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Abstract: The evolutionary theory of aging, particularly antagonistic pleiotropy (AP), provides an
account of the ultimate origins of aging. What remains unclear is the nature of the proximate
mechanisms by which AP gives rise to diseases of aging, like cardiovascular disease and
Alzheimer’s disease. Damage-centric theories focusing on loss of genetic and cellular function have
been proposed, as well as programmatic theories focusing on unwanted gene and cellular function.
The latter include the hyperfunction and developmental theory that view aging as the futile
continuation, or run-on, of growth and developmental programmes into later life. Yet neither type
of theory has performed well in explaining late-life disease aetiology, particularly with respect to
disease onset, presentation and progression. What is proposed here in this review is a new
programmatic theory of aging. We argue that the emergence of many specific diseases may involve
quasi-programmes that are not the result of run-on, but rather are triggered by other factors in late
life. Such triggers may be non-programmatic (e.g. infection, mechanical injury) or programmatic.
Moreover, the consequent pre-pathological and pathological changes may in some cases trigger
further changes, leading to futile and destructive cascades of quasi-programmes and pathology. The
origins of triggered quasi-programmes can be traced to biological constraint i.e. the inability of
organisms to optimise all functions at once. And, to some extent, the new theory presented here
revises the understanding of AP. That is, because any gene can be triggered in an erroneous manner,
every gene is potentially an AP gene that risks pathology, though level of risk varies according to
constraint. To help validate the theory, we test it against several complex diseases of aging. The new
model in this review attempts to provide a blueprint understanding that, to a certain extent, closes
the gap in the causal chain of events between evolutionary causes of aging and the aetiology of age-
related diseases. It also helps to explain why certain disorders mimic accelerated aging and how
interventions, such as the suppression of IIS and mTOR retard many aspects of aging; notably,
though, unlike prior programmatic theories, the new theory is not mTOR-centric. Finally, it
provides new perspectives on possible treatment of aging.

Keywords: ageing; age-related disease; antagonistic pleiotropy; biological constraint;
hyperfunction; hypofunction; programmatic ageing; trade-off

Antagonistic pleiotropy “has so far failed to explain what is actually at the background of the
‘switching-over” of the developmental effect of genes to the damaging one and at what stage”
Vladimir Dilman (Dilman, 1986)

Introduction

Diseases of aging, ranging from osteoarthritis and chronic obstructive pulmonary disease
(COPD) to type II diabetes (T2D) and cancer, are the main healthcare challenge in the world today.
This is because their aetiologies are poorly understood, making them difficult to prevent and treat.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202310.1387.v2
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2023 doi:10.20944/preprints202310.1387.v2

Why do diseases occur at all? One major cause of disease is disruption of the normal physiology,
which is specified by our normal genome (i.e. the wild-type genotype). Disruptions include infectious
pathogens (e.g. viruses, bacteria, protozoa and larger parasites), inherited and somatic mutations,
mechanical injury, and diet-related disruptions (including malnutrition and over-eating). Modern
medicine has developed great capability at preventing and repairing disruption of physiology and
thereby restoring health - especially when that disruption occurs early in life.

When it comes to aging (or senescence, not to be confused with cellular senescence sensu
Hayflick), there is something more than disruption at play. A clue to this “something more” lies in
the large differences in the rate of aging and lifespans across even closely related species. For
example, the maximum lifespan of our own species is around 110 years, while that of our closest
relative, the common chimpanzee is only around 60 years. Similarly, mice only live up to around 3
years, while similar sized rodents like squirrels and the naked mole rat can live up to a quarter of a
century. This implies that, disruptions aside, the underlying aging process and the rate at which it
occurs are, like other aspects of function and physiology, somehow specified by the wild-type
genome.

Based on the above discussion, we may deduce that the various causes of disease fall largely into
one of the two categories defined: disruptions of wild-type function, and wild-type function itself
(Dilman, 1994; Gems, 2022). Aetiologies of disruption are the predominant determinant of disease
and mortality earlier in life. The question this review seeks to answer is how the wild-type genome
causes aging and late-life disease (Figure 1A).
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Figure 1. Theories of aging and the origins of late-life disease. A, A simplified, two cause scheme
for understanding aging as a multifactorial process, drawing on the programmatic theory: disruption
of wild-type function (left), and wild-type function itself (due to the evolution of aging, particularly
effects of AP) (right) (Dilman, 1994; Gems, 2022). B, Two ultimate-proximate theories of aging
(simplified schemes). Top, the force of natural selection declines with advancing age (selection
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shadow). Middle, the disposable soma theory. Here senescence is caused by stochastic molecular
damage accumulation, and the inadequacy of somatic maintenance mechanisms that could prevent it
(Kirkwood, 1977). Constraint results from limited resource availability to optimize both reproduction
and somatic maintenance. Bottom, Current programmatic theories (hyperfunction and
developmental theories). Here senescence results from non-adaptive continuation or activation of
wild-type biological programmes (Blagosklonny, 2006; de Magalhaes, 2005; Gems, 2022; Maklakov
and Chapman, 2019). C, Different views of the role of molecular damage accumulation in aging. Left,
traditional view: molecular damage accumulation is the major, primary cause of aging. Right,
alternative programmatic theory view: the major cause of aging is programmatic (i.e. futile gene and
cell action). The observed increases in molecular damage with advancing age are largely a
consequence of late-stage pathology.

Why the wild-type genome should be a generator of disease and death is explained by the
evolutionary theory of aging, particularly the antagonistic pleiotropy (AP) theory (Williams, 1957).
Pleiotropic genes influence two or more phenotypic traits, and these traits can have opposing
(beneficial and deleterious) effects on fitness, i.e. the pleiotropic effects on fitness are antagonistic.
The action of specific AP genes generates trade-offs between beneficial and deleterious traits. A given
AP gene variant is more likely to be favoured by natural selection if the cost presents later in life than
the benefit because the force of natural selection declines with age (Hamilton, 1966, Medawar, 1952).
To date, many genes have been identified in wild and laboratory animals that exhibit AP trade-offs,
where early life fitness like reproduction is observed to come at the expense of later life condition and
survival (Austad and Hoffman, 2018).

The AP theory provides an explanation in ultimate evolutionary terms for why the wild-type
genome causes late-life disease: certain genes come with trade-offs. But it tells us little about how -
about the actual proximate mechanisms of disease aetiology, i.e. what the costs of the trade-offs are.
To answer this what is required is an explanatory account that spans several research disciplines,
working from evolutionary biology, across biogerontology (the biology of aging) and through to
medicine: a valid ultimate-proximate account. Such an account needs to explain the biological
mechanisms (biochemical, cellular, physiological) through which AP genes exert their deleterious
effects, i.e. the proximate mechanism through which AP genes cause diseases of old age.

The programmatic theory as proximate mechanism

Programmatic theories of aging argue that aging is driven by wild-type function, rather than
loss of function. These theories stem from the general observation that inhibition of nutrient-sensitive
pathways in laboratory animals increases their lifespan. To date, two quite similar programmatic
theories have been proposed: the hyperfunction theory and the developmental theory (Blagosklonny,
2006; de Magalhaes, 2005; Gems, 2022; Maklakov and Chapman, 2019). They argue that in early life
nutrient-sensing pathways, like the mTOR and the linked IIS pathway, regulate growth and
development to promote fitness, but due to attenuated selection in late-life, are not switched-off. As
a consequence, their futile and uncontrolled continuation in late life causes disease; here it is an excess
of function (or hyperfunction) that causes disease. The evolution of such run-on can be understood in
terms of AP in genes governing these specific pathways and their associated growth and
development programmes (Gems, 2022).

Notably, the later life deteriorative changes are specified by the wild-type genome, but are not
adaptive. In other words, they are programmed in the mechanistic sense, but not in the beneficial
sense. For this reason it is not accurate to say that they are programmed, yet they are programmatic.

In short, in the wild type nutrient-sensitive pathways like mTOR promotes growth and
developmental programmes, which with age run on to become futile, hyper-functional and so
senescence-promoting programmes, termed gquasi-programmes (Blagosklonny, 2006) (Figure 1B).

Programmatic theories present a conceptual picture that differ from the predominant views of
the biology of aging of the 1980s-2000s. A key difference is the abandonment of the hypothesis that
molecular damage accumulation is the primary driver of aging (the damage/maintenance paradigm).
Traditional hypotheses about proximate mechanisms of AP, such as the disposable soma theory
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(Kirkwood, 1977) (Figure 1B), view diseases of aging as originating from loss in basic cellular
maintenance and function, due to oxidative and other molecular damage, that works upward to
tissue, organ and system failure. However, work in animal models suggests that the observed late-
life increases in oxidative damage are more consequence than cause of senescent pathology
(Blagosklonny, 2006; Gems and Doonan, 2009; Shields et al., 2021). Moreover, for many age related
diseases, like T2D and cardiovascular disease, the predominant role of molecular damage is far from
clear (Blagosklonny, 2006; Blagosklonny, 2012; Gems and de la Guardia, 2013).

Limitations of the programmatic theory

For a theory of aging to be operational, it must explain age-related disease aetiology, including
disease origins, onset, progression and presentation. Without such an understanding, attempting to
intervene is shooting in the dark. To date hundreds of theories of aging have been proposed, but they
all share the limitation of being unable to explain disease aetiology. And although conceptually very
appealing, this limitation extends to current programmatic theories of aging (the hyperfunction
theory and the developmental theory).

Focusing on disease origins, onset and progression: How exactly do useful biological
programmes transition into destructive quasi-programmes? In human aging there is a large time span
between sexual maturation and the appearance of senescent pathology. How is the length of this lag
determined? Why do diseases take so long to appear? And what is the relationship between quasi-
programmes and disease progression, if there is any?

Quasi-programmes are viewed as originating from programme run-on. Blagosklonny’s
definition of a quasi-programme is “a purposeless continuation of a developmental programme that
was not switched off after completion” (Blagosklonny, 2008). Here a slow cumulative effect
throughout adulthood results in eventual pathology. There is one heavily-cited medical example:
presbyopia (long-sightedness with age), the inability of the eye to focus on nearby objects. This is
thought to result in part from the very gradual, continued growth of the eye lens during adulthood,
which increases lens thickness thereby impairing ocular function (Figure 2A) (Blagosklonny, 2012; de
Magalhaes and Church, 2005; Gems, 2021; Strenk et al., 2005). Presbyopia provides an easy-to-grasp
illustration of the general principle of quasi-programmes. But apart from it, no other clear examples
are cited. Moreover, the chain of events involved in the emergence and progression of most age-
related diseases appears to be more complex.
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Figure 2. Different origins of pathological programmatic change. A, Quasi-programmes resulting
from developmental run on, e.g. presbyopia. B, Futile quasi-programmes can originate from
developmental run on, or be triggered in later life. C, An example of a triggered quasi-programme.
Listed triggers: elevate oestrogen to progesterone ratio causing endometrial hyperplasia, increasing
risk of endometrial carcinoma. Inflammatory changes also increase this likelihood.

Moving now to predicting disease presentation, current programmatic theories do better than
most theories of aging, though they too have limitations. According to current programmatic
theories, run on of nutrient-sensitive pathways, like mTOR, causes disease not by damaging cells but
rather by causing hyper-activity to a pathological level (Blagosklonny, 2006; Gems, 2022) (Figure 1C).
Here a broad distinction may be made between cellular functions associated with basic maintenance,
and those associated with cellular activity. For example, mechanisms such as DNA repair and
maintenance of protein folding homeostasis are necessary for basic cellular maintenance and
survival. Mechanisms involving cell growth, cell cycle regulation etc. on the other hand are more
important for cell activity, and alterations in the level of these (increasing or decreasing) will, in the
main, alter cellular behaviour rather than affect cell survival. By causing hyperfunction of cellular
activity, quasi-programmes bring about changes that present at the tissue level as pathogenic
hypertrophy, hyperplasia, dysplasia or hyper-secretion. These tissue level changes in turn will affect
tissue, organ and organismal function (Blagosklonny, 2006; de Magalhaes and Church, 2005; Gems,
2022). And this is indeed what is seen in many age-related diseases, e.g. prostatic or endometrial
hyperplasia, making this emphasis on cellular activity a key strength of the theory. But now the
limitations. As just detailed, it is unclear how run-on of function (i.e. a continuation of function into
late life) causes useful programmes to transition into pathological cellular activity. And, notably,
many age-related diseases arise from pathological cellular activity in the form of a change in cellular


https://doi.org/10.20944/preprints202310.1387.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2023 doi:10.20944/preprints202310.1387.v2

activity - which can be as extreme as change in cell identity, i.e. pathological cellular
transdifferentiation. Run on of function does not reconcile with a change in cellular activity.

For example, take vascular calcification that contributes to atherosclerosis. Here active
extraskeletal ossification takes place as vascular cells undergo pathological transdifferentiation into
to bone-like cells (Virchow, 1863). It occurs despite the presence of inhibitors and, once underway,
recapitulates regulated osteogenesis (Sage et al., 2010). Also in atherosclerosis, another example of
transdiferentiation involves mature medial smooth muscle cells undergoing clonal expansion and
transdifferentiation into macrophage-like cells that contribute to unresolved inflammation and
atherosclerotic lesions (Feil et al., 2014; Rong et al., 2003).

Triggered quasi-programmes

One possibility is that run on is not the only way in which futile, senescence-promoting genetic
programmes can emerge. Consider the following example. Long-term exposure of the prostate gland
to normal levels of the androgen dihydrotestosterone (DHT) promotes benign prostatic hyperplasia
(Nacusi and Tindall, 2011; Waters et al., 2000) and increases risk of prostate cancer, a major cause of
death in elderly men (Untergasser et al., 2005). Here pathology results from long-term signal
exposure, but how exactly? One possibility is run on, with a very slow cumulative effect of DHT
leading to pathology. Here the futile programme includes continued exposure to normal levels of
DHT in later life until somehow a quasi-programme emerges.

But another possibility is that something changes in the prostate in later life, leading to a new,
pathogenic response to DHT. In this case, that change marks the beginning of the futile programme
(at least as far as promotion by DHT is concerned). One possible trigger for such a change in the
prostate is a local, late-life increase in inflammation. This then disrupts the androgen-supported
homeostasis between cell proliferation and cell death, allowing proliferative processes to
predominate (Chughtai et al., 2016; Madersbacher et al., 2019; Robert et al., 2009). In this second case
the emergence of the DHT-driven futile programme involves a trigger occurring during adulthood.
Thus, one may distinguish futile genetic activity resulting from growth and developmental
programme run on as originally proposed by the programmatic theory (Blagosklonny, 2006; de
Magalhaes and Church, 2005; Gems, 2022) and triggered quasi-programmes that are activated in error
(Figure 2A,B).

It is well-known that diseases of aging are typically multifactorial in origin, where a variety of
factors (wild-type genome and disruption) influence risk, including cardiovascular disease, COPD,
Alzheimer’s disease, osteoarthritis and osteoporosis (Al Anouti et al., 2019; Armstrong, 2013; Glocker
et al., 2006; Higashi et al., 2019; Huertas and Palange, 2011). Triggered quasi-programmes is both
consistent with this multifactorial view and explains one major form of interaction between different
contributing aetiologies. As a different example of such aetiological interactions in aging, emergence
of contained disruptions may be triggered by programmatic changes, as in the late-life recrudescence
of Varicella zoster virus infection leading to herpes zoster (shingles) or recrudescence of Mycobacterium
tuberculosis from granulomas. In principle, any number of causes could trigger quasi-programmes,
both disruptions (e.g. infection, somatic mutation) and programmatic aetiologies, including other
quasi-programmes.

Notably, triggers of quasi-programmes can originate within the affected tissue or beyond it. An
example of the latter, in women later-life depletion of oocyte stocks triggers menopause, including a
sustained decline in oestrogen levels. This leads to futile hyper-activation of osteoclasts and sustained
bone resorption causing osteoporosis (Kern et al., 2023a).

Another example of an oestrogen-triggered quasi-programme in women is endometrial
hyperplasia. This condition is a precursor to endometrial carcinoma, one of the most common
gynaecological malignancies (Hannemann et al., 2007). The hyperplasia is caused by chronic
oestrogen stimulation of endometrial cell growth, unopposed by progesterone that would otherwise
cause cell shedding. Hyperplasia is triggered by factors that increase circulating oestrogen relative to
progesterone, including high BMI, late age at menopause and nulliparity (Epplein et al., 2008;
Hannemann et al., 2007) (Figure 2C).
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Hyperfunction is usually viewed as a level of biological activity above that which is optimal to
maintain healthy function. But triggered quasi-programmes can lead to both increased cellular activity
and/or changes in cellular identity. In other words, triggered quasi-programmes can explain diseases
involving pathological cellular trans-differentiation. For example, transdiferentiation of cells in
vascular calcification that contributes to atherosclerosis is triggered by high calcium, high glucose
and proinflammatory factors that initiate osteogenic gene expression (Abedin et al., 2004; Chen and
Moe, 2012; Demer, 2002), suggesting an osteogenic triggered quasi-programme. Also, in
atherosclerosis cholesterol loading of smooth muscle cells triggers phenotypic changes regulated at
the mRNA level that result in the transdifferentiation to a macrophage-like state (Feil et al., 2014;
Rong et al., 2003).

Costly programmes may be triggered later in life as quasi-programmes

Based on work with the roundworm Caenorhabditis elegans we recently defined a new class of
programmatic mechanism of aging prevalent in this species. Evidence suggests that, as in Pacific
salmon, C. elegans facilitates a large reproductive effort via repurposing its own biomass to the point
of hastening its own death (reproductive death)(Kern et al., 2023b; Kern et al., 2021). In what we
termed costly-programmes, a cost is incurred simultaneously with a benefit, forming the basis of cost-
benefit trade-offs (Gems et al., 2020; Kern and Gems, 2022). Unlike run on quasi-programmes and
triggered quasi-programmes, costly programmes are programmed in both the mechanistic and
adaptive sense. The unusually large magnitude (in relative terms) of life-extension achievable in the
aging research laboratory model C. elegans may therefore be attributable to suppression of
reproductive death(Kern and Gems, 2022), similar to that seen when reproductive death in Pacific
salmon is prevented (Robertson, 1961).

In species such as humans with multiple reproductive episodes and no reproductive death,
costly programmes are typically transient and incur negligible cost (Kern and Gems, 2022; Kern and
Gems, 2023b). As an example, bone loss at the time of lactation is a costly programme where calcium
is translocated from bone to produce calcium-rich breast milk. This is at the expense of a transient
increase in bone fracture risk, but in humans post-lactation bone regrowth fully restores lost bone
(More et al., 2001).

At face value this suggests that costly-programmes are relatively unimportant in human aging
and, for costly programmes occurring in their intended adaptive form, this is typically true (Gems et
al., 2020; Kern and Gems, 2022; Kern and Gems, 2023b). The revelation of triggered quasi-
programmes, however, suggests costly-programmes can also be initiated in a futile and uncontrolled
pathogenic manner, in quasi-programmed forms, particularly in later life. And given “cost” is
inherent of costly-programmes, futile triggering of costly-programmes risks a high level of damage.

An example of uncontrolled triggering of costly-programmes later in life is osteoporosis during
the menopause. Bone misinterprets the sharp decline in oestrogen levels after menopause as the onset
of lactation. This triggers a similar but more severe programme of bone resorption that contributes
to the development of osteoporosis, in a futile lactational quasi-programme (Kern et al., 2023a).

Taking a step back, regarding the ultimate origins of aging and AP, this suggests that genes
specifying fitness-promoting costly programmes may also result in two forms of pleiotropic
programmatic cost: more modest and typically transient costs incurred by normal costly
programmes, and greater costs caused by their later life quasi-programmed derivatives.

Another example of a costly-programme being triggered later in life as a quasi-programme is
COPD. Notably, biomass repurposing is not the only way that costly-programmes can manifest.
Another is in collateral damage from useful programmes, particularly when dealing with the crisis
of infection. For instance, during infections of the lung, innate immune cells like neutrophils secrete
elastases to enable them to burrow through tissue to sites of infection. In youth such programmes are
highly accurate, with relatively high effectiveness of clearing infection and minimising collateral
damage. Inflammaging in later life, however, causes aberrant neutrophil migration, likely via
triggering hyper-activation of phosphoinositide 3-kinase (PI3K) in neutrophils. This translates to both
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poor immune clearance and severe tissue injury, to the point of contributing to COPD when infection
is present (Sapey et al., 2014; Voynow and Shinbashi, 2021).

COPD also illustrates the complexity of many age-related diseases where multiple triggers may
converge to induce pathology, some that prime the tissue (inflammaging) and some that then kick-
start destruction once the tissue is primed (infection). As an analogy, for a fire you need both the
spark, i.e. trigger, and fuel, i.e. priming of some form that increases susceptibility to the trigger.

Cascades of triggered quasi-programmes

In the epigram to this review, Vladimir Dilman raises a critical question: what determines how
the good effects of an AP gene turn into the bad - and when? In the damage/maintenance paradigm
the answer is slow accumulation of the negative effects with age (Kirkwood, 1977). The traditional
programmatic theory suggests beneficial programmes gradually run on into quasi-programmes, in a
slow process of developmental transition (Blagosklonny, 2006; de Magalhaes, 2005; Gems, 2022;
Maklakov and Chapman, 2019). But as argued, apart from presbyopia, it is not easy to find examples
of quasi-programmes.

Here it is argued that, rather than run on quasi-programmes, diseases typically arise from
triggered quasi-programmes that are triggered by disruptions or other, upstream, quasi-
programmes. Thus, triggered quasi-programmes may act not only as primary drivers of
pathogenesis, but also secondary and tertiary drivers.

This may be illustrated by the example of cancer development. Here primary causes include
disruptions (particularly somatic mutations) and triggered quasi-programmes (e.g. causing
hyperplasia that precedes somatic mutation). Progression to metastatic cancer requires angiogenesis,
a quasi-programme triggered by earlier stages of cancer development.

If quasi-programmes act as triggers for other quasi-programmes, this suggests the presence of
chains and cascades of quasi-programmes active in pathogenesis (Figure 3).

Quasi-programme
cascades

Triggered quasi-progi Aging,
Soung: disease
healthy

Triggers » 5%

Disruptions
(infection, mechanical injury,
toxins, mutation, etc)

+

Constraint and other forms of AP

Figure 3. Cascades of primary and secondary quasi-programmes promote organismal senescence
(hypothetical scheme). Other forms of AP that may contribute to aging directly, or indirectly by
increasing tissue susceptibility to triggered quasi-programmes, include costly programmes. As an
example of the latter, high fever protects against infection but can cause hyperthermic injury as a
costly programme. Disruptions can directly contribute to pathology as well as increase tissue
susceptibility to triggers.

Two forms of triggered quasi-programme cascade may be distinguished. First, in multi-stage
quasi-programme cascades a single quasi-programme drives pathology development, but multiple
stages can be distinguished. Second, discrete stage quasi-programme cascade, where individual quasi-
programmes are temporally or spatially separated from one another, and do not necessarily follow
one to the next. To be precise, multi-stage and discrete stage quasi-programme cascades represent


https://doi.org/10.20944/preprints202310.1387.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2023 doi:10.20944/preprints202310.1387.v2

opposite ends of a continuum more so than discrete categories, with many cascades corresponding
most closely to points in between. Some examples of multi-stage and discrete stage quasi-programme
cascades follow.

Multi-stage quasi-programme cascades

The first disease to which this new theory of triggered-programmes was originally applied is
rheumatoid arthritis (Kern, 2020); its relative simplicity makes concepts easy to grasp. It is also an
example of a multi-stage triggered-programme cascade (Figure 4A). The disease is triggered by
inflammation, typically increased sterile inflammation, induced by a range of causes. The arthritic
disease process begins with immune cells attacking a healthy joint in a futile manner (stage 1). This
causes the synovial tissue surrounding the joint to undergo vigorous proliferation and
vascularisation and transform into a hypertrophied rheumatoid pannus, from the Latin pannus (table-
cloth) reflecting the presence of a thickened layer of tissue (stage 2). The pannus then secretes
proinflammatory cytokines that cause futile osteoclast-mediated bone resorption and loss (stage 3)
(Distler et al., 2004; Karmakar et al., 2010).

In an additional stage, the hyperplastic synovium pointlessly invades cartilage and bone,
further contributing to the destruction of the affected joints. The increased synovial fluid content in
affected joints also increases intra-articular pressure. In addition to these elaborate self-destructive
programmatic mechanisms, disruptions also pitch in and contribute to the demise of the joint. Here
disruptions can act directly, or indirectly by acting as quasi-programme triggers, and/or making the
tissue more susceptible to triggers and/or other disruptions (c.f. Figure 1A). Disruptions include
mechanical injury, pathogen invasion and molecular damage (Figure 4A). Thus, in this complex
disease a localized, tight succession of futile developmental processes leads to painful and disabling
disease, in a multi-stage quasi-programme cascade. This is the core aetiology in a wider,
multifactorial process.

Variations in the presentation and progression of the disease may be attributed to differences in
the wild-type genome, and occurrence of disruptions (including triggers) (Figure 5).

Another multi-stage quasi-programme cascade is operative in the development of non-alcoholic
fatty liver disease (NAFLD) and insulin resistance (Figure 4B). A major cause of the disorder is
inflammation in adipose tissue, typically a consequence of obesity and/or aging. This induces
adipocyte insulin resistance, which leads to increased export of free fatty acids (FFA) from the
adipocytes and into the circulation. FFA are then taken up by other organs that are not adapted to
store large amounts of fat, such as the liver (stage 1). This in turn leads to lipotoxicity (lipid-induced
dysfunction) in those organs, which increases insulin resistance at those sites (stage 2) (Adams et al.,
2005; Sears and Perry, 2015; Unger, 2003). It is here that the systemic consequences of insulin
resistance really start to bite, as hepatic insulin resistance and lipid accumulation trigger a quasi-
programme positive feedback loop, driving the development of the metabolic syndrome (Figure 4B).

Further pathological consequences of NAFLD include increased risk of hypertension and
cardiovascular disease from excess FFA in the blood, and type II diabetes (T2D) as insulin resistance
impairs control of blood glucose levels (Adams et al., 2005; Chen et al., 2017; Unger, 2003).
Specifically, in the liver insulin resistance causes excess glucose secretion into the blood, and in
muscle it reduces glucose uptake, which together send blood glucose levels soaring, and the
development of T2D is on its way. Disruption-type aetiologies can exacerbate disease, e.g.infection
and injury, to which the NAFLD liver is more susceptible (Adams et al., 2005). In conclusion, although
NAFLD involves different organs (particularly adipose tissue and liver), the tight causal relationship
between quasi-programmed changes define a multi-stage quasi-programme cascade.
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Figure 4. Multi-stage and discrete stage tripped-programme cascades. Both programmatic and
disruption aetiologies are included (cf. Figure 1A). A, B, Multi-stage tripped-programme cascades. A,
Rheumatoid arthritis. B, Non-alcoholic fatty liver disease. Hepatic insulin resistance and continued
free fatty acid (FFA) uptake generates an imbalance between factors that favour hepatic lipid
accumulation (e.g. lipid influx and de novo lipid synthesis) and ones that reduce lipid build-up (e.g.
lipid export or oxidation). C, D, Discrete stage tripped-programme cascades. C, Calcium and
phosphate movement into blood leads to vascular calcification. D, Lipotoxicity in NAFLD increases
susceptibility to injury, resulting in further inflammation, scarring, and non-alcoholic steatohepatitis
(NASH).
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Figure 5. A blueprint model for the causes of aging and late-life disease (hypothetical scheme). The
main cause of programmatic aging is the evolutionary process, in which biological constraint plays a
major role. Due to the presence of constraint and late-life selection shadows, the compromises made
by the evolutionary process generates late-life cost which manifest as diseases of aging. Broadly
speaking, two main elements combine to cause aging and its attendant diseases: disruptions and
programmatic changes specified by the wild-type genome. Diseases of aging typically arise from
combinations of disruptions and programmatic changes, but can also arise from the latter alone.
Programmatic changes include costly programmes, and triggered quasi-programmes that may result
from run on or, arguably more often, by being triggered in later life.

Discrete stage quasi-programme cascades

In discrete stage quasi-programme cascades the relationship between primary and secondary
quasi-programmes is looser and less inevitable. Here an example is insulin resistance leading to T2D
(Unger, 2003), which can in turn sometimes cause diabetic cataracts. Diabetic cataracts develop due
to excessive conversion of glucose into sorbitol (an example of hyperfunction), at a rate higher than
sorbitol can be converted into fructose by the enzyme sorbitol dehydrogenase. The resulting build-
up of sorbitol then generates increased osmotic stress in the lens fibres, causing them to swell and
rupture (Pollreisz and Schmidt-Erfurth, 2010).

Returning to rheumatoid arthritis, a secondary triggered quasi-programme likely develops
when calcium and phosphate released by bone degradation (stage 3 in Figure 4A) enter the
bloodstream; excess blood calcium contributes to pathological arterial ossification, contributing to
atherosclerosis as previously described. This is likely what causes the strong correlation between
bone resorption diseases like osteoporosis and rheumatoid arthritis and arterial calcification (Wahlin,
et al., 2016; Giles, et al., 2009) (Figure 4C).

Multi-stage cascades may also involve the action of multiple triggers, where preceding triggers
prime tissue for subsequent pathology (c.f. a fire where a spark and fuel are required). This is
particularly when the preceding trigger is a programmatic change, as in the example of COPD. As
another example, osteoporosis, triggered by osteoclast hyperactivity, damages a joint and this in turn
primes the joint for future triggers of osteoarthritis (Calvo et al., 2007; Horikawa et al., 2014). In
osteoarthritis, chondrocyte hyperactivity is triggered by mechanical stress and induces a programme
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of new bone formation (osteogenesis), causing a thickening of subchondral bone, including the
development of bone marrow pockets and a blood supply (echoing angiogenesis in cancer
development), culminating in the formation of new bone outgrowths, called bone spurs (or
osteophytes), which can restrict joint movement and cause pain (Glyn-Jones et al., 2015).

Returning also to NAFLD, another secondary quasi-programme can develop as lipotoxicity
increases the susceptibility of the liver to injury, which can then trigger further inflammation (Adams
et al., 2005). Such inflammation can then cause disease progression to non-alcoholic steatohepatitis
(NASH), an aggressive form of fatty liver disease marked by liver inflammation, and advanced
scarring and fibrosis (i.e. cirrhosis) as part of an exaggerated wound healing response. Here
proinflammatory cytokines and hyperactivity of innate immune cells directly damage tissue.
Concomitantly, these cytokines also trigger fibroblasts to secrete too much extracellular matrix
including collagen, and the resulting fibrosis contributes to liver failure via disruption of the liver
architecture and function (Figure 4D).

Another example of a discrete stage quasi-programme cascade involves immunosenescence and
accumulation of cells that have undergone cellular senescence (cell cycle arrest, and entry into a
hypertrophic, hypersecretory state) (Prata et al., 2018). Throughout life, fibroblasts undergo this type
of differentiative changes to support wound healing (Demaria et al,, 2014). Such “senescent”
fibroblasts are subsequently cleared by the immune system, triggered by signals within the fibroblast
senescence-associated secretory phenotype (SASP). In later life, efficiency of clearance of senescent
fibroblasts is reduced due to immunosenescence. With the resulting accumulation of senescent
fibroblasts, a programme for wound healing and tissue remodelling becomes a primary quasi-
programme leading to disruption of cellular microenvironments which, in mice at least, promotes
diverse diseases of aging (van Deursen, 2014). In a secondary quasi-programme, accumulating
senescent cells can induce neighbouring cells to also undergo senescence (secondary senescence via
autocrine and paracrine signals) (Admasu et al., 2021).

As a final example, general systemic inflammation, from causes such as those that give rise to
NAFLD (Figure 4B), can then go on to further trigger neurodegeneration via microglia hyperaction.
For instance, increasing evidence indicates that systemic inflammation might drive the initiation and
progression of Alzheimer's disease as immune cues can pass into the brain through various routes.
Examples include via the circumventricular organs, across the brain barriers, through activating
vascular cells at the brain barriers and even neural routes like cytokines from the thoracic-abdominal
cavity (e.g. Kupffer cells in the liver) directly activating the vagal nerve which signals to the brain
(Xie et al., 2021). Neuroinflammation contributes to Alzheimer's disease (Heppner et al., 2015; Sala
Frigerio et al., 2019), as it causes microglia hyperaction and exacerbates amyloid beta and tau
pathologies that in turn cause neurodegeneration and cognitive decline (Ising et al., 2019). Likewise
Parkinson’s disease is associated with neuroinflammation that systemic inflammation contributes to
(Wang et al., 2015).

Moving away from a mTOR-centric model

Notably, the concept of triggered quasi-programmes moves away from the view that there is
one central driving force behind the aging process, like damage accumulation, or mTOR (and other
nutrient-sensing pathways that control growth and development) as proposed by existing damage-
centric and programmatic theories, respectively. Instead, triggered quasi-programmes present a new
primary pathophysiological principal. Think here of infectious diseases that differ greatly in their
specific aetiologies, presentation, severity and so on, e.g. tuberculosis vs rabies, but can be understood
as originating from the pathophysiological principal of infectious pathogens - of which there are
many different kinds.

Regarding mTOR hyperactivity in particular, in all the examples of age-related disease described
above, this is not a major driver. Take endometrial hyperplasia, for instance, where the immediate
cause is an increase in the ratio of oestrogen to progesterone. Yes, mTOR function (hyperfunction) is
a critical factor for such hyperplasia, but one that is downstream in the chain of events leading to
pathology. To further emphasise this “downstream” role of mTOR, one can look at what happens
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when conversely there is too much progesterone vs oestrogen, as with the progesterone only birth
control pill: atrophy of the endometrium. As other examples, in prostrate hyperplasia proximate
drivers of pathology are DHT and inflammation. In the progression of fatty liver, proximate drivers
are insulin resistance and lipotoxicity. In osteoporosis proximate drivers are disrupted signalling cues
to osteoclasts, like disrupted oestrogen levels. In diabetic cataracts the proximate driver is too much
glucose along with constraints on enzymatic conversion rates of its by-product sorbitol. In these
examples, mTOR is a key player whose hyperfunction is integral to the development of pathological
quasi-programmes. Yet mTOR hyperfunction is not the initial cause of quasi-programme
development, but rather a mediator of upstream triggers.

Ironically, this account echoes previous criticisms of the oxidative damage theory. A major
supporting argument for this theory was the increase in later life of oxidative damage. But it was then
argued that this was a consequence of late-life pathology, whose origins lie in mTOR hyperfunction.
Hence rapamycin can increase lifespan while antioxidants cannot. The proposition in this review is
that dysregulated mTOR activity, which most typically is in the form of mTOR hyperfunction, is only
a secondary cause of age-related disease. And this predicts that, like oxidative damage levels, mTOR
hyperactivity in vivo will occur in the early stages of quasi-programme emergence, in mid to late life,
rather than increasing gradually throughout life. Here it is argued that mTOR hyperfunction
originates cell non autonomously, rather than cell autonomously.

Diseases prior to aging: triggered quasi-programmes in infectious disease

Medicine primarily views infectious disease from the angle of disruption to physiology; the key
disruptor here being the infectious pathogen. Yet the wild-type genome also plays an integral role in
the aetiology of many infectious diseases, primarily in the form of triggered quasi-programmes. This
typically results from bystander effects as in autoimmune-driven pathology (an echo of late-life,
chronic sterile inflammation). An example of this is Lyme disease, which results from infection with
the tick-borne bacterium Borrelia burgdorferi. Here bystander T cell activation can alter synoviocytes
(fibroblast-like cells) in articular joints. This can lead to joint pathology that includes the erosion of
bone and cartilage, in a manner somewhat akin to the aetiology of rheumatoid arthritis (Whiteside et
al., 2018) (Figure 4A). There are numerous other examples. For instance, in leishmaniasis (infection
with the protozoan parasite Leishmania major), bystander activation can exacerbate disease, leading
to skin lesions filled with copious numbers of monocytes, neutrophils and CD8+ T cells (Whiteside et
al., 2018). Bystander activation after infection with the virus hepatitis C causes liver injury, closely
resembling that of NAFLD and NASH (Adinolfi et al., 2016). Here in each case, triggered quasi-
programme cellular behaviours arising from evolved, wild-type gene function contribute to
pathology. And for infectious diseases where the pathogen that is the primary source of the disease
proves difficult to treat, triggered quasi-programmes offer secondary potential sites of intervention.
Notably, as with the age-related disease detailed above, the role of mTOR hyperfunction in these
diseases is typically secondary.

AP is a feature of all wild-type genes, and constraint determines risk of disease

How well does the new theory work as an ultimate-proximate account of aging? If not run on of
mTOR function, what other proximate mechanisms could account for the timing and appearance of
triggered quasi-programmes? And: why have mechanisms to prevent the appearance of triggered
quasi-programmes and cascades that cause age-related disease not evolved in animal species -
especially where certain triggered quasi-programmes, such as those associated with infection, are
occurring early in life.

One possible ultimate-proximate explanation for the cause of triggered quasi-programmes is
biological constraint: any factor that affects either the production or presentation of a biological trait.
Constraint is a consequence of the highly integrated nature of organismal biology, where, like with a
machine, there is an inability to optimise all functions at once. And this leads to natural compromises
in the form of trade-offs.
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This idea of constraint differs from traditional programmatic theories, as the very concept of
triggered quasi-programmes resulting from run on implies the absence of biological constraint
(Blagosklonny, 2006; Blagosklonny, 2021; de Magalhaes, 2005; Gems, 2022; Maklakov and Chapman,
2019).

Due to the presence of biological constraint, the function of many genes and proteins have the
potential to provide a fitness benefit in one context and a cost in another. Here context can mean not
only different ages, as in William’s account of AP in aging, but also in different tissues, different sexes,
different genotypes and different environment - especially where the proximate mechanism of the
cost is triggered quasi-programmes (see disease examples above).

Understanding AP and constraint in this way, one may reasonably argue that all genes in the
human body exhibit AP. Consider for example, transformed breast epithelial tissues in metastatic
breast cancer: here all the genes supporting cellular function have become pathogenic - all exhibit AP.

Whilst every gene has the potential to exhibit AP and be triggered as a quasi-programme, not
all genes are equally likely to give rise to pathology. Specifically, the risk of a gene giving rise to
pathology via quasi-programmes is a function of (i) the cost incurred if that gene is erroneously
triggered, and (ii) the likelihood of the gene being erroneously triggered, formularised by a risk
equation as follows.

R, =C; p(Cy)

Equation 1. Calculating risk of pathology from futile triggering of genes as quasi-
programmes. Risk of pathology (Ry) is a function of the cost incurred when the gene is triggered in
error (Ci), and the likelihood of the gene being triggered in error, i.e. the probability of the cost (pC).
Genes associated regulatory and signalling proteins like mTOR and IIS are at high risk of contributing
to pathology. If triggered in a futile manner, such genes will have multiple knock on effects, making
Cthigh. And, as such genes typically have multiple upstream mediators, pC: is also high.

The probability of the gene being triggered (pC:) is determined by the probability of the
occurrence of the trigger(s). Some triggers may be the product of biological constraint that exert a
deleterious effect later in life, which is why you only see the pathology appearing later in life. For
example, menopause is likely the result of constraint; it has been argued that the human menopause
evolved, not because it promotes fitness in any way, but because as hominin longevity increased, it
was simply not possible for reproductive lifespan to lengthen in hominin females (Austad, 1994;
Marlowe, 2000). And the menopause triggers many pathologies, such as oestrogen decline inducing
osteoclast hyperactivity and osteoporosis.

The level of cost is also determined by biological constraint, acting at multiple levels of
organisation (for formularisation of cost using trade-off functions see (Kern and Gems, 2023b)) - i.e.
ask yourself why evolution did not work to minimise cost even in the presence of the trigger.

As a simplification, AP effects are expected to be greater where more complex constraints are
present, as where a given gene function plays a role in many different contexts. This is a particular
issue in complex multicellular organisms where the same gene acting within diverse cell types and
tissues may have different effects. For example, regulatory and signalling proteins may serve
multiple functions which, similar to building the circuitry of a machine or software coding, result in
signalling constraint that create risk of pathogenic off-target effects and cross-talk - and so deleterious
quasi-programmes being triggered.

Syndromes of senescence: triggered quasi-programmes can act within wider aetiological webs

Complex though they are, triggered quasi-programme cascades are only part of a wider web of
disease aetiology. The highly complex and interconnected nature of late-life disease can present a
prospect of senescence as a hopelessly intractable condition. Yet in principle, it ought to be possible
to map out the interconnected webs of causation, which include triggered quasi-programme cascades
and other elements of multifactorial aging (Figure 6).

As an illustration of such an aetiological web, consider T2D triggered by menopause-related
endocrine changes (Mauvais-Jarvis et al., 2017; Paschou and Papanas, 2019). Once developed, T2D
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can suppress the immune system via several different mechanisms involving further triggered quasi-
programmes, and also molecular damage. As one mechanism, hyperglycaemia due to T2D leads to
formation of advanced glycation end-products (AGEs). And this causes a shift in macrophage class
frequency, with fewer M1 macrophages that encourage inflammation, and more M2 macrophages
that favour tissue repair (He et al., 2020). In turn, this leads to a reduction in microbicidal capacity
(Berbudi et al., 2020; Liu et al., 2012; Pavlou et al.,, 2018) which, along with reduced blood flow,
increases risk of infection and impairs wound healing. Reduction in blood flow results from several
causes, including increased blood viscosity, change in arterial wall tension, and hyperglycaemia
which causes molecular damage like AGEs and triggered quasi-programme inflammation. This in
turn causes vascular endothelial cell dysfunction (Cinar et al., 2001; Hadi and Suwaidi, 2007).

Disease 2a Genetic
predisposition

Initiating . . . )
trigger(s) q Disease 1 Disruption » Disease 3

\ of f‘V
Disease 2b

Disruption of
function

Initiating ) Discase 4

trigger(s)
Disease 3a,

Pathogens

Figure 6. Representation of a hypothetical web of disease aetiologies, largely triggered quasi-
programme driven. One disease can give rise to many different diseases via a knock-on effect, and
many different conditions can converge to give rise to another multi-factorial disease. TP: triggered
quasi-programme.

An example of a further diabetic complication is periodontitis (severe gum infection that can
destroy teeth and the bone that supports them). In the mouth, the increased risk of infection from
T2D is further compounded by hyposalivation (possibly due to impaired blood flow to the salivary
glands) and an increase in salivary glucose levels (resulting from elevated plasma glucose) which
promotes bacterial growth (Al-Maskari et al., 2011; Pérez-Ros et al., 2021). Hyposalivation is also bad
because saliva contains antimicrobial proteins and peptides, and acts as a mechanical barrier
preventing adhesion of microbes to the surface of the oral mucosa. Moreover, a lack of salvia
production causes stagnation in flow; any stagnation in flow causes infection via bacterial build-up
from a lack of mechanical washing (Iwabuchi et al., 2012). Bacterial build-up both directly destroys
tissue, and has indirect effects such as lodging in between the gum and enamel thereby reducing
adherence of gum to the enamel (leading to gum recession).

This complex example illustrates how diverging pathological outcomes from an aetiological web
can reconverge to generate a further disease (here periodontitis). In other words, many diseases can
converge to form one disease and one disease can proliferate to generate many more in a domino
style effect.

Looking further back up the causal chain of aetiologies, it can be seen that menopause increases
risk of periodontitis (Angeles-Albores et al., 2016, Deepa and Jain, 2016). This is due not only to
increased risk of T2D, but also to other effects of oestrogen deficiency such as triggered quasi-
programmed bone resorption contributing to loss of bone that supports teeth, and reduction in
gingiva (gum) integrity (Bhardwaj and Bhardwaj, 2012; Kovacs, 2016). The latter arises from yet
another triggered quasi-programme change arising from control by oestrogen of proliferation and
differentiation of keratinocytes and fibroblasts in the gingiva (Bhardwaj and Bhardwaj, 2012).

Triggered quasi-programme cascades are amenable to medical intervention
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A good understanding of disease aetiology is important for devising means of disease
prevention and treatment. In the case of triggered quasi-programme cascades and the wider
aetiological webs in which they operate, such understanding requires careful enumeration of the
diverse links in the aetiological causal chains involved. There are several possible reasons why such
chains and networks are not a stronger focus of efforts by doctors and scientists. First, as detailed in
the introduction, medical research has tended to look to disruptions of normal function for
explanations of disease aetiology, whereas the main cause of senescence is wild-type function (Figure
1A). Second, much past research on aging was guided by the damage/maintenance paradigm,
looking to accumulation of molecular damage and loss of cellular function for the causes of this or
that disease of aging (Figure 1C). Third, complex chains of disease causation involve different steps
at different times in different organs and tissues, creating a complex picture. But, by understanding
the aetiological webs that drive senescence, opportunities for interventions to improve health come
into view. For example, the observation that hormone replacement therapy in post-menopausal
women reduces risk of periodontitis is potentially explicable in terms of the cascade of triggered
quasi-programmes described above (Angeles-Albores et al., 2016). Triggered quasi-programme
cascade maps are a potential means for rational design of such long-distance intervention approaches
(i.e. preventing a cause far upstream in the cascade of the proximate cause of a disease).

Specifically, one approach for intervention is to identify and target the initiating triggers of
quasi-programmes. This may be particularly effective where trigger amplification has occurred, as in
the triggering of metabolic syndrome by inflammaging (Figure 4B). Yet for many diseases of
senescence, triggers of quasi-programme may be hard to pinpoint, variable, and numerous making
intervention difficult.

An alternative approach is to try and eliminate as many secondary systemic triggered quasi-
programmes as possible - given the new theory reveals much of age-related disease is a secondary
consequence of initial triggers due to quasi-programme cascades and arises in a cell non autonomous
manner. One way to do this is via readjusting cell signalling cues in blood; likely why parabiosis
(linking of the blood supplies) of young and old mice works to alleviate some age-related pathology,
at least as far as clonal animals are concerned.

Rapamycin as an anti-aging drug

What about means to target all triggered quasi-programmes that emerge in later life at once? Is
say the drug rapamycin (sirolimus), an mTOR inhibitor (Blagosklonny, 2019; Harrison et al., 2009;
Wilkinson et al., 2012), a possible candidate. The beneficial effects of IIS/mTOR inhibition on the
lifespan of laboratory models led to the development of the programmatic theory in the first place
(Blagosklonny, 2006; de Magalhaes and Church, 2005; Gems, 2022). The theory argues that IIS/mTOR
suppression increases lifespan by preventing developmental programmes, particularly governed by
mTOR, from running-on into quasi-programmes in later life (Figures 1B and 2A). But how does all
this reconcile with triggered quasi-programmes, and is general mTOR/IIS inhibition still a good
approach?

There are two points to note here. First, simply because something works in laboratory animals,
does not make it a good intervention for humans; mechanisms driving aging in model organisms are
not necessarily relevant to human aging (Kern and Gems, 2022).

Second, while mTOR inhibition is a therapy against triggered quasi-programmes, it is not
necessarily the best therapy. Rapamycin against aging can be likened to chemotherapy against cancer.
Chemotherapy works by damaging genes associated with cellular proliferation, with the
consequence that all highly proliferative cells are most affected. Treatment with chemotherapy works
because the vital cells in us are slow dividing (highly proliferative cells like hair and skin are less
essential) and so a balance is struck between killing the cancer cells (in order to cure or control the
disease) and sparing vital cells, but at an expense (many unpleasant side effects). You wouldn’t want
to be on chemotherapy 24/7. General suppression of IIS/mTOR with a drug like rapamycin to treat
aging is likely to be beneficial in the same way as chemotherapy: a balance will be struck between
preventing gross pathological change by dampening all cellular activity, whilst trying to maintain
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vital functions. But there will be costs like immunosuppression, and reduced wound healing (from
mTOR hypofunction). As a specific example, rapamycin dampens bone remodelling and so delays
fracture healing (Holstein et al.,, 2008), but multiple papers also suggest it is beneficial against
osteoporosis. But to be clear this is not an argument against the potential efficacy of mTOR inhibitors
to treat late-life disease when no other intervention is available.

Predictions of the new theory

An operative theory of aging must be able to explain age-relate disease aetiology, as the new
blueprint-theory does for many diseases. A further means to validate it is to see if it makes testable
predictions, some of which may involve explaining past observations. Below are a number of such
predictions.

Prediction 1: If triggered quasi-programmes is what is giving rise to many age-related diseases, the same
pathologies should present earlier in life if the trigger is present earlier. This is indeed what is seen.
Numerous disorders exhibit features that resemble acceleration of some aspects of aging, so-called
progeroid conditions (Martin, 1978). And in many cases this reflects earlier occurrence of triggered
quasi-programme cascades. For example, oophorectomy (removal of the ovaries) prior to menopause
leads to a sharp decline in circulating oestrogen which causes osteoporosis (Hibler et al., 2016), in a
premature menopausal triggered qausi-programme cascade (Kern et al., 2023a).

Obesity causes premature onset of several aging-related diseases such as cardiovascular disease,
NAFLD, T2D and stroke, and may therefore be viewed as a progeroid condition (Horvath et al., 2014;
Salvestrini et al., 2019). A contributor to obesity-triggered progeria is chronic sterile inflammation, or
premature inflammaging (Mancuso and Bouchard, 2019). This develops because adipocytes reach
their limit of expansion, causing hypoxia which triggers proinflammatory pathways and systemic
insulin resistance (Sears and Perry, 2015). This in turn can lead to conditions such as NAFLD and
metabolic syndrome as described above (Figure 4B) much earlier in life.

This could be why interventions that are anti-diabetic and promote weight loss, like metformin
and ozempic (semaglutide), exhibit some features of “anti-aging”. Rather than being anti-aging per
se, such drugs are likely beneficial via preventing accelerated aging. For examples involving
progeroid congenital syndromes, see Appendix.

Prediction 2: The evolutionary conservation across animal species of cellular signalling and physiology
(and hence biological constraint) predicts that cascade will also show some evolutionary conservation. This
prediction is consistent with the presence of similar diseases of aging in many mammalian species.
As one example, canine rheumatoid arthritis shows cascades and stages that are very similar to those
seen in the human disease (Figure 4A) (Bennett, 1987; Innes & Clegg, 2010).

Prediction 3: According to the new theory, the more different contexts a given gene acts in, the more it
will be subject to constraint and, therefore, pathology-generation. A prediction that follows is that cell and
tissue types that show greater plasticity of function (such as those with active tissue remodelling during
adulthood) proffer more biological contexts for gene function, and therefore are expected to create more biological
constraint and AP. In line with this, the liver, skin and colon for example, which exhibit high levels of
cell replenishment from stem cells and division of differentiated cells, are relatively highly prone to
cancer and autoimmune disease (Cooper et al., 2009; NCI, 2023). By contract, myocardial,
neurological and germline tissues that are structurally more static are less prone to such pathologies
(Cooper et al., 2009; NCIL, 2023). Operation of this risky plasticity principle can also be seen in sexual
dimorphism, with greater susceptibility to some diseases of aging in the more “plastic” sex, i.e.
females that undergoe greater change in tissue status for reproduction, both in laboratory model
animals and humans. For details of this and cellular plasticity correlating with aging disease (i.e.
mesenchymal stem cell lineages and risk of triggered quasi-programmes) see appendix.

Prediction 4: Senescence should be commonly observed in a wild animal’s populations. Prior
programmatic theories argue aging is the result of run-on of nutrient-sensing pathways like mTOR
(Blagosklonny, 2006; de Magalhaes, 2005; Gems, 2022; Maklakov and Chapman, 2019), and rely on
the absence of “off-switches” to be a part of the evolution of aging - a consequence of most animals
not surviving to late ages where the benefits of such off-switches can be realised, due to high extrinsic
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mortality (i.e. death from external causes like predation) (Blagosklonny, 2006). This predicts that
senescence should be restricted to late ages that the majority of the population do not reach in the
wild, i.e. they predict senescence should not be commonly observed in wild animal populations. In
contrast to run-on, the new model predicts features of aging should be common in wild animal
populations due to biological constraint and triggered quasi-programmes. And field studies ranging
from baboons and monkeys to sheep, bears, whales, swallows and a multitude of other animals are
in line with this prediction (Nussey et al., 2013). For details, see appendix.

Prediction 5: Predicting results of prior tests of evolutionary theories. The antagonistic pleiotropy (AP)
theory is one of two early theories proposed for the evolution of aging due to late-life selection
shadows. The other is Peter Medawar’s mutational accumulation (MA) theory (Medawar, 1952). This
argued that wholly deleterious mutations may accumulate in populations if their effects are exerted
only later in life. While AP and MA are not mutually exclusive, the importance of MA in the evolution
of aging remains uncertain and is much debated. This is partly because it is difficult to test directly
for the existence of MA (Hughes, 2010; Rose and Charlesworth, 1980). There also seem to be few clear
examples of MA. Even the Huntington’s disease Htt mutation, long quoted as an example of MA
(Haldane, 1941), has been reported to increase number of children (Shokeir, 1975; Walker et al., 1983)
and resistance to cancer (McNulty et al., 2018; Sorenson et al., 1999), i.e. to exhibit AP.

This being said, strong support for MA has been derived indirectly by testing predictions of MA
that differ from those of AP. However, the existence of triggered quasi-programme cascades changes
many of the previous predictions about AP, and therefore affects interpretations of prior attempts to
distinguish AP and MA - and provides an explanation for the outcome of a range of such studies,
ranging from quantitative trait locus (QTL) mapping to human genome wide association studies
(GWAS), that were previously used to support MA over AP. For details see appendix.

Conclusions

This article is one of a trio, that together attempt to build a much needed unified theory of aging
- stretching from understanding effects of ecology on life-history strategy, down to presentation of
age-related disease, and finally effects on population survival curves and other aspects of
biodemography. The first article (Kern and Gems, 2023b) integrates life history theory with
evolutionary theory and so offers an explanation for differences in aging rate and presentation
between species. It also provides a means to account for how variation in levels of constraint influence
presentation of proximate mechanisms of aging. For a list of the types of constraint associated with
AP and aging and associated examples, see (Gems and Kern, 2022). The second article focuses on
explaining effects of interventions into the aging process on population survival curves, challenging
current theory on biodemography (Kern and Gems, 2023a). Finally, this review presents a new
programmatic theory of aging, and in doing so integrates the evolutionary theory of aging to the
aetiology of age-related disease.

In recent decades aging research has largely focused on the accumulation of molecular damage
and loss of information and cell function as the primary cause of aging and late-life disease. This view
has predominated in biogerontology, evolutionary biology (e.g. the disposable soma theory, Figure
1B) and, to some extent, in studies of individual diseases of aging (Kirkwood, 2005; Sohal and
Weindruch, 1996). This focus has been relatively fruitless in terms of a general account of the origins
of actual diseases. Molecular damage accumulation and deficiency in cellular maintenance seem
insufficient to explain the wide spectrum of late-life afflictions, such as rheumatoid arthritis,
osteoporosis and T2D. For most diseases of aging (though not cancer), molecular damage appears to
play only a secondary role: it is a consequence rather than a cause of senescence (Figure 3).
Programmatic theories of aging provide an alternative ultimate-proximate mechanism to the
previous damage-centric ones, but to date they have shared the same limitation: not being able to
explain age-related disease aetiology.

In this article what is described is a a new blueprint-style account of the principles of aetiology
governing much of senescent disease. Biological organisms can be likened to machines, where all
functions cannot be optimised at once, resulting in desperate trade-offs - rather than being blind, the
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watchmaker is forced to compromise. But here the real danger is domino style system collapse
through triggered quasi-programmes and quasi-programme cascades.

Glossary

Antagonistic pleiotropy (AP): Where action of a given gene is both beneficial and detrimental
to fitness. If the latter occurs later in life and is therefore subject to weaker selection, such a gene may
be favoured by natural selection, and promote aging (Williams, 1957).

Biological constraint: A property of organisms and/or their ecology that prevents the evolution
of traits that would increase fitness.

Damage/maintenance paradigm: Theory that aging is largely caused by accumulation of
molecular damage, which can be prevented by somatic maintenance functions. Various theories of
aging are based on this broad assumption.

Discrete stage quasi-programme cascade (New term): A series of quasi-programmes triggered
in a causal chain where quasi-programme are temporally or spatially separated from one another (c.f.
multi-stage quasi-programme cascade).

Disposable soma theory: Theory proposing that natural selection favors investment of limited
resources into reproduction rather than somatic maintenance, accelerating damage accumulation
and, therefore, senescence (Kirkwood, 1977).

Hyperfunction: Where wild-type gene function actively leads to senescent pathology, as
opposed to passive random damage or wear and tear (Blagosklonny, 2006).

Multi-stage quasi-programme cascade (New term): Where a single quasi-programme driving
pathology progression involves a cascade of distinguishable stages (c.f. discrete stage quasi-
programme cascade).

Programmed aging: Where complex biological processes contributes to senescence, but not
necessarily to fitness (cf. quasi-programmes and triggered quasi-programmes).

Quasi-programmed aging: Senescence caused by futile gene action. This can arise from a futile
run-on of wild-type programmes that promote fitness earlier in life (Blagosklonny, 2006), or (new
addition), as argued in this review, may be triggered by other factors (programmatic or non-
programmatic) like infection or injury. Tissue may undergoe changes with age that prime it and make
it more susceptible to triggers.

Run on: Futile continuation of gene function or processes in later life, leading to pathology (cf.
quasi-programme).

Signaling constraint (new term): Where a given signaling molecule (e.g. hormone or growth
factor, receptor, signaling kinase, transcription factor) acts in diverse contexts (cell types, tissues,
organs), such that optimization of function in all contexts is not possible.

Selection shadow: Decrease in selection with increasing age, leading to weaker selection against
genes with deleterious effects on fitness and health the later in life those effects are expressed.
Environmental factors that increase mortality rate (e.g. predators, infectious pathogens, starvation)
can deepen the selection shadow.

Senescence: The overall process of deterioration with age or the resulting pathological condition
(not to be confused with cellular senescence (sensu Hayflick), which is a particular form of cell cycle
arrest affecting some vertebrate cell types). Although aging has several meanings, in the biological
context it is usually synonymous with senescence.

Quasi-programme cascade (New term): A causal chain of quasi-programmes, in which each
triggers the next in the chain (c.f. multi-stage quasi-programme cascade and discrete quasi-
programme cascade).

Ultimate-proximate theories of aging: These combine explanations of the evolutionary
(ultimate) and mechanistic (proximate) causes of aging into a single integrated account.

Wild-type: Genes maintained in the population, i.e. non atypical mutant.
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