar may not 
be optimal for the fitness of a later-stage butterfly. Explanation of AP via differences in life stages 
directly matches Williams’s basic assumption, that pleiotropic genes have opposite effects on fitness 
in different somatic environments (Williams, 1957). Not surprisingly, to provide real (not 
hypothetical) examples of AP, he referred to several studies done with fruit flies – holometabolous 
insects characterized by drastic differences in life stages: egg, larvae, pupa, and imago. Many later 
studies on AP were also done on fruit flies (Everman and Morgan, 2018; Khazaeli and Curtsinger, 
2013; Leichter et al., 2025; Snoke and Promislow, 2003). 

It is important to mention here that the difference between two last life stages – the last juvenile 
stage and the adult stage may contribute most directly to AP development. This is illustrated by 
Figure 1, adopted from Williams’s paper, in which the proportion of total reproductive probability 
remains maximal for all ages or life stages before sexual maturity (Williams, 1957). According to 
Williams, any effect of a gene before the start of reproduction will be multiplied by the proportion of 
reproductive probability = 1. Thus, if the effect of a gene is antagonistic for two immature life stages, 
selection will balance its effect between the two stages as any fitness decrease at these stages have 
equally adverse effect on the ability of the organism to reach the adult stage and reproduce. Given 
that reproductive probability decreases for sexually mature organisms due to the increasing 
cumulative probability of death (“selection shadow”), AP as an aging mechanism will develop if an 
antagonistic effect is seen in adult and previous stages. 

 

Figure 1. The relationship between age and the probability of reproduction, adopted from Williams 1957. The 
solid curve represents the distribution of reproductive probability, and the dashed curve indicates the 
proportion of total probability that remains at any given age. 

These theoretical considerations suggest that intensely distinct juvenile and adult lifecycle stages 
form a strong basis for the evolution of AP, while the similarity of these life stages provides minimal 
grounds for AP traits development. This possibility was criticized by pointing out that natural 
selection can optimize traits that control opposing effects separated in time and space (Lidsky et al., 
2022). However, such criticism is not supported by evidence. For example, around one third of 6384 
transcripts analyzed in fruit flies demonstrated positive correlation in expression in larvae and adult 
fruit flies. Yet, only 12 transcripts showed negative correlation (Collet et al., 2023). While given the 
striking difference in morphology, physiology, and ecology of maggots and imago flies one might 
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expect random nature of correlations, and thus overall low number of correlated transcripts and close 
to equal number of positively and negatively correlated transcripts. Another illustration of the 
inability to completely decouple the evolution of different life cycle stages is illustrated by constraints 
in the evolution of vertebral number in salamanders (Bonett and Blair, 2017). Lineages with simple, 
aquatic-only (paedomorphic) or terrestrial-only (direct developing) life cycles have high rate of 
vertebral column diversification. However, in lineages with a complex, aquatic-terrestrial (biphasic) 
life cycle vertebral number is often “locked” due to the trade-offs between different selective 
pressures at aquatic and terrestrial stages of development (Bonett and Blair, 2017). 

2.4. AP Resulting from Ontogenic Niche Shifts 

Above, we argued that development not associated with significant changes in body parts and 
function will not favor AP formation. One potential exception, however, may arise from ontogenic 
niche shifts, when linear changes in shapes and functions result in abrupt shifts of ecological 
preferences (Post, 2003; Werner and Gilliam, 1984). Indeed, it is well recognized that many 
indeterminately growing organisms that do not experience significant changes in body plan between 
juvenile and adult stages change their dietary habits with growth. For example, many fish species 
switch from invertebrate to fish prey as they grow (Mittelbach and Persson, 1998). Changes in prey 
composition with size were shown for many species with indeterminate growth, such as sharks (Kim 
et al., 2012), alligators (Gignac and Erickson, 2016), and turtles (Figgener et al., 2019), for example. 
Additionally, body-size associated shifts in habitat preferences were documented for many animal 
species. For example, many coral-reef fish species use different ecosystems (mangroves, seagrass, 
macroalgae) as nursery habitats when juveniles (Nagelkerken et al., 2015; Rogers and Mumby, 2019; 
Sievers et al., 2020). The data from the MarTurtSI database suggests that among sea turtles, juveniles 
may be represented by the oceanic stage, while adults by the coastal stage (Figgener et al., 2019). 
Obviously, changes in diet and environmental conditions associated with habitat change may result 
in changes of somatic environment via changes in the composition and abundance of nutrients, 
pathogens, ambient temperature, water salinity, and numerous other abiotic and biotic factors, and 
thus may provide conditions for AP development. 

One example of such AP broadly discussed in the literature consists of niche shifts in freshwater 
fish, where juveniles remain in vegetated habitats protective of predation but with scarce food 
resources, and adults move to open water habitats where foraging efficiency is much better (Anaya-
Rojas et al., 2023; Arendt and Wilson, 1997; Post, 2003; Werner and Gilliam, 1984; Werner and Hall, 
1988). Transition to a niche with higher resources is size-dependent, and therefore, selective pressure 
shapes a life history predicated on “optimistic growth” (Arendt and Wilson, 1997). Such “grow now, 
pay later” strategies (Metcalfe and Monaghan, 2001) are associated with multiple trade-offs, 
including decreased reproduction (Case, 1978), reduced functional maturity of muscles (Ricklefs et 
al., 1994), developmental instability (Leamy and Atchley, 1985), reduced resistance to pathogens 
(Kirpichnikov et al., 1993; Smoker, 1986), reduced resistance to starvation (Gotthard et al., 1994), and 
reduced longevity (Jonsson et al., 1991). 

3. Testable Predictions 

As discussed above, “changes in somatic environments” as a requirement for the AP 
development may have different sources, and some organisms may be partially protected from AP 
(and thus aging?) if these sources are absent in their development. Several testable predictions may 
be derived from these considerations. 

3.1. Traits That Are Highly Distinct Between Developmental Stages Contribute the Most to Aging 

In mammals, the adult stage differs from the preceding juvenile life stage in two major aspects: 
(1) growth arrest (Figure 2) and corresponding redirection of resources from growth to energy 
storage; and (2) development of reproductive function. Thus, our theoretical considerations suggest 
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that mechanisms responsible for growth and reproductive function are the most plausible candidates 
for AP contributing to aging in mammals. 

 

Figure 2. Growth arrest is a central event in mammalian ontogenesis, which changes the somatic environment 
and generates the possibility for AP development. 

The central mechanism of growth promotion consists of hypothalamic-pituitary-liver endocrine 
control of cellular anabolic programs (Figure 3). The hypothalamus secretes growth hormone-
releasing hormone (GHRH), which stimulates the production of growth hormone (GH) by the 
pituitary. GH in turn, stimulates secretion of insulin-like growth factor 1 (IGF-1) into circulation by 
the liver and production of IGF-1 by other tissues for paracrine and autocrine signaling. Finally, IGF-
1 is a highly potent activator of the mechanistic target of rapamycin (mTOR) cascade in the cell, which 
is a conserved mechanism of caloric intake conversion into growth via activation of biogenesis 
programs and cellular growth. Thus, our testable prediction assumes that the GHRH/GH/IGF/mTOR 
signaling is an AP mechanism that drives aging in mammals. 

 

Figure 3. Major growth promoting cascade (right side of the figure) also promotes aging in organisms with 
arrested growth. The figure illustrates longevity gains in different mouse models (left side of the figure) 
following suppression of different nodes of the cascade (horizontal arrows). 

This prediction matches extensive evidence that demonstrates that suppression of the 
GHRH/GH/IGF/mTOR cascade at any node extends health span and lifespan in mammals (Barardo 
et al., 2017; Bartke, 2019; Bitto et al., 2016; Blagosklonny, 2019; Duran-Ortiz et al., 2021; Ehninger et 
al., 2014; Junnila et al., 2013; Kim and Lee, 2019; Liang et al., 2003; Papadopoli et al., 2019; Rincon et 
al., 2005; Salmon, 2019; Selvarani et al., 2021) (Figure 3). To name some examples from experimental 
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research, female and male mice with lit/lit mutation of GHRH receptor live 23% and 25% longer than 
their wildtype (WT) counterparts respectively (Flurkey et al., 2001). Mice with the Snell mutation 
resulting in decreased production of GH show 42% lifespan extension (Flurkey et al., 2001), while 
Ames mice with another mutation suppressing production of GH have 49% and 68% increase in 
lifespan of males and females, respectively (Brown-Borg et al., 1996). Deactivation of the GH receptor 
due to a mutation extends lifespan by 40% in males and 21% in females (Coschigano et al., 2003). 
Deletion of pregnancy-associated plasma protein A (PAPP-A) that regulates free IGF-1 in blood 
results in 38% lifespan extension in mice (Conover and Bale, 2007). Overexpression of Klotho 
repressing intracellular signals of IGF-1 results in 19-30% extension of mouse lifespan (Kurosu et al., 
2005). Finally, suppression of mTOR by rapamycin increases mouse lifespan by 60% (Harrison et al., 
2009; Miller et al., 2014, 2011; Wilkinson et al., 2012). 

The negative role of growth-promoting mechanisms on rates of aging is additionally well 
supported by research in dogs, where the biggest dog breeds have around two-fold shorter lifespan 
compared to the smallest breeds (Selman et al., 2013). Human data also support the role of AP in 
growth-promoting mechanisms (Chmielewski, 2016; Samaras, 2014). Population research 
demonstrated that low IGF-1 levels predict greater life expectancy in exceptionally long-lived 
individuals (Milman et al., 2014; van der Spoel et al., 2015), while higher IGF-1 levels predict higher 
mortality and morbidity risks (Tumati et al., 2016; Zhang et al., 2020). Similarly, genetic mutations 
that attenuate IGF1R signaling (Suh et al., 2008) or reduce GH production are associated with extreme 
longevity (Bartke, 2019). Analysis of UK Biobank serum IGF-1 and aging-associated disease 
concluded interaction consistent with AP, where younger individuals with high IGF-1 are protected 
from disease, while older individuals with high IGF-1 are at increased risk for incident disease or 
death (Zhang et al., 2021). Not surprisingly, among 15 compounds that demonstrated lifespan 
improvement by the US National Institute of Aging Interventions Testing Program (ITP), three are 
mTOR complex 1 inhibitors (rapamycin (Harrison et al., 2009; Miller et al., 2014, 2011; Wilkinson et 
al., 2012), meclizine (Harrison et al., 2024), and mitoglitazone (Strong et al., 2025)) and two are 
diabetes drugs that regulate glucose metabolism (acarbose (Harrison et al., 2019, 2009; Strong et al., 
2016) and canagliflozin (Miller et al., 2020)) – the major input for growth-promoting pathways. 
Overall, our first testable prediction that traits most diverged between juvenile and adult life stages 
(growth/growth arrest) is very well supported by extensive experimental and population research. 

The second most diverged trait between juvenile and adult life stages in mammals is the onset 
of the mature reproductive system. Obviously, this trait is not unique to mammals but represents a 
universal demarcation between developmental and adult stages across Animalia. Although 
reproductive function is universally diverged between these life stages, it does not represent a good 
“substrate” for AP development. Indeed, AP is shaped by life history trade-offs, maximizing 
reproductive success. Therefore, fitness decrease due to reproductive function contradicts the goal of 
this maximization function. That principle may not equally apply to males and females, however, as 
selection pressure has different vectors in the two sexes (Min et al., 2012). The classical study by W.D. 
Hamilton (Hamilton, 1967) demonstrated that in some conditions, few males are sufficient to 
inseminate many females - a mechanistic explanation for why male numbers can be reduced with 
little demographic cost. Further research showed that female fertility depends primarily on offspring 
production, while male fertility depends on the number of mating partners (Bateman, 1948). In other 
words, that observation indicates some “redundancy” in male numbers and suggests a potentially 
low sensitivity of the overall reproductive potential of a population to the loss of males to aging or 
other causes. Recently, these findings were generalized using data from many species, including 
mammals and humans, suggesting that males experience much reduced fecundity selection than 
females (Janicke et al., 2016; Winkler et al., 2021) suggesting that AP development based on 
reproductive function may be possible in males. 

Analyses of castration effects on lifespan provide direct evidence to test this prediction (Garratt 
et al., 2025a; Hamilton and Mestler, 1969; Min et al., 2012). Specifically, one study analyzed data from 
the Chosun Dynasty, which ruled Korea from 1392 to 1897, and kept records of 81 eunuchs. Their 
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average lifespan was 70 years, 14-19 years longer than that of other men from the same time and 
similar social rank. Importantly, three out of the 81 eunuchs lived longer than 100 years (Min et al., 
2012). Castration of male sheep was recently shown to decelerate epigenetic aging rate as compared 
to intact males (Sugrue et al., 2021). In a mouse study, male castration eliminated the longevity 
disparity between sexes by increasing male lifespan (Jiang et al., 2023). This finding can be interpreted 
as a result of the elimination of AP mechanisms caused by male reproductive system development 
(Jiang et al., 2023). A recent metanalysis compared data from zoo records for 117 vertebrate species 
to identify changes in their lifespans associated with sterilization and contraception (Garratt et al., 
2025b). The study concludes that both sterilization and contraception have a positive effect on 
longevity, with sterility increasing survival by approximately 17.7% across both sexes. 

Androgen receptor (AR) polymorphism also supports the AP of male reproductive signaling, as 
AR variants with higher androgen sensitivity (shorter CAG repeat length) increase reproductive 
fitness in males but also increase prostate cancer incidence (Butovskaya et al., 2015; Dowsing et al., 
1999; Ingles et al., 1997). Finally, among compounds extending mouse lifespan in ITP tests, two are 
estrogens: 16-hydroxyestriol (Snyder et al., 2025) and 17α-estradiol (Harrison et al., 2021, 2014; Strong 
et al., 2016), both extending male lifespan to equalize it with female longevity. 

Evidence of the negative impact of the functional reproductive system on longevity, especially 
among males, is consistent with the idea of AP development based on traits divergent between the 
two last life stages. These observations should be interpreted with caution, however, as “adverse” 
role of reproduction may stem from a different aging mechanism – resource reallocation from somatic 
maintenance in a juvenile organism to reproduction in adults (Suvorov, 2022). The most striking 
example of the impact of such reallocation is accelerated aging associated with “suicidal 
reproduction” in semelparous organisms. 

Additionally, to growth arrest and reproductive system development, individual organs and 
systems may have their specific turning points between developmental stages, thus providing changes 
in somatic environments needed for AP development. Among human organs, the brain is the most 
underdeveloped organ at birth, and in postnatal life it experiences significant changes, including rapid 
growth, neuronal migration, intense synaptogenesis, synaptic pruning, myelinization, and functional 
networks development (Cainelli et al., 2025; Seraji et al., 2025; Sorrells, 2024; Tierney and Nelson, 2009). 
These differences between immature and adult brain physiology may provide rich grounds for AP 
traits that drive aging-associated neurological disorders. For example, in HD, young subjects with a 
mutated huntingtin gene demonstrate significantly better cognitive, behavioral, and motor scores 
versus healthy controls, along with larger cerebral volumes and cortical features decades before the 
clinical onset of HD (Neema et al., 2024) indicating developmental advantages of mutant huntingtin. 
However, a prolonged functional and structural brain deterioration occurs for decades following this 
“cognitive peak” in HD patients (Neema et al., 2024). 

Interestingly, patients with autosomal dominant Alzheimer’s disease (AD) have a distinct 
signature of cerebrospinal fluid proteomic markers 30 years before the onset of disease symptoms 
(Johnson et al., 2023). Similar results were recently obtained for sporadic AD (Rathore et al., 2025). 
Additionally, brain electro-encephalogram studies in carriers of the APOE ɛ4 allele, the strongest 
genetic risk factor for developing sporadic Alzheimer’s disease, showed that functional brain 
differences are present decades before the clinical symptoms of AD and can be registered in 6-15-
year-olds (Alexander et al., 2007). Based on all these findings one might hypothesize that, similarly 
to HD, AD result from mechanisms involved in early stages of brain development (Kulminski et al., 
2023; Provenzano and Deleidi, 2021). This hypothesis is supported by known AP of APOE ɛ4 allele, 
which is associated with improved infant mental development (Wright et al., 2003), semantic and 
phonetic fluency in kids (Alexander et al., 2007), memory performance (Jochemsen et al., 2012) , 
intelligence scores(Yu et al., 2000), and attention in young adults (Rusted et al., 2013), but increased 
risk of Alzheimer’s and cardiovascular disease later in life. Because humans are born with highly 
immature brains as compared with other mammals, it can be hypothesized that changes of “somatic 
environment” that occur in human postnatal development are a source of AP mechanisms of 
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neurological conditions unique to humans, such as Alzheimer’s and advanced Parkinson’s diseases. 
The analysis of evolutionary AP mechanisms of neurological disorders is hindered by very high 
complexity of the nervous system, asynchronous changes in different parts and functions of the brain 
during normal development, and many knowledge gaps. 

3.2. Organisms with Negligible Senescence Have Minimal Differences Between Juvenile and Adult Life Stages 

According to published literature, some sexually reproducing animals demonstrate negligible 
senescence. For example, a quahaug clam (Arctica islandica) collected from the North coast of Iceland 
was estimated to be 507 years old (Butler et al., 2013). Vestimentiferan species Escarpia laminate, 
Seepiophila jonesi, and Lamellibrachia luymesi can survive for multiple centuries (Cordes et al., 2007; 
Durkin et al., 2017). Greenland sharks (Somniosus microcephalus) can reach an age of 400 years (Nielsen 
et al., 2016). American lobster, Homarus americanus, is another species with a negligible rate of senescence. 
Its lifespan is not well quantified, but some studies suggest lobsters can reach 100 years of age (Polinski et al., 
2021). Many species of fish demonstrate increasing fitness with age, produce exponentially greater 
quantities of eggs, and produce larvae that have higher survival and growth rates (Berkeley et al., 
2004). That observation is reflected in the BOFFF (Big Old Fat Fecund Female) hypothesis, suggesting 
that fish stock productivity depends on older specimens (Longhurst, 2001; Walsh et al., 2006). 
Crocodilia (Siddiqui et al., 2021) and Testudinate (da Silva et al., 2022) are well-recognized groups of 
long-lived tetrapods. For example, a recent study of 52 species of turtles and tortoises based on 
husbandry records from zoos and aquariums demonstrated that across species 74.5% of females and 
79.5% of males exhibit zero aging rates (the slope of the logarithm of mortality over time) (da Silva et 
al., 2022). Similar results were obtained in another study based on field mark-recapture datasets 
(Reinke et al., 2022). 

All listed animals have common features in their lifecycle: they all have indeterminate growth 
(no growth arrest), and mature animals and preceding immature life stages have the same body plan, 
except for the presence or absence of reproductive organs, respectively. 

Among mammals, the naked mole rat (Heterocephalus glaber) is known for its exceptional 
longevity. Interestingly, growth arrest does not demarcate the boundary between juvenile and adult 
organisms in this species, as growth capacity is never suppressed completely. By 2 years of age, non-
breeding animals stop growing, but they experience a growth surge if a dominant animal is removed 
from the colony (Buffenstein et al., 2012). The ability for indeterminate, although interrupted, growth 
in H. glaber is also supported by a very large range of body weights (25–110 g) among captive adult 
animals, an uncommon phenomenon among small mammals (Jarvis, 1991). The development of a 
functional reproductive system is also not a good divergent trait between juvenile and adult naked-
mole rats, as most adult specimens in the colony do not participate in the reproduction and have an 
underdeveloped, pre-pubescent reproductive system (Bennett et al., 2022). Thus, H. glaber holds an 
intermediate position between organisms with indeterminate and determinate growth, which makes 
adult and juvenile life stages less diverged in the naked-mole rat as compared with other mammals. 

Overall, we conclude that the majority of long-lived animals do not have growth arrest, 
metamorphosis, or other changes that may produce significant differences in somatic environments 
between the last juvenile and adult life stages. On the contrary, these stages are very similar in 
organisms with negligible aging, making AP hardly possible. 

3.3. In Taxonomically Close Organisms, Stronger Differences Between Adult and Juvenile Stages Are 
Associated with Higher Aging Rates, While Higher Similarity Between Juveniles and Adults Is Associated 
with Lower Aging Rates 

Caudata (salamanders and newts) and Anura (frogs and toads) are two amphibian orders with 
very different developmental trajectories, thus providing an opportunity to test this prediction. In 
both groups, transition from juvenile to adult organisms occurs via metamorphosis associated with 
transition from aquatic to semiaquatic/terrestrial life. Caudata juveniles have generally the same 
body plan as adults, and metamorphosis involves relatively minor changes, including loss of external 
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gills and transition to respiration through skin and lungs, skin keratinization, degeneration of fins 
and lateral line, some remodeling of feeding apparatus, shift from ammonia to urea excretion, and 
others. On the contrary, metamorphosis in Anura is additionally associated with drastic body plan 
changes, as they transition from tadpoles to frogs. During the phase of rapid coordinated 
restructuring (metamorphic climax) they experience completion of hind limb development and 
emergence of forelimbs, tail resorption, drastic head and feeding apparatus transformation, 
remodeling of digestive system from a long herbivorous gut to a short carnivorous gut with major 
restructuring of intestine, liver, and pancreas, tympanum development for airborne sound detection, 
and other. Thus, our hypothesis predicts that because of drastic differences between developmental 
stages in Anura, this group have higher rates of aging than Caudata. 

We tested this prediction using data from a recent study, which provides high quality estimates 
of aging rates (computed as the slope of the relative rate of age-specific mortality) in ectothermic 
tetrapods, including 23 Anura and 15 Caudata species (Reinke et al., 2022). Concordant with our 
prediction, the aging rate was 2.5 times higher in Anura (0.43±0.09) than in Caudata (0.17±0.06) (Mean 
± SE, T-test p = 0.017) (Figure 4). The original study, used as a source of data for this analysis, 
established that species of ectothermic tetrapods with a protective phenotype (presence of skin toxins 
in the case of amphibia) age more slowly than species without protection, while animals that start 
reproducing at a younger age and smaller species age faster. Thus, we tested whether the described 
differences in aging rates between Anura and Caudata are due to differences in body sizes, ages at 
first reproduction, and the shares of species with skin toxins. There were no significant differences 
between Anura and Caudata in the age at first reproduction. The general linear model with 
protective/non-protective phenotype as covariate showed significance of aging rates differences 
between Anura and Caudata, higher than in the T-test (p<0.001). Finally, Caudata species had around 
4.1 times smaller body mass than Anura (36.9±8.5 vs 8.9±2.7, respectively, Mean ± SE). Thus, slower 
aging rates of Caudata go against the established negative association between body sizes and aging 
rates and provide even stronger support of our prediction. 

 

Figure 4. Aging rates in Anura (n = 23) and Caudata (n = 15) amphibians based on data from (Reinke et al., 2022). 
Box represents the interquartile range (IQR), spanning from the 25th to the 75th percentile. A line inside the box 
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indicates the median, and X mark indicates the mean value. Whiskers extend to the minimum and maximum 
values within 1.5 × IQR from the quartiles. Outliers outside the whisker range are plotted as individual dots. 

These finding are also supported by previous research, which reported higher maximum 
longevity in Caudata then Anura among 75 amphibian species (Berkel and Cacan, 2021). According 
to that study, Caudata had the second-highest positive skewness (3.26) of maximum longevity values 
distribution among 30 Chordata orders, indicating the tendency of species to live longer in contrast 
to live shorter in the course of evolution, while Anura positive skewness was almost two-fold lower 
(1.68) (Berkel and Cacan, 2021). All together, these findings provide evidence matching our prediction 
for aging rates based on the understanding of the role of changes in somatic environments in AP 
development. 

4. Translational Implications 

T.B.L Kirkwood wrote “Because aging occurs for nonintuitive reasons and unfolds in complex 
ways, theory plays an unusually pivotal role in its research” (2005, Cell, V.120, p 437) (Kirkwood, 
2005). Indeed, without a clear understanding of the evolutionary causes of aging the search for 
molecular targets for anti-aging interventions occurs in the dark. A clear understanding of conditions 
causing AP may provide a tool for the identification of such mechanisms and may help to identify 
anti-aging strategies. Specifically, allometric relations between body parts and functions, genes and 
traits diverged between adults and juveniles, and ontogenic niche shifts are the primary indicators of 
potential AP mechanisms. 

As discussed above, in humans, the central AP mechanism, namely the growth-promoting 
cascade, has already been discovered. It is shared by most laboratory organisms, such as fruit flies, 
nematode C. elegans, and laboratory rodents, as the adult life stage in all these organisms is 
characterized by arrested growth. The smaller, organ- or tissue-specific AP mechanisms are not yet 
well characterized. The search for such mechanisms may be facilitated by the theoretical framework 
discussed in the current study. 

We suggest that the concept of “different somatic environment” bears additional clues for the 
development of anti-aging therapies. Indeed, the idea that some gene or trait acquires adversity due 
to changes in the somatic environment suggests that there could be at least two alternative 
approaches to mitigate this adversity. One consists of suppression of the adverse gene or trait in late 
life (e.g., suppression of mTOR or the upstream growth-promoting cascade). The other strategy is to 
prevent or reverse alterations in the somatic environment that convert a previously beneficial trait 
into an adverse trait. In the case of AP of the growth cascade, that approach suggests suppression of 
growth arresting mechanisms. To our knowledge, this approach has never been tested by longevity 
research, although theoretically it may be as effective as the first approach, and hypothetically, a 
combination of both will provide the highest efficacy in mitigation or removal of the AP and 
extension of health span and lifespan. 

5. Limitations and Potential Pitfalls 

Further search of AP traits needs to proceed with caution, as many biological phenomena 
resemble AP while not being it. For example, traits associated with wear and tear of existing 
structures (e.g., teeth) may demonstrate gradual change over a significant part of organisms’ lifespan. 
However, fitness decrease in this case is not coming from AP, but instead, the wear and tear decreases 
fitness of an organism due to the shutdown of the teeth renewal process, which operates in young 
organisms but stops in adults. Health decline due to evolutionary mismatches arising from rapid 
technological progress in recent centuries represents another class of phenomena that may be 
mistaken for AP or work synergistically with AP. For example, an increasing proportion of fat to lean 
body mass with age results from growth arrest and redirection of calories from growth to storage 
(Suvorov, 2022). However, this process is significantly exacerbated by an evolutionary mismatch 
resulting from the availability of excessive calories after the Industrial Revolution (Wu and Xu, 2023). 
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In that case, AP works in concert with the evolutionary mismatch leading to the epidemic of obesity 
and associated health conditions. Similarly, an artificial environment may be a source of phenomena 
that superficially resemble AP in animals. Some examples include overgrowth of tusks in babirusa to 
the extent that they puncture its scull in the absence of natural wear (MacKINNON, 1981) or the 
overgrowth of hoofs in domesticated animals kept on soft ground (Deeming et al., 2023). 

A high level of generalization cannot capture nuances of evolutionary forces and molecular 
mechanisms involved in aging process of every species. Specifically, adaptation to different 
environmental conditions may result in broad differences in lifecycles, including longevity, even in 
phylogenetically close organisms. Most importantly, AP is not the sole mechanism responsible for age-
dependent health deterioration in animals (Gems and Kern, 2024; Suvorov, 2022), and therefore some 
organisms with lifecycle not favoring AP formation may still have short lifespan while organisms with 
lifecycle theoretically favoring AP may have a long lifespan. Additionally, different evolutionary 
mechanisms of aging may work in concert. For example, it is plausible that the short adult lifespan in 
many insects with different adult and juvenile life stages does not stem from AP only. Reduced fitness 
of adults due to AP in these organisms may result in a rapid decline in adult numbers with age and 
therefore may direct evolution towards semelparity – a strategy where organisms invest all resources 
into a single bout of reproduction before death. This hypothesis is supported by the fact that in many 
groups of insects with short-lived adults, adults have underdeveloped mouth parts and/or feeding 
behavior (e.g., Ephemeroptera, male Strepsiptera, some species in Lepidoptera, Diptera, Plecoptera, 
Megaloptera, and Trichoptera). Underdeveloped feeding cannot be explained via the AP mechanism 
directly; however, it may result from a selective pressure towards semelparity triggered by reduced 
adult fitness due to AP. Specific adaptations that increase survival of adults may break this “triggering” 
effect of AP as illustrated by Coleoptera, in which evolution of very hard exoskeleton increased their 
survival (most likely despite AP), insured extended adult lifespan, often exceeding 5 years (Thiele, 1977; 
Wei et al., 2007), and ultimately ensured the evolutionary success of the group indicated by the highest 
species-richness among all insects and animals on Earth. 

6. Conclusions 

Here we argue that AP is one potent mechanism contributing to aging. The development of AP 
requires changes in somatic environments as the organism progresses from a juvenile to an adult life 
stage. Changes in the somatic environment may result from allometric growth, differences in the 
physiology of adult and juvenile life stages other than those caused by aging, and ontogenic niche 
shifts. This understanding opens opportunities for the targeted search of AP mechanisms based on 
the analysis of organisms’ developmental trajectories. Additionally, this understanding provides two 
potential ways for the mitigation of AP: via suppression of adverse genes or traits in late life or via 
prevention or reversal of alterations in the somatic environment that convert previously beneficial 
traits into adverse ones. 
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