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Highlights 
• DNA damage-induced selection is the underlying cause of ageing. 
• Faster metabolising cells naturally spread unless prevented by a deliberate process 

designed to prevent hyperfunctional diseases like cancer and fibrosis.  
• As a result, slow metabolising mutants reduce the metabolic rate of faster neighbours 

epigenetically, shifting energy homeostasis to induce insulin resistance, weight gain, 
inflammation, metabolic syndrome and age-related disease. 

• In post-mitotic tissues, mitochondria are undergoing similar selection and 
counterselection, contributing to the same metabolic slowdown.  

• The four process model defined by these selection processes explains all major anti-
ageing therapies and connects the hallmarks into a mechanistic framework. 

Abstract 
Although ageing can be understood in terms of associated hallmarks and biomarkers, the 
processes which connect and cause these phenotypes are ill-defined. Here we suggest a 
unifying model of ageing as four distinct processes which connect the major observations and 
evidence into a single framework. It explains, from a single initial cause to the ultimate 
outcomes and diseases, why we age and die.  

We suggest that although DNA damage is crucial to shift homeostasis, ageing itself is not 
caused by simple DNA damage accumulation. Instead, only specific sites of damage are 
relevant when they affect selection and the resulting ageing processes. For clarity, each 
process is given a name.  

The first process, ‘celerisis’, results from the natural course of tissue-level selection for cells 
with elevated metabolic and proliferative rate. If the damaged DNA site gives the cell a selective 
advantage, it can spread within the tissue causing hyperfunctional diseases including cancer 
and fibrosis. However, many ageing phenotypes are more associated with hypofunction. 
Therefore, we suggest that our tissues have a mechanism to prevent the spread of 
hyperfunctional cells. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2026. ; https://doi.org/10.64898/2026.01.30.701154doi: bioRxiv preprint 

mailto:james.wordsworth2@ncl.ac.uk
mailto:daryl.shanley@ncl.ac.uk
https://doi.org/10.64898/2026.01.30.701154
http://creativecommons.org/licenses/by/4.0/


In proliferative tissues, a second process, ‘intrinsic ageing’, is the result of this defence 
mechanism induced through cell communication via Notch. Slower metabolising mutants 
induce epigenetic changes in faster cells, and then epigenetically slowed cells slow other cells, 
causing gradual metabolic slowdown across tissues. 

The third process, ‘extrinsic ageing’, could then result directly from metabolic slowdown as 
body cells use less ATP. Mitochondria reduce catabolism, restoring ATP levels by burning less 
glucose and lipid. Build-up of these fuels in the cytoplasm reduces import, restoring 
equilibrium but inducing insulin resistance (IR), while the excess fuel is diverted to the adipose, 
causing weight gain, chronic inflammation, and metabolic syndrome. These outcomes could 
then combine with intrinsic ageing to induce age-related disease.  

The final process of mitochondrial selection induces intrinsic ageing of single celled life as well 
as post-mitotic tissues and organisms. Together, the four processes produce a detailed 
mechanistic map that explains the evolutionary significance of ageing, removing old paradoxes, 
and connecting the hallmarks into a causal framework that furthers our understanding.  

Keywords: Ageing, evolution, insulin resistance, inflammation, metabolism, homeostasis 

Graphical abstract 

 

Abbreviations: ATP, adenosine triphosphate; DNA, deoxyribose nucleic acid; IR, insulin resistance. 
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How to read (and skip sections of) this document 
The primary goal of this document is to produce a comprehensive, coherent biological 
mechanism for the ageing process. From the initial inducer, it is designed to indicate the basic 
pathway of causes and effects all the way to the ultimate inducers of disease and death. As 
such, it is a long document, breaking ageing into a collection of four main processes. However, 
gerontology is a multidisciplinary subject, and some parts can be skipped by readers mainly 
interested in certain aspects.  

The secondary goal of this document is to demonstrate that the four process model fits with 
evolutionary theory and is thus evolutionarily plausible. Paragraphs in blue discuss the 
evolutionary implications which can be skipped without missing mechanistic insights or loss of 
coherence.   

The tertiary goal of this document is to demonstrate the problems of the mainstream 
evolutionary and mechanistic theories in light of existing evidence, indicating how the four 
process model could solve some of the associated paradoxes. Parts 1 and 2.1 can be skipped 
by readers wishing to go straight to the four process model.  

The document is split into nine parts each discussing a major aspect or process of ageing. Each 
part ends with a summary for readers in a hurry. Clinical and translational research 
scientists mainly interested in the implications for disease could read the summary for Part 3 
then Parts 4-6 only.  

Part 9 is for those interested in a mathematical representation of the four process model or 
further biological detail of the chain of metabolic slowdown described in Part 4.   
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Part summary: 

Part 1: Assesses older models and the complexities they produce. The major issue 
discussed is homeostasis. 

Part 2: Suggests the ‘longevity module’ can connect the hallmarks as an alternative way of 
looking at ageing. Secondly it suggests a two opposing process model of ageing based on 
correlations of age-related disease.   

Part 3: Suggests how cell competition, communication, selection and counterselection 
might induce generalised metabolic slowdown as well as areas of localised hyperfunction 
within the body. It is largely based on our previous model1, but with additional clarifications.  

Part 4: The chain of causation from metabolic slowdown to metabolic syndrome. 
Sections 4.1-4.4 were covered in a previous modelling paper2. It concludes with a three 
process model of ageing.  

Part 5: Demonstrates how metabolic slowdown, metabolic syndrome, and hyperfunction 
combine to induce age-related disease and mortality.  

Part 6: Discusses the implications of the three process model for anti-ageing therapies.  

Part 7: Describes the fourth process of ageing based on mitochondrial selection is 
occurring in unicellular organisms as well as post-mitotic organisms and tissues.  

Part 8: Discusses how differences in lifespan and ageing might evolve, limitations and 
conclusions of the four process model. It also briefly describes translation of the ideas into 
mathematical models, discussed further in the supplementary.  

Part 9: Mathematical model of metabolic slowdown. 

Glossary 
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Introduction 
That ‘ageing is a complex, multifactorial process’ is an almost ubiquitously employed 
introduction in current geroscience literature. Yet the most informative aspect of this statement 
is the lack of mechanistic understanding it denotes. At the Global Healthspan Summit 2024, 
scientists expressed the view that ‘an understanding of aging in terms of basic principles is 
currently so unfeasible as to be unrealistic to pursue’3. As a result, the field has re-focussed on 
interventions aimed at age-associated pathologies without mechanistic connection to the 
ultimate cause. However, this pessimism was not always the case. In the 1970s it was widely 
believed that the mitochondrial free radical theory (MFRT) and the disposable soma theory 
(DST) would provide the mechanistic and evolutionary explanation for ageing, which could be 
slowed, stopped, or even reversed by the prevention and removal of DNA damage. The idea that 
ageing would reflect an accumulation of errors in the DNA was intuitive, quickly capturing the 
interest and imagination of scientists. It was over the ensuing decades, as the evidence proved 
inconsistent with these ideas, that scientists were forced to introduce significant mechanistic 
complexity to stay consistent with these hypotheses.   

The mechanism described here suggests refinements of the damage theory designed to 
combine its crucial aspects with those of other major theories into a relatively simple sequence 
of events that leads to organismal decline and death. Using this unifying model, ageing once 
again becomes a disease we can understand, assess, and potentially cure. 

We do not ask readers to accept every detail. The mechanisms span multiple disciplines, 
necessitating oversimplifications. However, we suggest that even with these inevitable 
imperfections, the four process model and its causal framework provides a superior null 
hypothesis to the undefined ‘complex multi-factorial process’ which currently dominates. 

Part 1: Redefining ageing 
1.1 | Problems with the damage accumulation model of ageing 
Earlier ideas that ageing was inevitable ‘wear-and-tear’ were rejected because living organisms 
are open systems, capable of repairing themselves by extracting energy from their environment, 
thus lacking a thermodynamic imperative for ageing4. The identification of reactive oxygen 
species (ROS) produced by mitochondrial respiration suggested that the body’s own 
metabolism could produce unavoidable damage as a byproduct, but maintenance and repair 
could maintain functionality and thus life indefinitely.  

Disposable soma theory predicted that organisms might evolve to accumulate damage 
because investing fewer resources in somatic maintenance would allow them to invest those 
resources in processes more essential to propagating their genetic line, such as growth and 
reproduction5,6. As both ageing and negligibly senescent organisms would still die from extrinsic 
causes (independent of intrinsic decline eg. cold, disease, and predation), the energy saved 
from ageing would provide a fitness advantage in the form of more (or more robust) offspring. 

However, in the following decades, many studies showed that ROS were not unavoidable 
byproducts of cellular metabolism but crucial signalling molecules7-9. Human trials of 
antioxidant supplementation also showed either no benefit or increased mortality10. In the 
mitochondrial DNA, where oxidative damage should be higher than nuclear, several studies 
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suggested that robust mechanisms existed to remove oxidative lesions11,12, and mutations 
arising from oxidative damage did not consistently increase with age13. The mounting 
counterevidence culminated in multiple papers suggesting the MFRT was no longer 
supported14,15. Many advocates of ageing via damage accumulation turned to alternative 
damaging agents, summarised in Figure 1A. In their proposed ‘Green theory’, Gems and 
McElwee16 discussed xenobiotics (e.g. toxins, drugs, carcinogens) among other potential 
sources, but others suggested such exogenous compounds would be unlikely to produce the 
same levels of damage as intrinsic sources such as our own metabolism17,18. 

 

Figure 1 | Hypotheses and models of ageing. (A) Different types of cellular and molecular damage hypothesised in 
ageing. In red, ‘YES’ reflects significant evidence for a causal role in ageing; ‘NO’ reflects significant counterevidence 
against a role in ageing; and ‘?’ reflects a plausible role with good correlative evidence and some causal evidence of 
contribution to lifespan or healthspan. (B) The standard maladaptive model of inflammageing where inflammation is 
an unavoidable and non-functional byproduct of damage, responding to damage by both increasing damage and 
inducing disease. (C) The adaptive model of inflammageing where inflammation reduces the damage that stimulated 
it, but also contributes to disease in other ways. (D) Predicted response in maintenance upregulation during 
exposure to a damaging agent and the resultant level of damage accumulation. In homeostasis, increases in damage 
are matched by increases in maintenance, so damage accumulation remains constant; in hormesis an over-
response in maintenance results in reduced damage accumulation when damage induction increases, while DST 
predicts that increased damage induction should result in a less than homeostatic response and additional 
accumulation as some of the energy needed to block the extra accumulation is still needed for other processes. (E) 
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TOR-centric quasi-program. In blue, the functional developmental program becomes a detrimental quasi-program 
after development ceases. As shown in green, it can be slowed, taking longer to induce age-related disease at the 
cost of longer development (consistent with antagonistic pleiotropy), but in yellow it can also be switched off 
regardless of speed producing negligible senescence (more consistent with mutation accumulation theory). Image 
created with BioRender.com. Abbreviations: DNA, deoxyribose nucleic acid; DSB, double strand break; DST, 
disposable soma theory. 

If oxidative damage was not a significant inducer of ageing, then damage from DNA replication 
was the most plausible13. The initial hopes for telomeres reflected Olovnikov’s observation in 
1971 that the known enzymes of DNA replication could not replicate the chromosome ends, 
thus causing an ‘end-replication problem’ that would cause the gradual shortening of the DNA 
with each cell division19. The subsequent discovery of telomerase could have largely removed 
their significance, except for the joint observations that the enzyme was deactivated in some 
tissues in larger organisms20, and cells had a finite replicative lifespan in culture21, which was 
due to telomere attrition22.  

Subsequent studies, reviews, and meta-analyses suggested a weak correlation between 
telomere length and human ageing23-25; however, studies in mice also suggested that 
telomerase remained active in most tissues and telomeres did not significantly shorten with 
age26, while in the Leach’s storm petrel older birds had both longer telomeres and less variation 
in telomere length than in hatchlings27. Most inconsistently, when telomerase was knocked out 
in mice, it took at least three generations (G3) before mice began to show segmental progeroid 
syndromes, with G3 mice still demonstrating normal lifespan and G6 mice still viable. In no 
generation did the mice show ‘generalized premature ageing’, with cancer and alopecia and 
delayed wound healing reflecting the major disease increases28,29. Thus, many rejected 
telomere attrition as a significant mechanism in ageing30. 

Notably, telomere attrition was just one kind of replication damage, and stalled replication 
forks, aberrant recombination, and even mechanical factors could all induce strand breaks, 
point mutations and chromosomal rearrangements capable of negatively impacting cell 
function. The discovery that telomere attrition led to cell senescence, a state of permanent 
arrest in cell culture22,31, was followed by the observation that high levels of damage at other 
DNA sites could also overwhelm the repair machinery and induce the same phenotype32.  

Initial results showed senescent cells accumulated with age in animals33, and their removal 
could extend median, if not maximum, lifespan, reducing age-related disease34. Subsequent 
studies produced an inconsistent picture of the therapeutic potential of senolytics, from no 
lifespan benefits at all35 to significant maximum lifespan extension36, albeit with suggestions of 
additional toxicity37. The complex picture suggested that senescence had some significance in 
age-related decline (see Part 7.2), but most likely as one factor among many38,39. If ageing was 
caused by DNA damage during replication, then it was inducing effects in addition to, and 
independent of, cell senescence.  

However, the mechanism by which DNA damage accumulation might induce ageing was 
problematic. The noise hypothesis suggested that damage could reduce the functionality of 
cells in random and multi-directional ways, increasing entropy within tissues40. While noise 
does increase with age, and is likely detrimental to tissue function41,42, there are good reasons 
to believe it may not cause ageing or age-related disease. Firstly, within and even between 
species, most morbidity and mortality occurs through a narrow range of age-related diseases 
more consistent with homeostatic shifts than random effects determined by whichever genes 
are damaged. Secondly, as many gene knockouts have recessive effects masked by another 
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functional gene, modelling studies demonstrated that the mutation rate required to cause 
ageing by hitting two copies of the same gene in a significant number of cells was unrealistically 
high43. Equally inconsistent, haploid and diploid wasps exposed to X-irradiation showed no 
difference in rates of ageing, despite the haploids lacking the protection of another unmutated 
allele44. This left proponents of noise with the weaker argument that ageing could reflect the 
accumulation of mainly dominant mutations45,46. 

However, noise is not the only effect of accumulating DNA damage. Regardless of what gene 
was damaged or what function obscured, damage would activate the DNA damage response 
(DDR). The DDR, in turn, could activate a series of pro-inflammatory pathways, such as cGAS-
STING, as well as inducing cell senescence and the senescence-associated secretory 
phenotype (SASP). As stated by Giunta, et al.47, “reactive oxygen species (ROS) cause 
amplification of cytokine release, fuelling a self-perpetuating positive feedback loop. The end 
result of this cycle is a chronic and systemic pro-inflammatory state”. This is the inflammageing 
hypothesis48, reflecting that ageing and age-related disease are both so consistently associated 
with inflammation49. The resulting vicious cycle of damage, cell death, and inflammation could 
therefore induce a directional shift in homeostasis toward chronic inflammation and 
hypocellularity, independent of increasing noise50,51.  

However, while cell loss occurs in some post-mitotic tissues, most mitotic tissues show no 
overt cell loss, matching the rate of replication with cell death52, some conversely showing 
significant cell expansion53,54. The ageing haematopoietic stem cell niche shows increasing 
cellularity in humans and mice, and higher proliferative potential upon transplant55. Indeed, 
more recent reports suggest that ageing cells can be more resistant to apoptosis56-58, and post-
mitotic organisms like C elegans appear to retain their cellularity during ageing59.  

Additionally, the positive feedback loop between damage and inflammation created several 
complexities. Studies showed juxtacrine and paracrine effects of senescent cells, which within 
the high concentrations of in vitro cultures, could spread damage and senescence to other 
cells60-62, consistent with the maladaptive model of positive feedback shown in Figure 1B. 
However, the same mechanism occurring at the much lower in vivo concentrations would lie 
fundamentally at odds with homeostasis. Damage response pathways that caused age-related 
disease by spreading damage and senescence would be the evolutionary equivalent of 
repeatedly hiring the same ‘cleaners’ despite their consistent tendency to make more mess.  

Conversely, there is an adaptive model (Figure 1C), where damage and senescent cells could 
accumulate despite inflammation either because we do not invest sufficiently in maintenance 
or as a result of other trade-offs in the process of identifying and removing senescent cells63. 
Using this model, inflammation rises as a necessary negative feedback pathway to remove the 
increased damage and senescent cells, with other effects that induce disease. However, even 
this model would predict that significantly increasing DNA damage should shorten lifespan. 
Contrarily, studies showed that antioxidant mutations in C elegans increased oxidative damage 
levels with positive or no effect on lifespan64,65, as was true for chronic γ and X-irradiation in 
mice and Guinea pigs44,66. 

The paradox is conventionally explained by the hormesis hypothesis, whereby low levels of 
damage over-stimulate the stress response, reducing the total level of damage. Thus, whenever 
inducing damage is paradoxically beneficial, it reflects the increased capacity of the body to 
withstand further damage.  
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In the absence of studies showing that net DNA damage is actually reduced, the main evidence 
for hormesis is the role of the longevity regulator DAF-16/FOXO in upregulating the stress 
response, including multiple antioxidant enzymes. After initial experiments demonstrating that 
the longevity gained by daf-2 mutants was dependent on daf-1667, a small percentage (10-20%) 
of the extended daf-2 mutant lifespan was found to be lost by the additional knockdown of 
stress response genes, including antioxidant enzymes mediated by DAF-16/FOXO68.  

According to the accumulation-based model, damage was activating FOXO which prevented 
additional damage, hence hormesis. However, multiple studies suggest that stress resistance 
is neither sufficient nor necessary for longevity or FOXO-induced longevity specifically. For 
example, glutathione peroxidase 4 (Gpx4) heterozygous knockout mice have increased 
lifespan, despite increased markers of oxidative damage, because their cells have increased 
sensitivity to stress-induced apoptosis69. Other antioxidant mutants also show increased 
oxidative stress and even oxidative DNA and protein damage, without affecting lifespan, further 
uncoupling the association70. One study looking specifically at long-lived daf-2 mutants with 
additional knockouts of superoxide dismutase (sod) 1-4 genes showed the latter had no effect 
on the daf-2 mediated lifespan increase, except loss of sod-4 which further extended it. In all 
cases, except sod-4, the antioxidant knockouts significantly increased stress sensitivity to 
either paraquat or hyperoxia or both71.  

Notably, the over-stimulation of the stress response by damage fits uneasily with DST, which is 
the damage accumulation model’s main evolutionary underpinning. The central predictions of 
DST, that organisms age because they save energy by reducing investment in maintenance, is 
contradicted if the body hyperactivates the stress response when exposed to low-level 
damage. Even small increases in stress might be predicted to result in additional damage and 
reduced lifespan (Figure 1D) if there are more important processes requiring that energy. Most 
discussion of the consistency of hormesis and DST concerns calorie restriction (CR), where 
Shanley and Kirkwood72 argued persuasively that the reduced availability of resources would 
shift the priority of organisms from offspring production to survival. As offspring have fewer 
reserves, they are less likely to survive periods of starvation, cold, and disease which would 
likely accompany a calorie restricted environment. An organism that could pivot investment 
away from offspring to ensuring its own survival would be less likely to waste its resources, 
gaining a fitness advantage. While Speakman73 argued against this idea, the most notable 
inconsistency was argued by Mitteldorf74, that only mid and low-calorie diets would necessitate 
resource allocation – mid-calorie diets allocating to offspring and low calorie to survival – while 
high-calorie diets should provide enough energy for both maximal reproduction and longevity, 
thus increasing lifespan. A U-shaped curve for investment in maintenance would be the optimal 
evolution74, but resource excess is still associated with reduced lifespan.  

Even if DST can explain CR, there are other examples of hormesis which are less consistent. 
People living in areas of elevated background radiation have shown reduced incidences of 
cancers consistent with hormesis75, but such conditions are not associated with the same shift 
in selective advantage from offspring to maintenance as during CR. Yet higher levels of damage 
still promote an over-response. Thus, while hormesis explains the paradox of damage sources 
failing to affect lifespan, it creates a new paradox in its place. Without the energy saving 
measures proposed by DST, damage lacks an evolutionary reason to accumulate in open 
systems. It was yet further complexity to understand.  
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1.2 | Problems with other major models of ageing  
Those unwilling to accept the additional complexities associated with damage accumulation 
returned to the older idea that ageing is programmed, the dominant hypothesis being Mikhail 
Blagosklonny’s TOR-centric quasi-programme (TCQP)76, that ageing is a beneficial 
developmental programme which is left on after organisms reach adulthood despite losing 
its utility once development is complete, thus becoming a detrimental quasi-programme.  

Previously, Kirkwood had argued persuasively that cheaters would outcompete any organisms 
adopting self-sacrificial ageing programmes6, and although group selection theories do have 
advocates77,78, they have largely been discarded by mainstream evolutionary theory79. However, 
the TCQP circumvented the issues of cheaters because its purpose was a developmental 
programme that was beneficial to the individual rather than the group. Blagosklonny described 
the programme with the analogy of a car with no breaks – the faster an organism could reach 
maturity, and the bigger and stronger it was during early adulthood, the more competitive it 
would be early in life, but also the faster its quasi-programme would drive accelerated ageing 
(Figure 1E, blue and green lines) and the speeding car would crash80. Blagosklonny suggested 
that the TCQP was an example of antagonistic pleiotropy (AP)81 because it provided an early life 
advantage and a pleiotropic late-life cost82.  

However, we would argue that while the rate of the developmental programme (and thus 
subsequent quasi-programme) might be antagonistically pleiotropic, this is only true if 
evolution is incapable of turning the programme off. Just as a car with functional brakes can 
accelerate faster and stop just as quickly by applying the breaks more strongly, organisms that 
could accelerate development to maturity, then turn the programme off would gain the benefits 
without the costs (see Figure 1E). To put it another way: if the off switch does not evolve, then 
this reflects genetic drift as organisms gain no advantage for not turning the programme off 
once its utility is complete. The TCQP and any developmental theory are therefore more 
consistent with mutation accumulation theory (MAT) than AP.  

MAT suggested that mutations could arise inducing late-acting detrimental effects like ageing 
that could not be removed from the gene pool by selection because few organisms survived 
long enough to experience the detrimental effects83: most were killed, before the 
manifestations of ageing, due to extrinsic factors independent of their rate of intrinsic decline. 
In addition to quasi-programmes, damage accumulation could evolve and spread by drift if it 
occurred at a rate that did not affect wild animals; however, we now know that many organisms 
experience significant age-related decline in the wild, suggesting ageing should offer a fitness 
advantage84. A ‘selection shadow’, reflecting that detrimental effects happening later will have 
smaller fitness costs, has been proposed to produce ageing in the wild85, as many animals die 
of independent extrinsic factors which ‘shadow’ or reduce the selective pressures to reduce the 
rate of ageing. However, as long as significant numbers are experiencing age-related decline in 
the wild, then the selection shadow will not reduce costs entirely86. To explain ageing, it would 
therefore either still require some advantage even in the quasi-programmatic stage, or 
significant complexity in turning the programme off that makes selection more difficult. We 
suggest that a selection shadow is not sufficient, in itself, to explain why a developmental 
program fails to turn off despite its fitness detriment.   

Indeed, a primary prediction of MAT or the selection shadow is that ageing should be relatively 
implastic, but in social insects worker lifespans can differ from those of their queens by two 
orders of magnitude87. Therefore, we suggest that the two dominant theories, DST and TCQP, 
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which combine an evolutionary foundation with a predicted mechanism are unlikely to provide 
full explanations for ageing.   

Aside from a focus around mTOR, there is little evidence as to the mechanism by which an 
mTOR-centric developmental programme might lead to our decline. Since Blagosklonny’s initial 
suggestions of ‘hyperfunction’ and over-stimulated growth, which are consistent with some 
age-related diseases and phenotypes, there has been suggestion that others more resemble 
the opposite – a hypofunctional programme88 – with little description of the evident 
complexities that would allow both hyperfunction and hypofunction to result from a single 
programme.  

1.3 | The significance of homeostasis 
Another problem for the TCQP and any quasi-programme theory is the central importance of 
negative feedback in ensuring that programmes like the TOR-centric programme do not outlive 
their utility and become quasi-programmes. The default setting of any cell, tissue, and organ 
system is to retain metabolic homeostasis. By this logic, unless there is some functional 
purpose, or inducer of dysfunction, a developmental program is as likely to be left on 
indefinitely as, for example, the pancreas is to continue producing insulin once blood glucose 
has returned to equilibrium. The size, activity, and growth signals within our organs must be 
under strict regulation, as deviations result in disease and death. The body’s molecular and 
cellular programs are goal-directed enforcers of this homeostasis, even if some, like 
inflammation, shift tissues away from equilibrium to restore it. Development is designed to 
grow our organs and activate new pathways at precise timings and to exact amounts. While 
homeostasis is not infallible, it should contain built-in negative feedback systems to turn off the 
mTOR-centric program automatically when development is complete.  

Homeostasis creates a similar problem for DST because an organism reducing investment in a 
maintenance pathway such as the antioxidant defence cannot simply divert that energy to 
reproduction. If the additional ROS that result from reduced detoxification cause damage to the 
DNA or proteins, then the cell will naturally upregulate repair mechanisms in response. Even if 
cells allowed the damage to accumulate, it would produce dysfunctional cells with misfolded 
proteins doing their job less efficiently than before. At each point that a cell attempts to redirect 
resources away from maintenance, it is creating increasing inefficiency and requiring more 
energy to achieve the same result. If the damage is severe, the cell must apoptose and be 
replaced, which would reflect a considerable loss of energy (Figure 2). While some proponents 
of damage accumulation suggest that cell loss is an important part of ageing, this is mainly 
thought to reflect cellular exhaustion from telomeric attrition or overwhelming DNA damage, 
not because tissues are diverting resources away from cell proliferation to other processes. 
Thus, even in the short-term, it is plausible that diverting energy from cellular maintenance will 
not save any energy for investment in other processes.  
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Figure 2 | The homeostatic problem with lowering maintenance to save energy. Reducing antioxidant defence results 
in more DNA and protein damage, requiring more energy to correct the damage by DNA repair and protein 
degradation/replacement. If insufficient energy is invested in these processes, cells function incorrectly, and thus 
less efficiently, requiring other functional cells to do additional work to do their job, wasting energy as opposed to 
saving it. If the avoidable damage is severe, it will require apoptosis and replacement by a new functioning cell, also 
requiring more energy. At each point, if damage is not corrected, efficiency and energy are wasted, requiring a more 
energy intensive process to belatedly put the damage right. The final step is not subject to under-investment as 
undamaged cells will do the work of the damaged cell to maintain homeostasis. Image created with BioRender.com. 
Abbreviations: Hsp, heat shock protein; ROS, reactive oxygen species; UPR, unfolded protein response. 

1.4 | From mechanisms to hallmarks 
While ageing could still result from other antagonistically pleiotropic processes, including 
those centred around damage, the mechanisms connecting damage to ageing phenotypes and 
diseases are still a subject of controversy, with some asking whether damage accumulation 
theory is still supported by the literature89,90. A recent review of the potential for computational 
models of ageing highlights this issue by not identifying a single model that demonstrates a 
connection between initial cause and homeostatic shifts that cause ageing and disease91. 
Another review referred to “ageing-themed models”92, detailing many excellent models looking 
at particular aspects within gerontology, such as telomere shortening or loss of protein 
homeostasis, but without demonstrating any models that looked at the mechanisms of ageing 
itself. Indeed, the models of ageing as a process tend to assess the proposed inducers of 
ageing, such as in the recent senescence-based models by Kowald and Kirkwood38 and Karin, 
et al.93, where the inducer is both initial cause and ultimate effector of mortality, ie. mortality is 
directly proportionate to the accumulation of senescent cells. Although the senescence 
associated secretory phenotype (SASP) is implicated in chronic inflammation, this is far from a 
comprehensive mechanism of homeostatic changes describing how senescent cells lead to 
death. Indeed, fitting the mechanistic details for ageing into a workable model faces many 
unknowns and inconsistencies that create a picture of prohibitive complexity.   

The result was that in 2013, Lopez-Otin et al. produced the hallmarks of ageing – a list of 
features associated with ageing, if not necessarily causal39. The previous publication of the 
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hallmarks of cancer94 had been of significant utility to oncology as each hallmark reflected part 
of a causal pathway explaining the processes of transformation and metastasis. However, the 
hallmarks of ageing offered no comparable causal framework95,96. Some, such as telomeres, 
appeared only tangentially related to the ageing process, while the others had little obvious 
connection between each other, an initial cause (or causes), or age-related diseases as the 
ultimate effectors of mortality.  

Mechanistic study then focussed on connecting the hallmarks to age-related disease97,98 rather 
than connecting DNA damage as the initial cause to the hallmarks of ageing. Indeed, ‘genomic 
instability’ is listed as a single hallmark among many, which notably associated less well with 
age-related diseases than other hallmarks98. In our opinion, the reliance upon the hallmarks 
without attempting to understand the mechanisms underlying them has generated only further 
complexity. The null hypothesis is that ageing occurs by a process too complex to fully 
understand, and interpreting new results in this light can only reinforce that the hypothesis is 
correct. No additional outcome could undo all the existing complexity and reject it.     

It is therefore the purpose of this paper to outline an alternative null hypothesis which connects 
the hallmarks. We provide here a comprehensive mechanism of ageing from initial cause all the 
way to the main age-related diseases, including evolutionary foundations that demonstrate why 
organisms might evolve to age via this mechanism. Although multiple aspects are still 
theoretical, we suggest it explains many major geroscience observations and provides a causal 
scaffold beneath the hallmarks to compare new observations against. Of course, not every 
proposed mechanism will be correct, and those that are not can be replaced as new empirical 
data demonstrates requirement, but the use of this model should at least allow us to grow our 
understanding of ageing without simply furthering the complexity with which we understand the 
ageing process to involve.  
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Part 1: Summary 
1.1| Ageing was initially viewed as simple. Damage accumulation was the underlying cause, 
driven primarily by mitochondrial ROS.  
 
Damage would accumulate to allow organisms to spend less of their limited resources on 
somatic maintenance and more on reproduction, making them more evolutionarily 
successful.  
 
However, the ensuing evidence suggested that ROS did not cause ageing. The only type of 
damage that could feasibly accumulate enough mutations to cause ageing was through 
replication, though less likely through telomere attrition. 
 
Three main outcomes by which replicative damage might cause ageing are: 

• Noise                   
• Cell loss 
• Inflammation 

Noise is unlikely to cause ageing. Cell loss may contribute to ageing in some post-mitotic 
tissues but most proliferative tissues show little or no cell loss, leaving inflammation and the 
SASP as the major plausible mechanisms by which replicative damage may promote ageing.  

Even if replicative damage is the major natural source of ageing damage, this does not 
explain why increasing other types of damage either has no effect or extends longevity. 

This is explained by hormesis; however, FOXO can still induce longevity in animals more 
sensitive to damage.  

1.2 | Many scientists now suggest that ageing is a developmental program which remains 
active (as a non-functional quasi-program) even when it becomes detrimental.  

However, such programs are examples of genetic drift as they offer no evolutionary 
advantage. Even in the presence of a selection shadow, they are unlikely to explain ageing in 
wild populations where it induces fitness costs.  

Development is a hyperfunctional process – inducing growth – and can explain 
hyperfunctional diseases, but struggles to explain the many ageing phenotypes which are 
attributable to hypofunction.  

1.3 | Neither developmental programs nor reducing investment in maintenance are wholly 
compatible with homeostasis as causes of ageing.  

1.4 | The many results incompatible with ageing via damage accumulation or developmental 
programs have created a picture of great complexity to be understood as a collection of 
hallmarks rather than mechanisms.  
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Part 2: From hallmarks back to mechanistic process 

2.1 | The longevity module 
When empirical study disconnects from the damage accumulation hypothesis, it repeatedly 
suggests that ageing and longevity can be impacted through interventions and behaviours that 
affect a central network of closely linked pathways, shown in Figure 3A (green box). López-Otín, 
et al.99 include its components nutrient sensing, mitochondrial dynamics, proteostasis, and 
autophagy as separate hallmarks, but when put together they form the energy/metabolism 
regulation network. The age-1, daf-2, and daf-16 mutant C. elegans, which stimulated the 
search for longevity genes, all form part of the insulin-like growth factor (IGF) pathway100. 
Calorie restriction, rapamycin, and metformin all impact mTOR activity, which acts 
downstream of IGF to induce its pro-growth effects101. Long-lived Ames and Snell dwarf mice 
had mutations in growth hormone (GH), the primary inducer of IGF production, while the long-
lived FIRKO mice are insulin receptor knockouts, reducing the insulin and IGF signal through 
mTOR100. Autophagy, mitochondrial biogenesis, and ATP production are inextricably linked with 
longevity102, with associated mutants impacting maximum lifespan and age-related diseases, 
and are all regulated by FOXO and mTOR103. While this network is well known, it could be 
described as the ‘longevity module’.  

 

Figure 3 | The longevity module and connections with damage and inflammation. (A) The longevity module in the 
green box reflects the major molecules and pathways known to be associated with ageing and lifespan modulation, 
all of which are involved in energy regulation. Turquoise arrows suggest why DNA damage can increase lifespan and 
lead to the phenomenon of hormesis. The sequence outside the green box demonstrates the inflammageing 
hypothesis whereby damage leads to inflammation, which both causes disease and interacts with the longevity 
module through insulin resistance. (B) DNA damage slows ageing either through preventing further damage in the 
hormesis hypothesis (left), or by shifting the homeostasis of the longevity module (right). Image created with 
BioRender.com. Abbreviations: AMPK, AMP kinase; DNA, deoxyribose nucleic acid; FOXO, forkhead box, sub-group 
O; GH, growth hormone; IGF, insulin-like growth factor; mTOR, mammalian target of rapamycin; SIRT, sirtuin 1. 
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Modularity is the concept that systems can be broken into subsystems (or modules) defined by 
relative independence from each other; there is high interconnectivity within modules, but low 
interconnectivity between the components of different modules. In biology, specific processes 
frequently have their own modules to maintain evolutionary plasticity. Without modularity, a 
beneficial mutation in one system would be more likely to have detrimental effects in others, 
and less likely to undergo positive selection104. Evolution would be slower, and non-modular 
systems less competitive in changing environments. The existence of a longevity module 
should thus allow organisms to better adapt their lifespan to environmental changes such as 
shifting extrinsic mortality.  

A longevity module poses challenges for theories like MAT and AP, at least in their initial forms 
which described ageing as the result specifically of accumulated gene mutations in multiple 
pathways and processes, each with small effects. Recently Gems and Kern105 suggested ageing 
could reflect multiple antagonistically pleiotropic quasi-programmes including developmental 
and late-acting ones. However, ageing as a multi-process, multi-pathway phenomenon is 
difficult to reconcile with both modularity and plasticity. Indeed, social insects which 
demonstrate plasticity in orders of magnitude in their rates of ageing between related 
individuals do appear to regulate these deviations through insulin/IGF and mTOR signalling87.  

While many mutations and processes may have minor impacts on ageing and mortality, the 
major regulators appear to lie within the longevity module, controlling the energy and nutrient 
network – rather than DNA maintenance as predicted by ageing via damage accumulation.   

The most obvious connection between DNA maintenance and the longevity module is through 
FOXO (see Figure 3A, turquoise), which is activated by DNA damage and essential for several 
stress response pathways106,107. Yet, by this connection, DNA damage should increase lifespan 
by upregulating the longevity module, contrary to damage accumulation predictions, but 
explaining both the long-lived antioxidant knockout mutants64,71 as well as hormesis. 

Notably, despite the significance of Occam’s Razor to the DNA damage accumulation 
hypothesis, and its intuitive advantage based on our everyday experience of wear-and-tear, 
hormesis is arguably not the simplest explanation for the effects of FOXO. While the FOXO 
family are stress response genes, they are also regulators of energy homeostasis, upregulating 
autophagy and mitochondrial biogenesis and modulating Kreb’s cycle and oxidative 
phosphorylation108,109. A simpler explanation for the beneficial effects of DNA damage than an 
over-response which prevents greater levels of damage is a homeostatic response which 
activates longevity-inducing shifts in energy regulation (see Figure 3B). 

By this mechanism, FOXO will also activate systems to reduce the stress that activated it68,107, 
preventing further damage as in standard negative feedback, but the lifespan extension will be 
independent of whether total damage is increased or decreased, modulated by the effects of 
FOXO on energy homeostasis and the longevity module.  

Although there may be many contributing factors for why the hallmarks have dominated over 
the longevity module, the most critical reason may be the difficulty in connecting the module 
with DNA damage accumulation. Outside FOXO and hormesis, which reverse the predicted 
effect, the most widely accepted link is that inflammation is an inducer of insulin resistance 
(IR), such as via JNK-mediated inhibition of the insulin receptor substrates110, which connects to 
the IGF and mTOR pathways, and thus the longevity module. IR then induces more 
inflammation, such as through mTORC2 inhibition resulting in increased polarisation to 
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inflammatory M1 macrophages through MCP-1111. This creates a positive feedback loop driving 
further inflammation112. A mechanistic assessment of this relationship would look something 
like Figure 3A (total). 

However, the inflammageing model still limits the entire longevity module to a positive 
feedback loop with IR, with inflammation as the central inducer of age-related disease. It 
strongly predicts that the inflammation and maintenance should form the central longevity 
module. Additionally calorie restricted mice are more sensitive to radiation exposure rather 
than less, despite increasing insulin sensitivity113. While we will return to inflammageing in Part 
5, significant complexity is required to overcome these inconsistencies. 

2.2 | The two opposing process model of ageing 
Perhaps rather than a complex multifactorial process, ageing is not a single process at all. The 
hallmarks and age-related diseases that we have assumed have a single underlying cause 
could instead reflect a series of different processes with varying degrees of interdependency. 
The age-related diseases could be distinct diseases resulting from the unique dysfunctions of 
their specific organs and organ systems. If true, we would predict that the age-related diseases 
would lack common molecular markers of decline and have little correlation with each other. 
However, the evidence largely contradicts this.  

Multimorbidity studies suggest that the occurrence of one age-related disease is strongly 
associated with increased risk of others, while factors such as smoking and depression 
increase risk of developing multi-morbid conditions114, suggesting at least that if ageing is 
multiple different processes then they are highly connected and interdependent.  

Without an underlying hypothesis it is difficult to tell which factors are significant and early 
drivers of disease mechanisms, and which are late actors that could be otherwise avoidable. 
This paper hypothesises that when all the minor factors and proximate causes are stripped 
away, ageing is two distinct and opposing processes which produce different types of age-
related diseases. While we respect that other factors and interactions could be used to 
promote very different ideas, here we describe evidence consistent with the two opposing 
process model.  

In genome wide association studies (GWAS), the most significant predictor of longevity is 
usually from variations in the apolipoprotein E (APOE) gene, with the APOE ε4 allele associated 
with the shortest lifespan and APOE ε2 the longest lifespan, with APOE ε3 producing 
intermediate longevity115. Interestingly, APOE ε4 carriers are also the most prone to developing 
Alzheimer’s disease and cardiovascular disease116. Another gene variant associated with 
longevity is the FOXO3a “G” allele, which is mainly a predictor of reduced cardiovascular 
mortality117. However, studies also indicate a protective role of FOXO3a and the “G” allele 
against incidence of Alzheimer’s118. Thus, if APOE and FOXO3a are connected to the 
mechanism of both Alzheimer’s and cardiovascular disease as well as longevity, they plausibly 
share a common underlying process, likely ageing. APOE is a distributor of triglycerides to 
tissues from very low density lipoprotein (VLDL) in the blood119, and FOXO3a is key modulator of 
energy homeostasis120, both linking to energy regulation and the longevity module121 and 
suggesting the common mechanism is indeed ageing. 

Interestingly, the FOXO3a ‘G’ allele shows little relationship with cancer mortality117, while the 
APOE ε4 allele, which is associated with the highest risk of cardiovascular disease and 
Alzheimer’s disease, and the shortest longevity, is associated with the lowest overall cancer 
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risk122. Relatedly, high LDL levels, which are associated with increased risk of cardiovascular 
disease123 are also associated with reduced cancer risk124. Conversely, the hallmark of 
‘genomic instability’ associated primarily with cancers, while showing little association to other 
age-related diseases97,98.  

Diseases which primarily associate with cancer include idiopathic pulmonary fibrosis (IPF) and 
chronic liver disease (CLD), which is also a fibrotic disease. Prevalence of lung cancer in IPF 
patients ranges from 4.4-13%, with rates as high as 48% in autopsy studies125. Even individuals 
who received lung transplants, which is the only known cure for IPF, still had a twenty times 
higher probability of developing lung cancer than the background rate125. Similarly, a study 
looking at individuals with diagnosed lung cancer found that one in three also had fibrotic 
scarring, and the scarring was associated with the same lobe as the cancer126. In the liver, 
underlying cirrhosis (end-stage fibrosis) is the most important risk factor predicting 
development of hepatocellular carcinoma127. Indeed, cirrhosis-inducing conditions such as 
infection with hepatitis viruses can induce multi-centric cancers (ie. independently formed) 
within the same liver128. 

Thus, ageing could be split into two major processes, as shown in Figure 4. While these are 
plausibly unnecessary neologisms to be replaced with existing terminology, to avoid confusion 
we have called one ‘intrinsic ageing’, reflecting the underlying process responsible for 
cardiovascular disease and Alzheimer’s disease, and the second ‘celerisis’, from ‘celeritas’, 
the Latin for speed. This reflects that it is responsible for cancer and fibrosis, which could be 
described as overactivity disorders or states of hyperfunction, over-producing cells and 
extracellular matrix, respectively.   

 

Figure 4 | The two opposing process model of ageing which splits one complex process into two separate processes 
that induce different diseases. Intrinsic ageing leads to Alzheimer’s and cardiovascular disease, while celerisis leads 
to fibrosis and cancer. Image created with BioRender.com. 

In Part 3, we summarise the observations from our previous paper, defining how a slight 
alteration to DNA damage accumulation theory could explain why ageing might be split into two 
opposing processes and why these processes evolved, potentially providing the ultimate cause 
of ageing1.  
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Part 2: Summary 
2.1 | Almost every gene, behaviour, and therapy which affect healthspan and lifespan are 
connected to the energy regulation network, which could be referred to as the longevity 
module.  
 
Damage and maintenance have little connection to the longevity module. The major 
connection is via the activation of FOXO by which damage extends longevity – opposite to the 
predictions of damage accumulation as the cause of ageing, but explaining hormesis.  
 
An alternative to the hormesis hypothesis, that damage extends lifespan by reducing 
damage, is that damage activates the longevity module through FOXO, affecting energy 
regulation. It shifts energy homeostasis. 
 
Inflammageing reduces the entire longevity module to a system of positive feedback between 
IR and inflammation.  
 
2.2 | Some lines of evidence suggest that age-related diseases could be split into two groups; 
Alzheimer’s and cardiovascular disease might result from one ageing process, while cancer 
and fibrosis might result from a separate one. We called these intrinsic ageing and celerisis, 
respectively. Together they form the two opposing process model of ageing. 

Part 3: Cell selection causes intrinsic ageing and 
celerisis 

3.1 | Mitotic tissues are sites of communication, competition, and 
selection 
The DNA damage accumulation model has focussed overwhelmingly on mutations that do not 
impact selection within tissues, suggesting that ageing results in increasing noise, cell loss, and 
chronic basal inflammation. However, some mutations affect not only cellular function, but 
provide cells with traits that are advantageous compared to other cells within the same tissue. 
Such mutations give cells a selective advantage over wildtype cells causing them to spread 
within the tissue. The significance of the mutation on cell function is therefore amplified by the 
cell’s potential to spread. The result is not increasing noise but a shift in homeostasis toward 
the metabolic output of the mutant and its daughter cells. Cancer cells are a widely accepted 
example of selection occurring within tissues, but the importance of selection in the spread of 
non-cancerous mutants is also emerging129. 

Notably, the threat of advantageous mutation may be underestimated under the assumption 
that cells can autonomously prevent their own replication if their DNA is damaged, thus 
preventing their spread. Canonical Ras genes are mutated in around 30% of human tumours130, 
but in healthy cells Ras mutation induces a brief period of hyper-proliferation before the cell 
either dies or permanently arrests, called oncogene-induced senescence131. However, 
autonomous mechanisms are only safe when the mutation induces a state of metabolism that 
is beyond physiological norms132. If instead of producing hyperproliferation, a ‘minor’ RAS 
mutation produced a smaller increase in division rate that normal cells could also reach when 
environmental stimuli were highly ‘pro-growth’, then having cells die or arrest when they 
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reached that level of growth could be dangerous to the tissue: flooding the system with enough 
IGF or GH would cause tissues to degenerate from mass cell death (Figure 5A).  

 

Figure 5 | Effects of mutation and defence mechanisms. (A) Autonomous defence mechanisms against mutation 
cannot remove minor growth mutants because their change in growth rate cannot be distinguished from the effects 
of a shifting growth signal. While a low growth signal might allow the removal of only fast mutants, if the signal should 
increase too much, autonomous cell removal would result in apoptosis of wildtype cells responding normally to an 
aberrant signal. (B) Juxtacrine control of mutants by cell comparison and communication. Left, is the unselective 
control mechanism attempting to remove all cells which appear aberrant to their neighbours. The hearts represent a 
survival signal offered by similar cells, the skulls a death signal induced by cells that recognise differences in 
metabolic rate. Right, is a mutant control mechanism of more selective destruction, where slower cells are less likely 
to be killed in situations where they are identified as different, as indicated by the shields. (C) Top, shows how fast 
mutants will outcompete wildtype cells by their growth advantage, inducing celerisis. Bottom, slower cells reduce 
the metabolic rate of faster cells with semi-permanent epigenetic marks, preventing celerisis at the cost of intrinsic 
ageing. (D) Interaction between macrophages and fibroblasts consisting of positive and negative feedback. (E) The 
wound healing process as shown by Adler, et al.133 where fibroblasts and macrophages activate each other, closing 
the wound and clearing it of debris and pathogens, then deactivating once the signal dies. Or if they reach a threshold 
where the fibroblasts have sufficient population density to sustain the autonomous positive feedback shown in (D), 
the fibroblasts continue proliferating, causing fibrosis. (F) Growth mutants can have different sensitivity to growth 
signals. Slower mutants may be relatively insensitive to changing metabolic rate as growth signals change, whereas 
faster mutants may demonstrate larger changes in growth rates than wildtype cells to the same signal. If the survival 
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advantage of slower cells from selective destruction is matched to the growth advantage of faster cells under low-
growth conditions, then under high-growth conditions the increased growth advantage of faster cells will allow them 
to outcompete wildtype cells, producing celerisis. Conversely, if the survival advantage of slower cells from selective 
destruction is matched to the growth advantage of faster cells under high-growth conditions, then under low-growth 
conditions the increased survival advantage of slower cells will allow them to outcompete wildtype cells, producing 
intrinsic ageing. (G) Comparison of single process model with two opposing process model, demonstrating that in the 
former, random damage is accumulating without affecting selection. In the latter, the induced damage is still 
random, but the subset of damaged cells with increased metabolic rate will gain a growth advantage allowing them to 
outcompete wildtype cells, spreading throughout the tissue so that specific types of damage accumulate according 
to their induced advantage. However, damage that causes metabolic rate to slow will not spread, but instead the 
slower mutants will reduce the metabolic rate of surrounding cells by cell communication and epigenetic control. 
Image created with BioRender.com. Abbreviations: CSF, colony-stimulating factor; DNA, deoxyribose nucleic acid; 
ECM, extracellular matrix; IGF, insulin-like growth factor; PDGF, platelet-derived growth factor; SD, selective 
destruction. 

This is what happens in type II diabetes. The pancreatic β-cells have an evolved response 
(called glucotoxicity) whereby prolonged exposure to high levels of glucose induce apoptosis. 
However, this is not designed to kill β-cells exposed to high glucose levels, but more likely to kill 
what Karin and Alon132 have described as ‘hyper-secreting’ mutant β-cells which aberrantly 
produce insulin during low glucose states. These cells are a significant threat to homeostasis 
because β-cells proliferate and produce insulin when blood glucose is high, but apoptose when 
glucose is low134. Thus, without glucotoxicity, hyper-secreting mutants could proliferate and 
induce wildtype cell apoptosis as they progressively drop blood glucose132. Unfortunately, 
glucotoxicity evolved in hunter-gatherers for whom refined sugar was not as continuously 
available as in the current Western diet. What was a reliably supra-physiological boundary that 
killed only mutant β-cells in our ancestors can now be achieved by a diet replete in refined 
sugar. In these conditions, glucotoxicity has produced a diabetes ‘pandemic’135 by killing 
normal β-cells.  

Autonomous mechanisms thus have serious limitations, and additional mechanisms are 
required to control minor mutants. Consistently, Chan, et al.136 recently demonstrated that 
using different strengths of RAS mutation, the strongest RAS mutations reliably induced 
senescence, while weaker RAS mutations allowed cells to bypass arrest and apoptosis, 
inducing tumorigenesis, consistent with limitations of autonomous control on minor mutants.  

Fortunately, autonomous pathways are not the only mechanisms of control. In mitotic tissues, 
cells are in constant competition, with various markers and receptors to indicate when cells 
change their behaviour relative to their neighbours137-139. Thus, when a cell obtains even a minor 
mutation affecting its metabolic outputs, juxtacrine comparison with the neighbouring cells 
indicates that the shift does not reflect a change in external stimulus – because the surrounding 
cells show no such equivalent change. Therefore, both the minor mutant and the surrounding 
cells can induce it to die. 

In our previous paper, we suggested Notch signalling as a likely candidate for this juxtacrine 
communication. While our understanding of Notch signalling is incomplete, many aspects of its 
mechanism and the effects of associated mutations appear consistent with juxtacrine control 
of minor mutants. It is a potent anti-cancer pathway with frequent knockouts and activations in 
various cancers140, its juxtacrine signal can induce cell senescence62, and Notch mutations in 
the surrounding non-cancer tissue can aid tumour development141. While further study is 
needed to clarify the details of the mechanism, the results suggest a system by which Notch 
conveys a message from one cell to another – which cell is inducer and which is recipient being 
determined by the differences in expression in the Notch receptor and its ligands. 
Fascinatingly, after we predicted the significance of Notch in the suppression of minor 
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mutants1, Chan, et al.136 found one of the two main classes of minor RAS mutants forming 
cancer was defined by mutations in the Notch pathway, consistent with a knockout of 
juxtacrine control. Importantly, their results suggest that neither autonomous nor juxtacrine 
mechanisms of mutant control are completely sufficient to prevent cell selection and spread. 

3.2 | Tissue-level selection leads to celerisis, cancer, and fibrosis 
Nelson and Masel142 ran a series of computational models of multicellular mitotic tissues 
suggesting that DNA damage would lead to ‘uncooperative’ mutants of the kind discussed 
above where selective advantage would potentiate spread. Under all conditions they tested, 
when competition was between numerically superior wildtype cells and uncooperative cells 
with a selective advantage, the outcome was the same. Uncooperative cells inevitably ended 
the simulations dominating the tissue because numeric superiority was not a sufficient 
counterweight to selective advantage. Being greater in number meant that the wildtype cells 
could initially identify and remove most of the uncooperative mutants, but unless this control 
was complete, as the mutant numbers gradually grew, the advantage of numeric superiority 
waned allowing the uncooperative cells to spread more easily.   

In our agent-based models, instead of using general ‘uncooperative cells’, we focused on 
mutants with accelerated growth, metabolism, and replication (hereon ‘faster’ cells)1. We 
allowed neighbouring cells to compare metabolic rates. Similar cells protected each other with 
survival signals, but if a cell was deemed to be an outlier, then the group of similar cells would 
send a kill signal with a strength dependent on how different the mutant was. Only the degree of 
difference to the neighbours was relevant, not whether the mutant was faster or slower (Figure 
5B, left), as we argued that greater difference would be both easier to recognise and represent 
more of a threat to tissue homeostasis. We used a range of likelihoods that mutants would be 
killed by these interactions, but even at the very highest levels of mutant control, our results 
replicated those of Nelson and Masel142. Faster cells consistently dominated.  

We concluded that the natural course of tissue-level selection was toward faster cells, just 
as Nelson and Masel142 had concluded that the shift in homeostasis would make ageing 
inevitable. However, if faster mutant spread caused ageing, then the ageing phenotype should 
reflect the phenotype of these cells, including a chronic increase in metabolic rate. Ageing 
tissues should be defined by overgrowth (or hyperfunction) of cells and extracellular matrix 
(ECM), potentially resulting in a cachexic death as the body depleted its energy reserves.  

While this does not accurately describe most of the ageing phenotype, there are age-related 
diseases which are similar. The most obvious are cancer and fibrosis – the diseases that we 
suggested could result from celerisis in Part 2.2 as a distinct ageing process. Cancers are well 
described to secrete metabolites that cause the breakdown of muscle and other tissues to fuel 
their own growth, producing bodily wasting called ‘cancer cachexia’143. Similarly, fibrosis is the 
consequence of hyperactive fibroblasts producing excessive ECM. These are diseases of 
hyperfunction, and if they share one underlying cause, a good candidate is the natural course of 
selection toward faster cells. Thus, we propose celerisis as the process of selection causing 
the spread of faster cells (Figure 5C, top).  

However, a cancer cell is not simply a fast cell. The natural course of selection in tissues simply 
causes changes in the homeostatic equilibrium, while tissue size and function are maintained. 
Cancer cells reflect additional changes both in the loss of response to control stimuli and loss 
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of functional activity, or transformation. Thus, transformation is not the natural or ultimate 
product of celerisis. 

Notably, minor growth mutations will increase mutation rate making faster cells more likely to 
transform; however, the main reason celerisis produces cancer could reflect that transformed 
cells escape detection. In tissues where neighbouring cells are constantly comparing, 
competing, and controlling each other, as cells go through the process of transformation, 
including genomic instability, crisis, and uncontrolled cell division, such cells will appear less 
aberrant within a tissue that has undergone significant celerisis. Highly active or rapidly 
proliferating cells may fail to recognise transformed cells as metabolically distinct and 
therefore not induce the required kill signals.  

Cancers are highly associated with tissues undergoing accelerated growth. One such condition 
is chronic wound healing, where high levels of cell death necessitate rapid proliferation and 
ECM production to maintain tissue architecture and cellularity. These conditions are frequently 
the sites of tumour formation144. In the liver, chronic hepatitis B or C infection creates a chronic 
wound healing response that is a potent inducer of hepatocellular carcinoma (HCC)128. Lung 
cancers too are associated with conditions of chronic cell death from smoking or other 
particulate exposure followed by compensatory proliferation145. Both chronic inflammation and 
DNA damage are likely crucial contributors to cancers under these conditions144, but we 
suggest that the continually proliferative state is also key as it increases the growth of 
advantage of faster mutants. Indeed, the signal for compensatory proliferation after cell death 
has been described to stimulate tumour cell growth146. 

Consistently, as the Western diet is increasing cases of metabolic dysfunction-associated 
steatotic liver disease (MASLD), a significant subset are developing HCC in the absence of 
cirrhosis147. Although speculative, these patients might indicate that a strong growth signal 
does not require the same rates of cell death needed to induce HCC as were previously 
observed for hepatitis infection or alcohol-related liver disease (ArLD). 

In developmental conditions not associated with inflammation or cell death, cancers are still 
associated with rapid growth. Neuroblastoma is the most common cancer in individuals less 
than one year of age148 likely because this period is associated with rapid development of the 
neural crest and proliferation of the precursor cells. Similarly, testicular cancer has peak 
incidence in younger adults149, which could (among other factors) reflect the period of peak 
germ cell activity, suggesting metabolic and proliferative rates could contribute to cancer 
induction.  

Notably, in addition to cancer, hepatitis B and C infections are also highly associated with liver 
fibrosis150, just as smoking and particulate exposures induce both IPF and lung cancer151. At its 
core, the term ‘fibrosis’ refers to a disease state of overactive fibroblasts and their activated 
form, myofibroblasts, producing excessive ECM152. This is distinct from ‘adaptive fibrosis’, 
where the extra ECM has important tissue function. In IPF, the encroaching collagen mesh 
prevents alveoli from expanding to intake gasses, leading to hypoxemic respiratory failure153. In 
the liver, early-stage fibrosis can still be reversible, but in the lungs IPF is a chronic and 
irreversible condition where fibroblasts continue to activate but do not deactivate via the usual 
pathway.  

In a computational study by Adler, et al.133, adaptive fibrosis was modelled as a circuit between 
immune cells and fibroblasts, where a wound would attract and activate macrophages, which 
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would secrete platelet-derived growth factor (PDGF) to activate fibroblasts forming 
myofibroblasts. Myofibroblasts in turn would then secrete colony-stimulating factor (CSF) to 
activate macrophages, and PDGF to activate other fibroblasts (Figure 5D). Thus, under most 
conditions, fibrosis remained adaptive, maintained by immune cells and inflammation. When 
the wound closed and the immune cells deactivated, the myofibroblasts would lose their 
activation signal and either apoptose or senesce, helping to clear the ECM. However, if the 
wound remained open too long, or was repeatedly reopened before the myofibroblasts could 
deactivate, then the persistent inflammation signal would continue to increase the 
myofibroblast population to a threshold. Beyond this point, enough myofibroblasts would be 
secreting self-activating PDGF that no macrophages were required. At that point, the 
myofibroblasts became self-sustaining; wound closure and the exfiltration of immune cells no 
longer causing the population to decline (Figure 5E). Adaptive fibrosis would become fibrosis 
and wound healing would become disease.  

A major determinant of whether the myofibroblasts reach their self-sustaining threshold is thus 
likely to be their metabolic rate. Faster fibroblasts with minor growth mutations will secrete 
more CSF and PDGF and respond more robustly to the PDGF signal; they may also proliferate 
faster and be slower to deactivate when the signal dies. Indeed, IPF fibroblasts have 
demonstrated increased proliferative rate due to repressed FOXO3a activity and resultant 
upregulated AKT signalling154, potentially requiring shorter and weaker signals to reach the 
threshold. In effect, celerisis should promote fibrosis.  

Notably, there are multiple connections between fibrosis and cancer, including chronic 
inflammation152 (see Part 5.3). However, as we suggest here, celerisis itself could reflect a 
major underlying process that causes risk of both cancer and fibrosis to increase with age.  

3.3 | Selective destruction prevents celerisis but causes intrinsic 
ageing through metabolic slowdown 
As described by Nelson and Masel142, the dominance of uncooperative cells with a selective 
advantage was inevitable, making ageing a necessary result. Equally, our agent-based models 
where wildtype cells could kill neighbouring fast cells with high efficiency also failed to prevent 
the spread of faster cells1. The implication of these results is that ageing reflects an 
unavoidable shift that is the natural course of tissue-level selection: sites of repeated wound 
healing produce cancer and fibrosis first because they are the tissues where the growth 
advantage is greatest, but all tissues should demonstrate increasing metabolic rate over time. 
However, as discussed, this is largely unrepresentative of the ageing phenotype.  

Cancer and fibrosis aside, ageing is not defined by hyperfunctional growth, but by a state of 
hypofunction. Instead of increasing metabolic rate, there is strong evidence that most cells, 
tissues, and organisms undergo a progressive metabolic slowdown155,156. In humans, basal 
metabolic rate declines with age independent of the decline in fat-free mass157-159. It is also 
evident in mice160, rats161-163 and dogs164. It is well described that in humans, the rate of cell 
division declines with age165, while a meta-analysis of transcriptomic changes with age across 
model organisms and humans found that downregulation of mitochondrial genes and protein 
synthesis machinery, particularly ribosomal proteins and biogenesis factors, were the most 
consistent age-related changes166, highly consistent with a metabolic slowdown. 

Our tissue models showed that, contrary to the results of Nelson and Masel142, a single change 
in the way neighbouring cells compare and control each other could prevent the inevitable 
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dominance of faster cells. Using the same model where neighbouring cells compared 
metabolic rates and identified whether cells were likely to be mutant, we made a single change. 
In the second version, slower cells would be more likely to escape identification and killing by 
faster neighbours (Figure 5B, right). This time faster cells could be controlled, allowing our 
simulated tissues to retain homeostasis throughout. This reflected that slower cells now had 
their own selective advantage – a survival advantage – that counteracted the growth advantage 
of the faster cells. The natural course of tissue-level selection could thus be balanced by 
counterselection.  

If the growth advantage was stronger than the survival advantage, then faster cells still spread, 
but by balancing the growth and survival advantage, wildtype cells could retain dominance 
throughout the simulations, and a stronger survival advantage could even cause the spread of 
slower cells, against the natural course of tissue-level selection, so that while wildtype cells 
outcompeted faster cells and slower cells eventually outcompeted wildtype cells. To maintain 
homeostasis in a tissue with minor mutants required balancing the natural course of selection 
with an equal force of counterselection.  

We called this program of mutant identification which advantaged slower cells ‘selective 
destruction’, as its purpose was targeting mutant control toward killing faster cells rather than 
unselectively attempting to kill any cell presumed to be mutant (either slower or faster). It is 
worth noting that the survival advantage of slower cells refers specifically to the likelihood of 
being removed by selective destruction. As growth and survival signals are frequently linked 
and positively co-regulated, faster cells would also have a natural survival advantage (see Part 
7.2 for more detail). 

However, we also suggested that faster cells need not be killed by selective destruction. Unlike 
cancer cells, which have lost both cell function and response to control stimuli, faster cells still 
retain both these crucial characteristics; they have merely shifted their metabolic equilibrium. 
Plausibly, minor shifts in metabolic rate could be controlled epigenetically with chromatin 
modifications reversing the presumed genetic changes that caused the growth acceleration167 
(Figure 5C). As these marks are semi-permanent, inherited by the daughter cells, they could 
induce long-term effects on metabolic rate that represent a more efficient mechanism to 
control minor mutants without exacerbating the cycle of cell death and proliferation that aids 
celerisis. We further demonstrated that epigenetic control was a more effective mutant control 
mechanism than simple killing1. Thus, we hypothesise selective destruction is a mechanism 
of mutant control by juxtacrine induction of epigenetic alterations that advantages cells 
which are disadvantaged by the natural course of tissue-level selection (in this case slower 
cells) by less frequently identifying them as mutant and either reprogramming or killing them.  

As noted above, our models of selective destruction could maintain tissue homeostasis. The 
natural course of selection and counterselection could be balanced. However, our models 
were missing a key aspect of competition. Faster mutants with increased response to growth 
stimuli will not have a constant selective advantage. The difference between their growth rate 
and that of wildtype cells will change in accordance with the growth stimulus, increasing their 
selective advantage as growth stimuli increase (Figure 5F).  

Assuming selective destruction lacks the same plasticity for how much of a counter-advantage 
is given to slower cells, then to prevent celerisis under any conditions, the process must be 
sufficiently selective to produce a survival advantage that equals the growth advantage of faster 
cells under the strongest growth conditions. If it is less selective, better identifying both faster 
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and slower mutants, then stronger growth conditions will shift the net advantage to faster cells 
and cause celerisis. Preventing celerisis may thus require selective destruction to allow slower 
mutants to escape control under some conditions. Local spread of these mutants could then 
begin the gradual epigenetic reprogramming of the surrounding tissue toward their own slower 
metabolism. If true, intrinsic ageing evolved as an epigenetic mutant control programme that 
deliberately avoided the reprogramming (or killing) of slower mutants. Put another way, 
intrinsic ageing may reflect metabolic slowdown induced by an overly selective form of 
selective destruction. Essentially, our tissues become slower to avoid becoming faster.  

This may explain why cancers and fibrosis frequently occur at sites of chronic wound healing 
where rapid growth conditions are sufficient to overcome selective destruction. Notably, under 
these conditions, selective destruction may even be suppressed if the short-term risks of open 
wounds and reduced cellularity outweigh the long-term risks of shifting tissue homeostasis.  

Crucially, the existence of selective destruction as a program designed to stop celerisis could 
provide an evolutionary advantage for ageing organisms over negligibly senescent ones. While 
gerontologists frequently question why ageing might evolve, few directly question the evolution 
of cancer. This reflects partly that mainstream theory includes cancer as part of the same 
ageing process, but when separated as they are here, the evolution of cancer still requires no 
explanation. Cancer is evolution at the tissue-level. It reflects the natural course of tissue-level 
selection in the absence of control. Thus, cancer does not need to produce advantages at the 
organismal level because it reflects advantages gained by cells at the tissue-level. Indeed, in 
extreme cases, this natural course of tissue-level selection even becomes evolution, producing 
new organisms in the form of infectious cancers which spread from host to host168.  

Intrinsic ageing could therefore evolve to combat the natural course of selection in tissues. Its 
advantage to the organism would be reduced risk of early death from celerisis and the resulting 
hyperfunctional disorders, and the cost would be gradual metabolic slowdown over time. Thus, 
evolution of intrinsic ageing would be antagonistically pleiotropic, preventing earlier or more 
sporadic mortality from the natural course of tissue-level selection.  

It is worth noting that, contrary to our previous claims1, the underlying cause of ageing is still 
DNA damage. In the absence of damage, organisms with an unaltering DNA code could likely 
retain continuous molecular and cellular equilibrium with relative ease. There would be no 
selection and no need for counterselection by selective destruction. However, where ageing via 
random DNA damage accumulation has produced inconsistencies and complexities (Figure 
5G, left), with few useful predictions or robust mechanistic models, ageing as a product of 
damage-induced selection and counterselection is consistent with the two opposing process 
model of ageing from Part 2.2 . Celerisis is a process of genetic change. DNA damage 
induces mutation and accumulates as selection causes the damaged cell to spread (Figure 
5G, middle). The damage is the same from cell to cell, and results in a specific homeostatic 
shift toward faster metabolism. Intrinsic ageing, by contrast, is a process of largely epigenetic 
changes, and notably not one of increasing ‘epigenetic noise’ but specific epigenetic 
modifications designed to reduce the metabolic rate of neighbouring cells (Figure 5G, right). It is 
an evolved response to damage and could arguably even occur in its absence if non-genetic, 
environmental or locational differences caused disparity in metabolic rates between cells.  

Although we suggest this model is a significant improvement over the ‘complex multifactorial 
process’, there are aspects of ageing that the two opposing process model does not explain. 
Cancer and the other age-related diseases are not always counter-regulated; multiple factors 
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and conditions correlate positively with both – the most significant being chronic basal 
inflammation and metabolic syndrome. In Part 4, we describe how an additional process can 
explain these inconsistencies to produce a more unifying model of ageing. However, an 
additional limitation to the two process model is that intrinsic ageing can only apply to 
multicellular, mitotic tissues. Post-mitotic and single-celled organisms as well as post-mitotic 
tissues in mitotic multicellular organisms are unlikely to age as a result of intracellular 
competition to prevent the spread of hyperfunctional cells because such tissues and 
organisms are relatively invulnerable to this spread. We discuss why selective destruction 
might still apply to these tissues and organisms in Part 7.  
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Part 3: Summary 

3.1 | The damage that accumulates with age is thought of as random and not subject to 
selection. Yet some damage will give cells a competitive advantage, such as pro-growth 
mutations. These cells will spread and alter homeostasis if not controlled.  

We have autonomous mechanisms of cell death and arrest that can remove the threat of 
mutants with large pro-growth effects. However, such autonomous mechanisms cannot 
control mutants with growth increases within physiological norms. Such mutations are 
indistinguishable from changes in environmental growth signalling.  

Our tissues have mechanisms for cells to compare metabolic rates between neighbours and 
then remove mutants which, based on membrane markers, are identified as different.  

Notch signalling may reflect a major regulator of cellular consistency.  

Even these juxtacrine (between connected cells) mechanisms can fail to prevent the spread 
of mutants with a selective advantage if wildtype cells lack their own advantage to 
outcompete them. 

3.2 | The spread of faster mutants could result in hyperfunctional diseases such as cancer 
and fibrosis. The natural course of tissue-level selection could be the cause of celerisis, 
the ageing process responsible for increasing risk of these diseases.  

3.3 | A mutant control mechanism which selectively targets faster mutants could prevent the 
spread of faster cells by giving slower cells their own selective (survival) advantage. We 
called this process selective destruction. 

Selective destruction could include an epigenetic mechanism by which slower cells slow the 
growth of neighbouring faster cells by altering their chromatin in a semi-permanent way.  

By balancing the natural course of selection for faster mutants with counterselection for 
slower mutants, life could maintain homeostasis indefinitely, producing negligible 
senescence. 

However, as growth signals change, so will the relative advantage of faster cells. In some 
situations they should be unbalanced. Therefore, the body may be overly selective against 
faster cells, leading to the gradual spread of epigenetic marks which reduce metabolic rate of 
cells. This metabolic slowdown could be the underlying cause of intrinsic ageing and the 
age-related diseases associated with hypofunction. 

Part 4: Metabolic slowdown causes extrinsic ageing 
4.1 | Metabolic slowdown induces mitochondrial dysfunction 
In our model, the primary outcome of selective destruction is the spread of epigenetic marks 
that slow the anabolic metabolism of cells within proliferative tissues. As cells gain more of 
these marks their response to growth stimuli decreases either in rate or magnitude or both, 
reducing the cellular energy demands per unit time.  
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The main source of bioavailable energy in our bodies is adenosine triphosphate (ATP). 
Maintaining ATP equilibrium is therefore crucial to continued cellular function, and it is under 
strict homeostatic control. Despite decreasing basal and stimulated anabolism with 
ageing169,170, ATP levels appear remarkably stable. There is little difference in ATP or total 
adenosine phosphate levels in ageing mice171,172 or ATP in humans from age zero to one 
hundred173. Indeed, Tfam-knockout mice with progressively deteriorating mitochondrial 
function still maintain ATP levels by increasing mitochondrial mass174. As described by 
Hancock, et al. (2006), “the rate of ATP hydrolysis is matched by the rate of ATP supply without 
measurable changes in ATP over a wide range of ATP demands (up to very intense short-term 
near-maximal exercise)”175,176. 

To maintain ATP equilibrium, any change in ATP usage should be met by the reciprocal change 
in ATP production. When ATP levels drop, ATP production increases, and when ATP levels rise, 
ATP production decreases. Notably, as both ATP synthesis and hydrolysis can be described as 
‘metabolism’, for simplicity we refer to metabolism involved in ATP synthesis as catabolism 
and metabolising requiring ATP hydrolysis as anabolism.  

ATP synthesis is a process of largely mitochondrial catabolism (MC) involving Kreb’s cycle and 
oxidative phosphorylation (OXPHOS); however, glycolysis produces small amounts of ATP 
outside the mitochondria, as shown in equation 1 for ATP dynamics. 

𝑑𝐴𝑇𝑃

𝑑𝑡
= 𝐺𝑙𝑦𝑐𝑜𝑙𝑦𝑠𝑖𝑠 + 𝑀𝐶 − 𝐴𝑛𝑎𝑏𝑜𝑙𝑖𝑠𝑚   (1)  

Metabolic slowdown in the context of selective destruction reflects reduced anabolism: cells 
undergoing less transcription and translation, reducing growth, and slowing proliferation, all 
reduce requirements for ATP hydrolysis. This is shown in Figure 6A as the first arrow (1↓) in a 
sequence which will describe the shifts induced by reduced anabolism. As ATP levels rise (2↑), 
negative feedback systems are activated to reduce ATP synthesis and return ATP levels to 
equilibrium. Assuming glycolysis is only a small fraction of ATP production, then mitochondrial 
catabolism (MC) must also decline (Anabolism ≈ MC, from equation 1). 
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Figure 6 | Regulation of energy homeostasis. (A-D) Blue numbers indicate age-related changes and homeostatic 
effects leading to consequences in blue-bordered boxes. (A) Regulation of ATP dynamics. (B) Model of ACoA 
dynamics. (C) Regulation of lipid dynamics maintaining homeostasis despite a changing environment. (D) LI 
homeostasis regulated by inflammation and apoptosis of hypertrophic cells. Image created with BioRender.com. 
Abbreviations: ACoA, acetyl-coenzyme A; ADP, adenosine diphosphate; AMP, adenosine monophosphate; AMPK, 
AMP kinase; ATP, adenosine triphosphate; CoA, coenzyme A; FFA, free fatty acid; LB, blood lipid; LD, lipid droplet; 
LDL, low density lipoprotein; LI, intracellular lipid; MC, mitochondrial catabolism; OA, oxaloacetate; PC, pyruvate 
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carboxylase; PDK, pyruvate dehydrogenase kinase; PFK, phosphofructokinase; Pi, inorganic phosphate group; PPAR, 
peroxisome proliferator-activated receptor; si, insulin sensitivity; TNF, tumour necrosis factor.  

Notably, a rigorously maintained equilibrium for ATP is not required for declining anabolism to 
reduce catabolism. Simple negative feedback – which is part of all biological systems – will 
result in the same (though weaker) effect. A central regulator of ATP homeostasis is AMP-
activated protein kinase (AMPK) which is activated through an allosteric mechanism by high 
ratio of AMP:ATP. As such, a key function of AMPK is to restore ATP as levels drop in response to 
increasing anabolism177. Thus, AMPK regulates two main pathways designed to restore ATP 
levels: firstly, it slows growth and cell cycle by deactivating mammalian Target of rapamycin  
complex 1 (mTORC1)/mitogen-activated protein kinase (MAPK) pathways, inhibiting 
anabolism178, and secondly it activates transcription factor EB (TFEB) and Peroxisome 
proliferator-activated receptor-γ coactivator (PGC)-1α, triggering mitochondrial biogenesis and 
OXPHOS, activating mitochondrial catabolism179 (Figure 6A). 

Therefore, as metabolic slowdown induces ATP build-up (high ATP, low AMP), it should 
deactivate AMPK (3↓) and reduce mitochondrial ATP production through multiple mechanisms, 
including reduced mitophagy and mitochondrial biogenesis (4↓) and deceleration of the 
electron transport chain. The predicted result is reduced mitochondrial catabolism (5↓), with 
decreases in OXPHOS triggering a decrease in NAD+:NADH+H+ ratio, which then reduces Kreb’s 
cycle flux. Indeed, although we have focussed on AMPK regulation, mitochondrial metabolism 
is self-regulating as complex V is sensitive to levels of its substrate, ADP, to complete the final 
reaction at the mitochondrial membrane180. As ATP increases, membranes become 
hyperpolarised and induce ROS production181-184, which could easily be mistaken for the effects 
of accumulating mitochondrial damage. Indeed, the conventional wisdom is that ROS 
produced during OXPHOS cause damage accumulation in the mtDNA, reducing mitochondrial 
function185. The reduced catabolism then reduces the cell’s capacity for anabolism as ATP 
levels decline. However, as described, the picture is complicated by evidence that oxidative 
damage does not increase and ATP levels do not decline. Contrarily, we suggest that declining 
anabolism might be the initial cause, necessitating reduced mitochondrial activity to maintain 
ATP homeostasis. As mitochondrial catabolism slows, the organelles may increasingly activate 
inflammatory and pro-apoptotic pathways associated with reduced activity. ‘Mitochondrial 
dysfunction’ may therefore not necessarily reflect damage-induced dysfunction at all, but a 
homeostatic response to metabolic slowdown.  

If the primary inducer of metabolic slowdown is epigenetic modification, one factor that could 
help distinguish mitochondrial dysfunction as either a homeostatic response or due to mtDNA 
damage is that Yamanaka (OSKM) factor epigenetic rejuvenation can restore mitochondrial 
function186,187, which is more consistent with epigenetic changes than genetic ones. Notably 
heteroplasmy is still a confounding factor that requires further investigation. However, in our 
model, declining catabolism is merely the first compensatory shift in a long chain.  

4.2 | Metabolic slowdown induces insulin resistance (IR) 
Just as homeostasis during reduced ATP hydrolysis should cause a compensatory reduction in 
ATP production, reduced ATP production should stimulate compensatory shifts to prevent 
build-up of the sugar and lipid fuels no longer burned to produce ATP. The primary fuels 
entering the mitochondria are pyruvate from glycolysis and acyl-CoA from the β-oxidation of 
free fatty acids (FFAs). Both pyruvate and acyl-CoA are then converted to acetyl-CoA (ACoA), 
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which is then used for mitochondrial catabolism (MC) or converted back into FFAs via FFA 
synthesis, as shown in equation 2.   

𝑑𝐴𝐶𝑜𝐴

𝑑𝑡
= 𝛽‐ 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 + 𝐺𝑙𝑦𝑐𝑜𝑙𝑦𝑠𝑖𝑠 − 𝑀𝐶 − 𝐹𝐹𝐴 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠    (2) 

Thus as MC declines (Figure 6B, 5↓) and less ACoA is converted to carbon dioxide by entering 
Kreb’s cycle, the rise in ACoA levels (6↑) is inhibited by the activation of acetyl-CoA carboxylase 
enzymes 1 & 2 (ACC1 & 2) in a system of robust negative feedback that converts ACoA back to 
malonyl-CoA. In non-lipogenic tissues, production of malonyl-CoA by ACC2 within the 
mitochondria increases (7↑), inhibiting the import of Acyl-CoA (8↑) and thus inhibiting β-
oxidation (Figure 6B, Green).  

Lipogenic tissues have an additional negative feedback system where the excess citrate (9↑), 
formed via the condensation of ACoA and oxaloacetate, is pumped out of the mitochondria as 
part of the citrate-malate shuttle. Cytoplasmic citrate (10↑) is used to generate cytoplasmic 
ACoA (11↑), which is converted to cytoplasmic malonyl-CoA (12↑), the substrate for FFA 
synthesis (Figure 6B Yellow). Both reduced β-oxidation and increased FFA synthesis result in 
increased levels of FFAs (13↑).  

Similar negative feedback mechanisms also exist to inhibit glycolysis (Figure 6B Purple). For 
example, ACoA is an allosteric activator for pyruvate dehydrogenase kinase (PDK), which 
deactivates pyruvate dehydrogenase, inhibiting the conversion of pyruvate to ACoA, increasing 
mitochondrial pyruvate (14↑). Excess pyruvate can then be converted to oxaloacetate (OA) by 
pyruvate carboxylase (15↑), which condenses with ACoA to increase citrate (9↑). As in lipid 
metabolism, excess citrate is exported via the citrate-malate shuttle. Crucially, cytoplasmic 
citrate then inhibits phosphofructokinase-1 (PFK-1) which converts fructose-6-phosphate to 
fructose-1,6-bisphosphate, the rate limiting reaction for glycolysis. Thus, declining 
mitochondrial catabolism also increases cytoplasmic glucose (16↑). 

In non-lipogenic tissues, where excess fuels cannot be easily stored, particularly FFAs quickly 
become toxic to metabolism188, so that equilibrium should be restored by reducing FFA and 
glucose import into cells. Import is controlled primarily by insulin through the activation of 
cluster of differentiation 36 (CD36) for lipids189 and GLUT4 for glucose. Non-lipogenic tissues 
with excess FFAs should therefore reduce their insulin sensitivity (si), as suggested by clinical 
studies190.  

The molecular mechanisms by which this occurs are likely to be tissue dependent, as reviewed 
elsewhere191. For example, excess glucose causes serine phosphorylation of IRS-1/2, reducing 
PI3K–Akt signalling and the resultant translocation of GLUT4. In muscle, excess cytoplasmic 
FFAs are converted to ceramides and diacyl-glycerol, which inhibit translocation of GLUT4 and 
CD36 to the sarcolemmal membrane192.  

Thus, we observe that in order to prevent the toxic effects of cytoplasmic fuel overload, 
metabolic slowdown induces IR, which is one of the key hallmarks of ageing, highly 
associated with mortality193. Consistently, mice engineered to have lower basal metabolic rate 
showed propensity toward IR and diabetes, as well as the next product of metabolic slowdown, 
weight gain194. 
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4.3 | Metabolic slowdown induces weight gain 
Following our chain of causation, as our non-lipogenic tissues become insulin resistant, 
removing fewer FFAs from the blood, the immediate effect (without compensation) should be 
increased FFAs and glucose in the blood (17↑). Unlike glucose, FFAs are insoluble and cannot 
be transported freely through the blood. Some are bound to albumin, but most are transported 
as esters bound to lipoproteins. For simplicity, the combined blood lipids are referred to as LB.  

While levels of LB may fluctuate according to various stimuli, blood glucose is maintained at 
rigorous equilibrium, usually around 5mM in humans by a system of robust negative 
feedback134,195. Any increase in blood glucose will trigger a corresponding increase in insulin 
production (18↑) and restoration of blood glucose to equilibrium within two hours.  

This would produce a vicious cycle in our non-lipogenic tissues as they become increasingly 
insulin resistant to remove excess cytoplasmic fuel, inducing increased insulin production to 
remove excess fuel from the blood, leading to further insulin resistance as the tissues are 
forced to import the excess fuel again. Thus, we have our lipogenic tissues to prevent this spiral 
and safely store our excess fuels.  

Our two central lipogenic tissues are the liver and adipose, which are usually among the last 
tissues to become insulin resistant because they can store FFAs in a non-toxic form that does 
not interfere with metabolism. The fatty acid esters (triglycerides) are packaged up into inert 
lipid droplets (LDs) coated in cholesterol-rich, hydrophilic membranes196. Lipogenic tissues can 
therefore respond to increased LB and blood glucose with increased import and storage.  

The liver is the central storage depot for excess glucose, storing it as a finite quantity of 
glycogen, limited largely by the soluble nature of the molecule that makes it a ‘heavy’ fuel. 
Thus, in intense exercise the limited stores of glycogen can be almost completely exhausted. 
Conversely, if glycogen stores are full, further excess glucose is converted to FFAs in both the 
liver and adipose via de novo lipogenesis.  

By pairing LD biogenesis and import, both stimulated by insulin (Figure 6C 19↑ and 20↑), as well 
as pairing lipolysis and export which are inhibited by insulin (21↓and 22↓), any change in fuel 
intake from meals or catabolism of tissues results only in changes in LDs in lipogenic tissues 
without any increase toxic intracellular FFAs or glucose in any cells, as shown in Figure 6C. 
Thus, LB and blood glucose (GB) homeostasis are maintained as in equation 3 (where import and 
export refer exclusively to lipogenic tissues).  

𝑑𝐿𝐵/𝐺𝐵

𝑑𝑡
= 𝑀𝑒𝑎𝑙 − 𝐶𝑎𝑡𝑎𝑏𝑜𝑙𝑖𝑠𝑚 − 𝐼𝑚𝑝𝑜𝑟𝑡 + 𝐸𝑥𝑝𝑜𝑟𝑡   (3) 

Notably, LB homeostasis is not as robust as GB homeostasis, partly due to the increased 
complexity of lipid regulation, and the primary response of pancreatic β-cells to GB. Therefore, 
LB takes longer to return to equilibrium, which can also vary according to other factors. 
However, as stated above for ATP, robust equilibrium is not required for this cascade. Any level 
of negative feedback attempting to reduce the amount of LB toward the preferred equilibrium 
will result in an increase in lipid stored in the adipose tissue, leading to weight gain with age. 

Thus, the proximal effects of metabolic slowdown are likely to be weight gain and IR as we 
store excess lipids in LDs. However, as metabolic slowdown continues, our lipogenic tissues 
should induce their own homeostatic mechanisms and induce additional phenotypes of ageing.  
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4.4 | Metabolic slowdown induces chronic basal inflammation 
There is little evidence for a tightly regulated equilibrium value of intracellular lipid (LI)197. As fuel 
availability rises, be it from metabolic slowdown or dietary increase, then assuming other 
factors remain equal, it causes an increase in storage and a corresponding increase in weight 
(Figure 6D, 23↑). However, each additional excess calorie does not equal one excess calorie 
stored, with every rise resulting in an increasingly small fraction being stored198. This suggests 
we do have negative feedback mechanisms to curb increasing LI which become increasingly 
active as the energy balance becomes increasingly positive.  

Likely, part of this mechanism reflects the activation of uncoupling in mitochondria, though its 
role is still equivocal. At least part of this confusion likely reflects the widespread interpretation 
of uncoupling studies within the complex narrative of oxidative stress199. Uncoupling allows 
mitochondria to dissipate the proton gradient without generating ATP. Thus fuels can be burned 
in the mitochondria without producing bioavailable energy, the main emission being heat. 
Indeed, in the brown adipose tissue (BAT), expressing high levels of uncoupling protein 1 
(UCP1), heat generation appears to be the main function rather than dissipation of the proton 
gradient: uncoupling is higher under ambiently colder conditions200; rises during cold 
stimulation201; and most importantly is blunted by obesity202, the latter opposing expectations of 
a process designed to burn excess lipid. However, while thermogenesis is likely the central 
function of UCP1 and BAT, most tissues express low levels of uncoupling protein 2 (UCP2), 
which may function in the event of energy excess. One study in humans found muscle-specific 
uncoupling protein 3 (UCP3) was upregulated 44% by high fat diet when compared to low fat 
diet203. Another study indicated that increased plasma glucose upregulated expression of UCP2 
and UCP3204, indicating that UCPs are upregulated post-prandially. However, as weight is still 
gained, some of the excess must be stored, and additional mechanisms are required to 
regulate the stored lipid.  

Notably, although adipose is a proliferative tissue, with around 10% turnover per year in 
humans205, most studies suggest that the number of adipocytes in adulthood remains relatively 
fixed (with equal rates of cell death and proliferation)205-207. Instead, the adipose mass grows 
and shrinks mainly by changing cell size208. This finite storage capacity combined with 
metabolic slowdown suggests that without additional homeostatic mechanisms, ageing could 
saturate the adipose tissue with stored lipid.  

As the adipocytes store increasing LDs, they expand, becoming hypertrophic. To avoid bursting, 
hypertrophic adipocytes can reduce import of LB by reducing insulin sensitivity (si), just as in 
non-lipogenic tissues (24↓). However, preventing FFA import would increase LB, contrary to 
adipose function. Thus, we predicted an additional mechanism to lower LI.  

Although the cause of inflammation in obesity is often stated as “unknown”209, evidence 
suggests it plays a central role in the induction of apoptosis in hypertrophic adipocytes and 
their subsequent phagocytosis by macrophages. Hypertrophic adipocytes secrete cytokines 
such as TNF-α (25↑) which attract resident macrophages (26↑), which then secrete factors 
promoting apoptosis210. This would explain why obesity is associated with an increase in 
macrophage infiltration211, and inflammatory M1 polarisation212. Additionally, immune-deficient 
mice have increased adipose mass213,214 and immune reconstitution of immunodeficient mice 
on high-calorie diets reduces weight gain214.  
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In both lean and obese mice, Cinti, et al.215 found that more than 90% of macrophages localized 
around large or dead adipocytes forming crown-like structures (CLS), suggesting adipocyte 
removal by apoptosis and ingestion of hypertrophic cells. The same immune cell localisation 
around hypertrophic or ‘ballooning’ hepatocytes is also found in the liver, the other major organ 
of lipid storage. Therefore, LI dynamics are shown in equation 4. 

𝑑𝐿𝐼

𝑑𝑡
= 𝐹𝐹𝐴 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 + 𝐼𝑚𝑝𝑜𝑟𝑡 − 𝐸𝑥𝑝𝑜𝑟𝑡 − 𝛽‐ 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 − 𝐴𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠  (4) 

Thus we suggest that as metabolic slowdown increases FFA synthesis and import, and reduces 
β-oxidation, the increasing LI requires increased apoptosis (27↑) to remove the hypertrophic 
cells, which requires increasing inflammation.  

Intriguingly, one study using the FAT-ATTAC model to induce adipocyte apoptosis found that 
apoptosis itself recruited M2 anti-inflammatory macrophages, while living adipocytes were 
required to induce metabolic switching to pro-inflammatory M1 macrophages216. Consistently, 
Haase, et al.217 found macrophages mainly proliferate at CLS, where they are inducing 
apoptosis, but proliferation produces mainly M2 macrophages, presumably providing the 
negative feedback that inhibits inflammation after the hypertrophic adipocytes are removed 
(Figure 6D, grey). These results indicate that despite appearances of inflammation sustaining 
itself in a counterproductive way in obesity, as suggested by damage-centric and inflammaging 
models, the pro-inflammatory state could be retained mainly by hypertrophic adipocytes as a 
necessary homeostatic pathway.  

Removal of hypertrophic adipocytes has potential to return both LI and insulin sensitivity (si) to 
equilibrium levels because Peroxisome Proliferator-Activated Receptor gamma (PPARγ) 
activates both apoptosis and adipocyte differentiation from stem cells218 (Figure 6D, green), 
replacing LI-laden, insulin resistant hypertrophic cells with smaller insulin sensitive ones, thus 
also maintaining constant adipocyte number205. Consistently, inflammation-deficient 
transgenic mice had reduced adipocyte proliferation and fewer total adipocytes than wildtype 
mice, causing hepatic steatosis and metabolic dysfunction219. Therefore, we suggest that 
metabolic slowdown induces chronic basal inflammation to ameliorate the age-related 
increase in lipid levels. 

Notably, macrophage ingestion of the excess LI may not remove the lipid from the body. 
Macrophages could burn away the lipid in uncoupled mitochondria or in the peroxisomes, but 
evidence currently suggests that these are not major pathways for lipid removal. Instead, the 
FFAs and cholesterol are packaged onto high-density lipoprotein (HDL) and targeted to the 
liver220, which is the central organ of nutrient regulation. Excess cholesterol is secreted into the 
bile to be removed by excretion in a process called reverse cholesterol transport221. Despite the 
vital importance of excess FFA regulation, their fate is currently equivocal. Uncoupling and 
conversion to cholesterol both occur in the liver, but which process or processes reflect the 
major pathway(s) and under which conditions requires further research. That we have 
mechanisms to calculate and remove excess FFAs from the liver is highly likely.      

It is worth noting that the systems we have evolved to rid the body of excess calories is good 
evidence that organisms have not evolved to under-invest in maintenance74. Instead of an 
upregulation of UCP2 and UCP3 after large meals, we might expect instead a boost in cellular 
maintenance. We suggest that organisms which evolve more efficient energy utilisation, and 
thus require fewer calories for optimal function, likely gain a fitness advantage that may allow 
them to outcompete species better able to procure (but less efficiently use) nutrients; however, 
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organisms which cannot afford to invest sufficiently in both somatic maintenance and offspring 
should be reliably outcompeted by organisms which can procure sufficient nutrition for both. 
The evolution of nutrient wastage is good evidence that organisms require processes to 
maintain energy homeostasis during times of excess even in wild populations. 

4.5 | Metabolic slowdown induces metabolic syndrome 
Chronic low-grade inflammation is not without multiple negative implications, as we will 
discuss in Part 5. However, we suggest it is also a crucial negative feedback system that slows 
the progression from metabolic slowdown to metabolic syndrome. According to the British 
Medical Journal (BMJ), metabolic syndrome is defined as ‘a cluster of common abnormalities, 
including insulin resistance, impaired glucose tolerance, abdominal obesity, reduced high-
density lipoprotein (HDL)-cholesterol levels, elevated triglycerides, and hypertension’222.  

We have already described how IR and elevated triglycerides result directly from metabolic 
slowdown. The significance of low HDL-cholesterol could reflect the necessity of HDL in 
removing excess LI from the adipose tissue220. While not a direct result of metabolic slowdown, 
low HDL should reduce ability to clear LI from the adipose and thus exacerbate or predispose to 
metabolic syndrome, as described below.  

The central adipose store for healthy individuals is the subcutaneous adipose tissue, which is 
designed for long-term storage. The visceral adipose tissue is, by design, more insulin resistant 
than subcutaneous adipose because its purpose is not long-term storage. It provides a ready 
supply of lipid to the visceral organs in times of stress where immediate energy is required 
without having to wait for increased lipid supplies from the more distal subcutaneous adipose. 
Thus, the primary inducer of visceral lipid storage is not insulin but the stress hormone cortisol, 
which both induces insulin resistance of subcutaneous adipose and diverts subcutaneous lipid 
to the viscera for immediate use or storage in the visceral adipose223.  

As metabolic slowdown causes the subcutaneous adipose to accumulate LI, any increase in 
insulin resistant, hypertrophic adipocytes makes the subcutaneous adipose less capable of 
removing lipid from the blood. An intermediate rise in LB then instigates its diversion to other 
adipose tissues for storage. Given that the subcutaneous adipose is increasingly insulin 
resistant, the sensitivity differential between the subcutaneous and visceral adipose 
decreases, diverting LB to the viscera. Thus, metabolic slowdown should induce abdominal 
obesity (Figure 7). 

 

Figure 7 | Metabolic slowdown induces metabolic syndrome. As subcutaneous adipose becomes saturated and 
insulin resistant, glucose and lipids are diverted to the visceral adipose, worsened by fructose and ethanol which are 
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broken down by the liver and frequently converted to visceral fat. As visceral adipose expands, particularly under the 
influence of a high sugar, high calorie diet, LB and blood glucose can remain elevated for longer inducing glucotoxicity 
and type II diabetes. Abbreviations: HDL, high density lipoprotein; IR, insulin resistance;  LB, blood lipid; LI, 
intracellular lipid. 

As described above, blood glucose equilibrium is more robust than for lipids. In healthy 
individuals rises in blood glucose cause increased insulin production and β-cell proliferation 
ensuring that glucose is absorbed and returns swiftly to homeostasis134. The exception is in type 
II diabetes where chronic elevations of blood glucose shift the β-cell response from 
proliferation to apoptosis, reflecting the mutant defence mechanism we described in Part 
3132,195.  

Metabolic slowdown and intrinsic ageing alone are not normally sufficient to cause diabetes, as 
evidenced by the lack of metabolic syndrome and type II diabetes in modern hunter-gatherer 
and semi-nomadic tribes224,225. However, the Western diet produces chronic blood glucose at 
levels which were supraphysiological when glucotoxicity evolved, turning type II diabetes from a 
rare disease into the current pandemic135. 

Type II diabetes is not a disease of ageing in-so-far as its major cause is extrinsic and dietary, 
but ageing-induced metabolic slowdown predisposes individuals toward reduced glucose 
clearance rate and increases the risk that a Western diet will induce glucotoxicity and resulting 
disease. Reduced β-cell proliferation rate with age may also predispose to glucotoxicity132,195, 
and would be a predicted effect of metabolic slowdown.  

Hypertension will be discussed in Part 5.1, but aside from low HDL, all the criteria of metabolic 
syndrome could reflect direct consequences of metabolic slowdown (Figure 7). If we allow that 
intrinsic ageing is continually increasing the risk of metabolic syndrome, it allows us to fully 
address one of the greatest complexities of ageing. 

4.6 | The three process model: Metabolic slowdown causes extrinsic 
ageing 
Despite ageing being a mainly intrinsic process, it has low heritability, many studies indicating 
values between 20-30%226,227, while factoring in assortative mating suggests it could be lower 
than 10%228. Such results would suggest that the rate of ageing is mainly dependent on 
environmental factors and behaviour. Yet our two process model predicts that ageing is an 
intrinsic and irreversible process induced by cell communication and epigenetic marks. It 
would predict a highly heritable rate that is resistant to environmental influence.  

The progression of metabolic slowdown to metabolic syndrome and associated diseases 
is an explanation for the impact of exogenous factors on longevity, which we have called 
extrinsic ageing. Interestingly, exposure to ionising radiation does appear to increase risks of 
metabolic syndrome but the effects are small and may reflect direct effects on the IGF-1 
pathway rather than through accumulated damage229. The major extrinsic factors affecting 
lifespan are not damage inducers but metabolic interventions such as diet and exercise, which 
are both causally linked to the nutrient accumulation processes that cause metabolic 
syndrome.  

It has been proposed that both CR and exercise influence the ageing process and age-related 
disease through hormesis229. Because exercise generates ROS, it is viewed as a type of ‘stress’ 
that has lasting benefits via the upregulation of DNA repair and antioxidants230, thus protecting 
the body from additional exercise. Inevitably, these models suggest that all the effects of 
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exercise and CR on energy regulation and the longevity module feed back into reduced 
oxidation, inflammation, and damage which slows ageing and prevents age-related disease229, 
as we described in Figure 3A. 

However, if CR and exercise were affecting intrinsic ageing either through DNA damage 
accumulation, as in the hormesis model, or via reducing selective destruction, as in the two 
process model, then the effects should persist even after the regimen ceases – less damage 
should have accumulated, or selective destruction occurred – reflecting a semi-permanent 
change.  

A crucial study examining the benefits of a dietary restriction (DR) regimen on Drosophila 
lifespan suggested that the reductions in mortality lasted only while flies remained on DR231. 
Flies which swapped to ad libitum at day 14 or 22 quickly adopted the same mortality profile as 
the control flies continuing their ad libitum diets. Similarly, flies that swapped from ad libitum to 
DR showed drops in mortality to the same level as flies on continuous DR, losing all negative 
effects of their previous ad libitum diet. The effect of diet was only on immediate risk of death, 
inconsistent with a single intrinsic, irreversible process.  

Notably, Mair, et al.231 demonstrated that an intrinsic, irreversible process was also occurring, 
as Drosophila mortality increased in all groups independent of diet or dietary swapping. In 
humans, exercise has significant positive impact on healthspan, resulting in compression of 
late-life morbidity232. Similarly, in rodent studies, effects are often limited to healthspan and 
frailty reductions, with some studies also showing mean or median lifespan increases without 
effects on maximum lifespan233-236. A recent longitudinal study comparing different intensity 
exercise regimens in humans demonstrated that while higher exercise levels were associated 
with reduced mortality at all ages, the rates of decline in physical fitness showed little 
difference across intensity groups237. Combined, these results suggest that fitness and strength 
decline at the same rate, independent of exercise level ie. intrinsic ageing is happening 
independently. Like the dietary restricted Drosophila, where the rise in mortality simply starts 
later, the high exercise groups appear to have more fitness and strength to lose. Thus we 
suggest that exercise and DR (in Drosophila) are affecting another process which reversibly 
impacts short-term mortality, which is likely extrinsic ageing. 

Separating intrinsic and extrinsic ageing to produce a third process could explain the low 
heritability of ageing, because following a Gompertzian curve, at late age when most people 
die, small changes in behaviour have disproportionately large impact on extrinsic ageing and 
associated mortality, as indicated in Figure 8A. Interventions affecting extrinsic mortality would 
be expected to have the most significant effect at late age, as this is when influencing short-
term risk is most important. The same interventions started earlier should have little additional 
longevity benefit and almost none if not maintained, while the mortality reduction gained from 
healthy behaviour would increase as age increased, having disproportionate effects in late life. 
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Figure 8 | The three process model of ageing. (A) The curve of intrinsic ageing (black) increases mortality with time, 
relatively unaffected by behaviour. However, extrinsic ageing is highly alterable by good behaviours (blue) and bad 
behaviours (green), which increasingly affect a person’s mortality as intrinsic ageing accelerates. (B) The three 
process model. Abbreviations: AL, ad libitum; CR, calorie restriction; DNA, deoxyribose nucleic acid. 

The central prediction of the three process model is that age-related decline reflects an 
underlying epigenetic process which is unidirectional and irreversible (at least by behavioural 
intervention), resulting in metabolic slowdown, which results in another process increasing risk 
of nutrient overload and metabolic syndrome (Figure 8B). This process should be reversible by 
interventions and behaviours which reduce nutrient availability.  

In Part 5, we demonstrate how each of the three ageing processes contribute to the age-related 
diseases, completing the model of ageing from initial cause to ultimate effects. 
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Part 4: Summary 
4.1 | The epigenetic reduction in anabolism will manifest as reduced rates of transcription, 
translation, DNA replication, and cell division, reducing ATP utilisation per unit time.  

As ATP is kept in strict homeostasis, reduced ATP hydrolysis is compensated for by reduced 
ATP production. Mitochondrial metabolism therefore drops.  

4.2 | Reduced ATP production will reduce the amount of glucose and lipid catabolised in the 
mitochondria to produce it. These fuels then accumulate in the cell and can become toxic in 
excess. Homeostatic controls reduce the inflow of fuels by reducing sensitivity to insulin 
(inducing insulin resistance).  

4.3| As our non-lipogenic tissues import less fuels, our lipogenic tissues import the excess to 
prevent lipid and glucose build-up in the blood. The adipose tissue can store the excess fuels 
as lipid droplets without toxicity. Thus inducing weight gain.  

4.4 | Our adipose tissue has its own homeostatic controls where hypertrophic cells secrete 
inflammatory cytokines to attract macrophages which redistribute the lipid via HDL. As lipid 
stores increase, and more adipocytes need recycling, this induces a state of chronic basal 
inflammation in the adipose tissue. 

4.5 | As the subcutaneous adipose store becomes saturated and insulin resistant, the 
sensitivity differential between the subcutaneous and visceral adipose diminishes, 
increasing visceral lipid storage and omental weight gain. The inflammatory cytokines 
produced to recycle the visceral adipocytes can spread to the visceral organs inducing 
unwanted chronic inflammation of multiple systems.  

As both adipose stores become saturated, blood glucose spikes take longer to return to 
equilibrium. When combined with high sugar diets, this induces type II diabetes.    

Combined, the effects of metabolic slowdown on fuel homeostasis make up the list of 
symptoms of metabolic syndrome.  

4.6 | We have termed the induction of metabolic syndrome by metabolic slowdown, extrinsic 
ageing. It is a separate process from intrinsic ageing, and can be modulated easily by 
behaviour to increase or decrease mortality in the short-term. This is the three process 
model of ageing. 

Part 5: Three ageing processes induce age-related 
disease, frailty, and death 
The exact connections between ageing and age-related diseases remains controversial, with no 
consensus as to whether ageing is the underlying disease or whether age is merely a single risk 
factor among many238. Attempts to build causal links have focussed on which ageing hallmarks 
associate with which age-related diseases97,98. The three processes described here offer an 
alternative causal mechanism: 

• Diseases which associate mainly with hypofunction and slower anabolism are likely 
mainly impacted by intrinsic ageing. 
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• Diseases related to metabolic syndrome could be induced by extrinsic ageing. 
• Diseases of hyperfunction and overactivity could be induced by celerisis.  

A crucial and surprising observation is how many age-related diseases relate to metabolic 
syndrome, which in the absence of our three process model would be regarded as a largely 
extrinsic disease induced by dietary and behavioural factors. In addition to atherosclerosis and 
Alzheimer’s disease, risk of cancer and fibrosis also increase239, which may help explain why 
gerontologists have retained the idea that cancer is part of a single – if complex – ageing 
process: a part of the process is indeed the same.  

5.1 | Intrinsic and extrinsic ageing induce atherosclerosis 
Outside cancer, the most significant age-related disease in terms of incidence and mortality is 
cardiovascular disease240. While it is widely regarded as a disease of both the heart and blood 
vessels, it is an arterial disease, caused largely by the build-up of plaques in our artery walls, 
known as atherosclerosis. The hardening of the artery wall and resultant increase in blood 
pressure is also a contributing factor. The term ‘cardiovascular disease’ is used because the 
coronary arteries are frequently sites of the atherosclerotic plaques, thus mainly afflicting the 
heart as the major organ of dysfunction. The heart suffers a myocardial infarction when the 
blood vessels providing it with oxygen and nutrients become blocked. Similarly, strokes and 
pulmonary emboli result from plaque rupture and blockage of the arteries leading to the brain 
and lungs, respectively. 

While we suggest LI induces its detrimental effects mainly through increasing inflammation, 
rising LB could have multiple effects on health. It is widely observed that one of the proximal 
events in atherosclerosis is the formation of fatty streaks in the artery wall241. The fatty streaks 
contain cholesterol and its esters within the cholesterol carrier molecules of low density 
lipoprotein (LDL)242,243. Free cholesterol can even recrystalise out of solution, and is frequently 
demonstrated in atherosclerotic plaques244.  

While atherosclerosis does not normally develop in mice under laboratory conditions, ApoE 
knockout mice demonstrate severe hypercholesterolemia and spontaneous atherosclerosis, 
as do mice lacking the LDL receptor when fed a high fat diet245. Thus, rising LB may be a 
proximate cause of the increases in atherosclerotic plaques with age. Although triglycerides are 
thought to contribute to atherosclerotic risk independently246, cholesterol is thought to be the 
central lipid component of atherosclerotic plaques247. It also induces foam cell formation when 
macrophages scavenge cholesterol without unloading the cargo sufficiently onto HDL, thus 
becoming engorged and dysfunctional248.   

Both FFAs and glucose can be converted to cholesterol through ACoA. Indeed, this may be an 
important nutrient outlet in times of overnutrition as it has additional advantages over 
uncoupling. Cholesterol synthesis is a multi-step synthesis pathway that requires oxidising 
NADPH back to NADP, and uses ATP249. Additionally, as cholesterol is a necessary part of the 
LDs required for excess FFA storage, upregulating cholesterol synthesis is likely a key part of 
the homeostatic response to metabolic slowdown and the excess of FFAs.  

If true, we would predict that blocking cholesterol synthesis would increase risk of metabolic 
syndrome and diabetes. Statins are 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 
reductase inhibitors, preventing the initial steps of cholesterol synthesis which convert three 
acetyl groups attached to Co-enzyme A into mevalonate. This may explain why statins reduce 
risk of atherosclerosis, by reducing a central component of atherosclerotic plaques123, but 
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increase risk of metabolic syndrome and diabetes250, and some studies suggest also increase 
both non-cardiovascular and all-cause mortality251-253 by removing an important fuel outlet and 
exacerbating the cholesterol-independent effects of extrinsic ageing.  

We propose that the increased LI and LB levels promoted by extrinsic ageing shifts the 
equilibrium toward increased cholesterol synthesis, producing more LDL-cholesterol and thus 
the amount of deposition in fatty streaks during the conditions where they form (Figure 9, left 
and middle). 

 

Figure 9 | Extrinsic and intrinsic ageing combine to induce atherosclerosis. Extrinsic ageing increases the cholesterol 
and lipid carriers in the blood, while intrinsic ageing contributes to endothelial dysfunction. When combined, fatty 
streaks expand into atherosclerotic plaques where macrophages cannot successfully remove the lipid. 
Abbreviations: ACoA, acetyl-coenzyme A; eNOS, endothelial nitric oxide synthase; FFA, free fatty acid; HDL, high 
density lipoprotein; HMG CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; IGF, insulin-like growth factor; LDL, low 
density lipoprotein; NO, nitric oxide; sdLDL, small dense LDL; SM, smooth muscle; TOR, target of rapamycin; VLDL, 
very low density lipoprotein. 

This may be worsened because in the state of hypertriglyceridaemia associated with metabolic 
syndrome, cholesteryl ester transfer protein (CETP) transfers excess triglycerides from VLDL 
onto LDL254, which has lost the APOE protein required to transfer the triglycerides to tissues. 
Instead, hepatic lipase removes the unwanted cargo, producing a smaller, denser version of 
LDL which does not so easily bind the LDL-receptor. This small, dense LDL (sdLDL) is 
significantly more atherogenic than normal LDL255, further suggesting how metabolic syndrome 
and extrinsic ageing may contribute to cardiovascular disease.   

Although the cholesterol hypothesis is the dominant explanation for atherosclerosis, with a 
significant evidence backbone123, the disease is not simply the product of gradual LDL 
accumulation in the blood vessel wall which accelerates as levels of LDL increase in the blood.  

When the endothelium is intact, regardless of the quantity of LDL in the blood, there is likely 
very little LDL passage past the vessel’s protective glycocalyx barrier – a thick extracellular 
matrix of proteoglycans attached to the endothelium. As suggested by the damage-centric 
hypothesis, plaque build-up could instead be a “response to injury” in the vessel wall256. 
Indeed, the frequency of atherosclerotic plaques at areas of high blood pressure, such as in the 
coronary arteries, and the contribution of high blood pressure to plaque formation, suggests 
endothelial damage is likely a crucial aspect. Other significant risk factors for atherosclerosis 
include smoking, cocaine, and COVID-19 infection, all of which can induce endothelial 
damage257.  
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The damage-centric hypothesis suggests that endothelial cell death leads to low-grade 
inflammation and the resulting “chronic low-level insult” leads to atherosclerosis242,258 as 
predicted by the inflammageing model. However, any disease caused by inflammation could 
just as easily result from causes related to metabolic slowdown and extrinsic ageing as DNA 
damage accumulation.  

Evidence suggests that inflammation degrades the glycocalyx and increases the porosity of the 
endothelium allowing immune cell adhesion and then crossing the vessel wall259,260, described 
as endothelial dysfunction. Thus, inflammation would induce the formation of fatty streaks, 
which would be more likely to become atherosclerotic plaques as LDL levels rise.  

However, this model again assumes inflammation as a largely detrimental process where the 
body responds to injury in many contexts by exacerbating it, unnecessarily inducing disease. By 
making the endothelium leaky, it causes both the LDL and the macrophages to cross into the 
vessel wall. Fascinatingly, some major trials suggest the inflammation in our atherosclerotic 
plaques is a necessary and protective feature. Despite initial enthusiasm for the use of non-
steroidal anti-inflammatories (NSAIDs) and other anti-inflammatories against atherosclerosis, 
multiple trials and studies demonstrated that frequent use of ibuprofen, naproxen, and 
celecoxib, among others, increased rather than decreased risk of atherosclerosis, stroke, and 
myocardial infarction261,262. The inflammation so frequently associated with atherosclerotic 
plaques was perhaps not causing them but contributing to remodelling and clearance.  

Another inflammageing-based narrative may also be inconsistent with the evidence. It has been 
suggested that LDL itself is not atherogenic because after macrophages intake LDL they 
downregulate LDL-receptors (LDL-Rs) until the lipids have been processed, thus preventing 
lipid overload and foam cell formation263. Instead it is oxidised LDL, thought to result from 
inflammageing and increased presence of ROS, which is atherogenic because it upregulates 
the macrophage LDL-R263,264, preventing the negative feedback that stops macrophages 
absorbing lipid before they become foam cells. However, as with much of the ROS-associated 
literature, these conclusions engender significant complexity, as overexpression of the 
macrophage enzyme 15-lipoxygenase which promotes LDL oxidation265 actually protects 
rabbits from atherosclerosis266. Conversely, this would be the predicted result if LDL-oxidation 
is instigated by macrophages in response to quantities of LDL-cholesterol that cannot be 
redistributed without inhibiting LDL-R downregulation. By this hypothesis, foam cell formation 
and atherosclerosis occur not because of excess LDL oxidation, but because LDL oxidation is 
insufficient to remove the excess LDL and return LB homeostasis. Inflammation would not be 
promoting foam cell formation, but preventing foam cell formation by removing extra LDL.  

The net effects of inflammation may depend on the conditions, and when associated with 
autoimmune diseases such as lupus – where vascular dysfunction is a direct effect of a self-
reactive immune system267 – inflammation likely contributes to disease, but in plaques 
associated with ageing we suggest that the immune cells could also have a functional role in 
plaque resolution by removing the cholesterol, degrading the fatty streak as the endothelium 
repairs.   

Of course, inflammation is an umbrella term for multiple processes, some of which are likely 
detrimental to endothelial cell function, but the consistent presence of pro-inflammatory 
factors in atherosclerotic plaques, which has been taken as evidence of causation, is 
potentially a net-protective countermeasure.  
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Another effect of extrinsic ageing is IR. IGF-1-stimulated PI3K-Akt signalling activates 
endothelial nitric oxide synthase (eNOS)268, which produces nitric oxide (NO), one of the main 
regulators of endothelial cell functionality and survival269,270. It maintains the glycocalyx, inhibits 
immune cell adhesion and passage, and reduces the leakiness of the artery wall toward 
LDL271,272. IR would be expected to contribute to endothelial dysfunction if it prevented PI3K-Akt 
signalling. Thus, one narrative is that IR ‘is the etiologic factor responsible for the development 
of each of the individual cardiometabolic disturbances’273. In effect, IR would prevent nutrient 
uptake112, making it a ‘maladaptive response’274. If so, then cardiovascular disease could be 
treated by overcoming IR. However, we suggest here an alternative narrative that cells do not 
become too insulin resistant to import sufficient nutrients, but become resistant enough to 
prevent excess import in conditions of nutrient excess. Indeed, others have suggested that IR is 
a defence mechanism against metabolic stress in patients with type II diabetes275. 

In such context, the cause of endothelial dysfunction is not IR but intrinsic ageing. It is the 
reduced PI3K-Akt signalling itself that results from intrinsic ageing which both reduces NO 
production and increases IR. 

Thus, increasing LB is likely the major proximate cause of disease induced by extrinsic ageing, 
while intrinsic ageing slowly shifts the equilibrium of endothelial cells toward the activation of 
pathways that induce a leaky barrier prone to immune cell-adhesion. Other factors such as 
smoking, cocaine, and COVID infection contribute to disease by activating these same 
pathways, plausibly activating them more strongly with additional intrinsic ageing. Particularly 
at areas of high pressure, the endothelial barrier may allow lipid carriers and immune cells to 
cross forming fatty streaks, and when combined with extrinsic ageing these streaks are more 
likely to become plaques (Figure 9).  

Interestingly, for the TCQP, Blagosklonny predicted an opposing mechanism, stating, 
“atherosclerosis depends on hyperfunctions of local cells [endothelial cells, smooth muscle 
cells (SMCs), and macrophages] and distant cells (hepatocytes, bone marrow cells, and 
adipocytes)”276. However, we would argue that many of these phenotypes are not true 
hyperfunction. Endothelial cell ‘activation’ is not activation in the same way as occurs in other 
cell types, promoting growth, proliferation, and activity. It refers to a pro-apoptotic, pro-
inflammatory state277 which is inhibited by growth stimuli such as IGF-1272, and thus we suggest 
it may be more reflective of hypofunction from intrinsic ageing. The hypertrophy of distant 
adipocytes and hepatocytes which “increase levels of […] LDL and procoagulation and pro-
inflammation factors”276 can be explained by extrinsic ageing, which again results from 
hypofunction. The activation of immune cells and hyperplasia of SMCs could be true 
hyperfunction: it is possible that plaque generation is aided by localised celerisis inside a body 
that is undergoing metabolic slowdown. Most evidence suggests that SMCs promote the 
stability of the plaque by proliferating and migrating into the core, switching from contractile to 
synthetic subtype to form the fibrous and later calcified cap which prevents the plaque from 
rupturing278. However, SMCs also contribute to pathogenic plaque enlargement, leading to high 
blood pressure and angina, potentially also promoting a thrombogenic event and blood vessel 
occlusion. High rates of cell death and proliferation at sites of high blood pressure could lead to 
celerisis, and hyperfunctional SMCs could further promote cardiovascular disease. 

There are likely many additional factors important in atherosclerosis, and this is not intended to 
be a complete account. Considering the relevance of aspirin as an anti-coagulant and 
lipoprotein(a) (LPa) as a clotting factor in atherosclerosis279, we suggest that the thrombogenic 
cascade would be the most crucial addition. The simplified mechanism presented here and 
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those that follow for other age-related diseases are intended to suggest the most crucial factors 
that connect the process of ageing with eventual disease outcomes. This provides a testable 
hypothesis that can be rejected or adapted by further experimentation.  

5.2 | Intrinsic and extrinsic ageing induce Alzheimer’s disease 
Alzheimer’s is currently thought to reflect the accumulation of some combination of amyloid-β 
plaques and tau tangles (hereon also referred to as plaques). The hypotheses suggest that 
amyloid-β peptide and tau phosphoprotein monomers aggregate, first forming oligomers and 
then plaques280. It is thought that both the oligomers and plaques are toxic to neurons, 
promoting inflammation and cell death281; however, additional mechanistic detail is still 
controversial and split between proponents for amyloid-β and tau as the most significant 
disease-causing aggregate. 

Notably, Gems and McElwee16 suggested that protein damage showed more connection to 
longevity mutants than DNA damage, but suggested that protein damage accumulation could 
not be the primary cause of ageing as the molecules were insufficiently long-lived. The 
difference between damage and clearance would have to be minute to explain gradual 
accumulation in long-lived organisms, and small shifts in the relative rates of damage and 
clearance (which could be reasonably frequent) would be predicted to result in accelerated 
ageing and rapid rejuvenation, respectively. Accumulation-based models thus required a 
macromolecule that lasted roughly the lifespan of the organism, limited to a few long-lived 
structural proteins such as collagen and elastin in specific joints282, and DNA. Thus, while 
protein damage may play a significant role in ageing, it is more likely a downstream effector 
responding to homeostatic shifts. An idea put forward in Green Theory is that temporary build-
up of ‘molecular rubbish’ could cause an increase in DNA damage, and ageing16; however, such 
mechanisms still struggle to explain why inducing high levels of oxidative damage, usually 
measured at the protein level, show little or contradictory effects on ageing. Here we suggest an 
alternative.  

The equilibrium levels of amyloid-β should reflect the rate of production, by β-secretase and 
subsequent γ-secretase cleaving the amyloid precursor protein (APP), in relation to the rates of 
autophagic and proteasomal degradation. Early onset Alzheimer’s disease results mainly from 
mutations either in APP itself or in the enzymes and associated proteins which produce 
amyloid-β from APP283. Early onset disease appears to reflect that the amyloid-β produced is 
more prone to aggregation. Thus, rates of monomer aggregation are likely causative to disease. 

One model suggests that elevated rates of monomer aggregation causes gradual plaque 
accumulation284. Like models of ageing by DNA damage accumulation, no equilibrium shifts are 
required, only continued production of aggregate-prone monomers and the passage of time. 
However, we suggest this model is still insufficient because it does not account for negative 
feedback and homeostasis. All else being equal, increased monomer aggregation should result 
in increased aggregate degradation. Traditional models have relied on chronic inflammation 
and associated positive feedback to break the homeostasis, with fibrils and plaques inducing 
inflammation which creates more plaques, known as the amyloid/neuroinflammation cascade 
hypothesis. In some renditions, the body supposedly orchestrates some fairly catastrophic 
cascades, such as amyloid-β plaques activating microglial cells which induce disease by both 
killing neurons and even producing more amyloid-β285. Why evolution would produce such 
systems requires a mechanism of significant complexity. 
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Without positive feedback and self-destructive signalling, fibrils and plaques should not 
gradually accumulate in a homeostatic system purely through the passage of time – only when 
the equilibrium shifts in favour of persistence. Yet this distinction has significant implications 
for Alzheimer’s therapies.  

Therapies designed specifically to remove plaques work best under the gradual accumulation 
model: removing the plaques resets the problem because it will take a long time for the plaques 
to return. As suggested by de Grey, animal tissues treated with alagebrium to break advanced-
glycation end product (AGE) crosslinks “become inflexible again so quickly after withdrawal of 
the drug” because “the underlying cross-links are clearly reforming much more rapidly than 
they did over the many years that were required for their initial buildup”, which he attributes to 
the exposure of “highly reactive carbonyl” groups by the action of the drug286. This may well be 
true, but we would also suggest that plaques have not simply been building up prior to drug 
treatment. Removal of aggregates with alagebrium may also result in a downregulation of 
aggregate removal pathways, which will slowly reactivate as the plaques return to their 
equilibrium levels once the regimen has ceased.  

If true, we would suggest that neither early onset nor late onset disease can result simply from 
additional monomer aggregation because homeostasis will reduce the aggregated monomers 
back to equilibrium via increasing their clearance. Any successful model of disease should 
explain why increased fibril and plaque production is not counteracted by negative feedback 
through degradation. The inflammageing model could still predict disease even in the absence 
of positive feedback, if DNA damage, cell senescence, inflammation, and ROS, raised 
aggregate production and decreased degradation. This problem was partly solved by the 
garbage catastrophe theory and the ‘mitochondrial-lysosomal axis theory of cellular aging’ 
which suggested that increased levels of protein damage would obstruct clearance287,288. 
Although these models are often described as gradual accumulation models, they also reflect 
feasible homeostatic models predicting equilibrium shifts.  

However, the garbage-catastrophe theory does not explain why the equilibrium should shift in 
favour of plaque accumulation prior to the point of catastrophe. Even in individuals with 
defective APP and amyloid processing, the mutations do not, themselves, increase the rate of 
plaque production over time without additional metabolic shifts – the base rate is simply higher 
than in individuals without the mutations. Assuming at young age the rate of aggregate 
formation has not already overwhelmed the degradation machinery, then without additional 
equilibrium shifts it should never do so. 

To generate these shifts, inflammageing is reliant on either DNA damage accumulation or 
positive feedback between protein damage and inflammation. Initially in favour of these ideas, 
multiple studies demonstrated that use of non-steroidal anti-inflammatories (NSAIDs) for 
conditions such as arthritis was associated with reduced risk of Alzheimer’s disease. These 
results prompted multiple clinical trials which all showed NSAIDs provided no benefit to 
Alzheimer’s disease patients289,290. Inevitably, many concluded that the failure resulted from the 
drugs not being given early enough, leading to the ADAPT trial in elderly dementia-free patients 
of the NSAIDs naproxen and celecoxib, which was terminated when results of another trial 
suggested celecoxib significantly increased risk of cardiovascular complications261. However, 
preliminary results of ADAPT suggested that NSAIDs increased risk of Alzheimer’s disease291. 
Finally, the INTREPAD trial showed no benefit in an even younger group with a family history of 
Alzheimer’s disease292. As stated by the lead researcher, John Breitner, “There was a lot of 
hope, based on epidemiological data, that these drugs would prove beneficial, but we have 
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learned over the last 10 to 15 years that when you test NSAIDs in trials, they are not beneficial 
and invariably, you make people sick”293.  

We suggest that inflammageing, positive feedback, and the garbage catastrophe are unlikely to 
cause Alzheimer’s disease. Even newer models of the neuroinflammation cascade which 
suggest that ageing shifts microglial cells from protective to detrimental285,294 do not explain why 
NSAIDs are not beneficial if the inflammatory cells are still the ones perpetuating or inducing 
most of the plaque production and cell death.  

We suggest that while inflammation likely has detrimental effects, just as with atherosclerosis, 
its consistent association with plaques and disease likely reflects the immune system’s role as 
a crucial defence mechanism, removing the plaques. Just as macrophages and ROS are 
blamed for forming foam cells, microglial cells appear only to produce amyloid-β plaques 
under similar conditions of exhaustion294, which likely reflect a combination of intrinsic ageing 
of the immune cells, reducing their ability to clear the problem molecule, along with an excess 
of the problem molecule. Chronic inflammation results because the immune system is 
insufficiently active to correct the problem, not because an overactive immune system is 
inducing the problem.  

If not inflammation, Alzheimer’s is likely caused by another aspect of extrinsic ageing, as 
evidenced by its association with metabolic syndrome and diabetes, even being referred to as 
‘type III diabetes’295. However, its association with IR296 has often been interpreted as a failure of 
glucose supply, starving the brain of nutrients and reducing metabolism, potentially inhibited 
by amyloid-β plaques297. This has led to the use of insulin stimulation as therapy298. Some 
studies have shown glucose infusion and insulin stimulation have short-term benefits, but 
conversely chronic hyperglycaemia and insulin injections are associated with memory deficit 
and increased cognitive impairments299,300. 

We would predict the short-term benefits because the additional insulin or glucose is 
temporarily overcoming the IR induced by intrinsic ageing, increasing brain anabolism and 
restoring some function. However, according to the three process model, the IR is not an 
external block preventing neurons from getting enough nutrients, but an internal block 
protecting them from nutrient overload. We would thus predict that anabolic stimulation 
therapies should increase IR in brain cells as they protect themselves from the overactive 
growth signal to restore their preferred equilibrium, also potentially inducing gluco- and 
lipotoxicity. Thus, these therapies fail not because of the irrelevance of metabolism or 
metabolic syndrome, but because brain ageing results in IR rather than IR resulting in brain 
ageing. 

However, Alzheimer’s could still be induced or exacerbated by other effects of extrinsic ageing. 
It is associated with dyslipidaemia301 as well as UPR failure and endoplasmic reticulum stress302 
which can be exacerbated due to higher lipid levels. Particularly in the brain, where absorption 
of glucose and nutrients is mainly insulin-independent303, extrinsic ageing may result in nutrient 
overload within neurons. This energetic stress can induce the aberrant attachment of glucose 
and lipid to amino acids forming glycated and lipidated proteins, which can aggregate to form 
AGEs in ageing neurons304,305. While this has been traditionally viewed as the result of ‘stress’, 
ROS, and inflammation306, these types of molecular ‘damage’ could also be described as 
products of metabolic syndrome – the natural consequence of excess sugars and lipids which 
result from extrinsic ageing307. Although amyloid-β and tau might be the main proteins forming 
aggregates, others can be bound together in AGEs which colocalise with amyloid and tau in 
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plaques304. Thus, extrinsic ageing could contribute to Alzheimer’s development by increasing 
the probability that amyloid-β and tau monomers and oligomers aggregate with AGEs and other 
glycated and lipidated proteins into amorphous plaques. 

However, as noted above, monomer aggregation is only half of the equation, with negative 
feedback restoring equilibrium via the upregulation of degradation pathways. Unfortunately, 
while extrinsic ageing may increase the rate of monomer aggregation and thus plaque 
production, we suggest that intrinsic ageing is potentially also slowing plaque degradation by 
decreasing autophagy. 

Autophagy is thought to play a central role in ageing and neurodegeneration308, and Alzheimer’s 
disease specifically309-311, and reductions in autophagy are known to occur across multiple 
ageing models312. It is worth observing that decreased autophagy is not an immediately intuitive 
effect of metabolic slowdown. Just as obesity suppresses autophagy by activating pro-growth 
stimuli which inhibit autophagy through mTOR313, reduced mTOR signalling through metabolic 
slowdown might be predicted to have the opposite effect.  

We suggest that metabolic slowdown blocks autophagy despite the reduction in IGF-mTOR axis 
signalling in part because it slows down total metabolism, reducing both the anabolic and 
catabolic metabolism in conjunction, maintaining energy equilibrium rather than shifting it 
toward a catabolic state. As neurons (and other cells) reduce their anabolic rate, this should 
manifest as a reduction in the rates of protein translation, as is observed in rats and mice314, 
yeast315, as well as humans and other model organisms316,317. However, as protein synthesis is 
reduced, cells will take longer to produce sufficient protein to carry out the task the protein is 
produced for (Figure 10A). The natural result is that cells will delay and deactivate negative 
feedback systems to accomplish their cellular functions.  

 

Figure 10 | Metabolic slowdown reduces autophagy and induces Alzheimer’s disease. (A) Protein synthesis rate 
declines due to intrinsic ageing, which increases the time required for the protein to produce its function, and thus 
induce negative feedback. The chain of reduced anabolism followed by catabolism decreases the amount of 
autophagy needed per unit time. In older individuals, prolonged low-level protein activity may even induce premature 
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negative feedback and thus noise. (B) A mechanistic model for early and late onset Alzheimer’s disease. Early onset 
disease is induced partly by mutations which cause increased monomer aggregation. As individuals undergo intrinsic 
ageing it slows the rate of monomer and aggregate degradation via autophagy, which reduces the cell’s capacity to 
degrade the monomers and aggregates, shifting equilibrium toward prolonged monomer lifespan and chances of 
aggregation, further aided by extrinsic ageing and metabolic syndrome. Plaques are mainly degraded by microglia 
requiring immune involvement and inflammation, which can trigger apoptosis. Alzheimer’s disease is caused by a 
mixture of factors. The direct effects of metabolic slowdown will reduce the capacity and rate of brain cell function; 
both plaques and the immune response will induce cell death, reducing the number of functional cells. Image 
created with BioRender.com. Abbreviations: AGE, advanced glycation end-product; APOE, apolipoprotein E; APP, 
amyloid precursor protein; LB, blood lipid; NF, negative feedback; PSEN, presenilin. 

All pathways and processes have their own specific negative feedback systems which inhibit 
protein activity once its function is complete (and further activity would be deleterious), but all 
these specific feedback systems share a single general negative feedback system, which is the 
apparatus of protein degradation. The rate at which all negative feedback systems operate 
should therefore depend partially on the level of activity of the proteasome and autophagy 
pathways. The more active these pathways are, the faster negative feedback takes effect; thus, 
intrinsic ageing and metabolic slowdown should naturally deactivate autophagic and 
proteasomal activity to compensate for reduced metabolic rate, allowing proteins to carry out 
their function before degradation, as shown in Figure 10A.  

While the garbage catastrophe theory suggests that autophagy becomes impaired with age due 
to the build-up of aggregates and molecular damage inhibiting the autophagic system, most 
evidence suggests instead that autophagy is increasingly deactivated318-320, and this is at least 
partially epigenetic321. As a result, autophagy can be re-stimulated with pro-longevity and anti-
neurodegenerative effects319, less consistent if the decline represented genetic or aggregate-
induced dysfunction. Thus, we suggest that intrinsic ageing and metabolic slowdown reduce 
autophagy (see Part 7 for the significance of mitophagy), reducing the removal of aggregate-
prone proteins such as amyloid-β and phosphorylated tau. As average protein lifespan 
increases to carry out their necessary function, so does potential for glycation and lipidation, 
which encourages plaque formation. As homeostasis shifts in favour of plaque formation, the 
same shifts are reducing plaque degradation, leading to a higher equilibrium level of plaque. 

Notably, the role of plaques in Alzheimer’s disease is increasingly challenged in the literature, 
in part due to the failure of plaque removal therapies322, as well as studies suggesting that 
cognitive impairment and Alzheimer’s can occur in individuals with low or absent plaque 
burden323,324, while moderate plaque burden can be present in individuals without evidence of 
disease325. Thus, plaques appear neither sufficient nor necessary for disease.  

However, the significance of amyloid-β processing mutations in early onset Alzheimer’s 
suggests that the pathway is of significant relevance to disease, and can induce disease with 
high penetrance, even if dependent on other factors. A major factor independent of plaques is 
likely the degree of intrinsic ageing of the neurons, where high levels of anabolism are required 
for brain function and memory, which are thus directly reduced by metabolic slowdown. 
Indeed, hypometabolism is a widely recognised feature of brain ageing and Alzheimer’s disease 
that does not always correlate well with amyloid-β levels326. Consistently, while CR is well 
known for its beneficial long-term effects on cognition, studies also suggest that it can reduce 
cognitive flexibility327, just as glucose infusion stimulates brain function299, likely reflecting shifts 
in metabolic rate. Decreases in cerebral blood flow328 reflecting the atherosclerotic conditions 
of cerebral blood vessels329 may also be key factors reducing metabolic activity in the brain. The 
hypometabolic state of neurons induced by intrinsic ageing may be the crucial process which 
reduces cognitive function, which combines with neuronal loss and signal interference from 
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plaques to induce or exacerbate Alzheimer’s disease symptoms. As suggested in Figure 10B, 
the three process model suggests how ageing could result in plaque formation, Alzheimer’s 
disease in the absence of plaques, and how plaques could contribute significantly to disease. 
Of course, we are not suggesting the model is complete, or even wholly accurate, only that it 
provides a testable null hypothesis that is superior to gradual accumulation-based and existing 
equilibrium-based models that link ultimate which centralise plaque generation as the major 
disease-inducing process.    

5.3 | Extrinsic ageing induces inflammageing, autoimmune diseases, 
fibrosis, and cancer 
The immune system declines with age in part through the rapid shrinking of the thymus, 
reducing T cell maturation with age, and resulting in increased autoimmunity and susceptibility 
to infections. While the underlying reason for thymic involution being widespread in 
vertebrates330 despite its negative impact on health is still controversial, it increasingly appears 
as a product of metabolic slowdown and metabolic syndrome, with the build-up of lipid around 
the shrinking thymus331. 

As T cells activate B cells, thymic involution results in the accelerated senescence of the 
adaptive immune response, forcing individuals to rely increasingly on their innate immune 
systems. The intrinsic ageing of both the adaptive and innate cells will also reduce their 
capacity (per cell) to fight infection and carry out the other functions of immune cells. As we 
suggest here, these functions include the clearance of hypertrophic adipocytes for adipose 
homeostasis, removal of lipid from atherosclerotic plaques, and aggregated proteins from brain 
plaques. As immune cells age and the adaptive response falters, it forces greater reliance on 
the innate immune system, which not only induces greater levels of inflammation, but requires 
greater levels of inflammation to function appropriately. The resultant almost constitutive 
presence of inflammation at sites of disease, which has been interpreted as evidence of 
causation, may thus be much closer to a defence mechanism.  

Yet, of course, inflammation is not a purely benevolent process. It is a complex network of 
factors with multiple functions. When inflammation is triggered, some of the multifactor 
network of co-regulated processes are going to be unwanted and potentially detrimental under 
any given conditions. We are not going to cover these complexities here. However, there are 
also likely to be some generally detrimental outcomes of chronic inflammation. For example, 
the reason visceral adiposity is associated with morbidity and mortality, while subcutaneous 
adipose tissue is not332, may be largely positional. The short-lived inflammatory cytokines 
produced to remove subcutaneous adipocytes degrade before they reach key organs333. 
Increased levels of subcutaneous adipose protects against metabolic syndrome334, but as the 
visceral adipose expands and becomes inflamed, the cytokines spread to and inflame the 
closely situated liver, pancreas, and gut, shifting their homeostasis335. Thus, chronic low-grade 
inflammation may spread from where it is a key component of metabolic health to a destructive 
force.  

One predictable outcome of visceral inflammation that we have already described is fibrosis. 
While intrinsic ageing reduces the risk that celerisis (the process by which faster mutant 
fibroblasts spread) will produces a self-sustaining population of hyperfunctional cells, the 
other key inducer of fibroblast activation is the presence of immune cells and the positive 
feedback induced between them (Figure 5D-E). Thus, although intrinsic ageing will reduce the 
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risk of hyperactive fibroblasts spreading and reaching the threshold for self-sustaining 
pathological fibrosis, extrinsic ageing and inflammageing will increase the risk that normal (or 
even aged, hypofunctioning) fibroblasts reach the threshold due to a continuing activation 
signal, as shown in Figure 11. Anti-inflammatories are currently the major therapies for fibrotic 
diseases such as cystic fibrosis and IPF, suggesting that chronic inflammation is likely an 
underlying cause. Indeed, fibrosis of visceral organs is associated with visceral obesity336. 

 

Figure 11| Model of inflammageing and contribution to disease. Image created with BioRender.com. 

Another potential effect of increased immune activation in non-infected tissues is autoimmune 
disease. Auto-reactive T cells would be more likely to enter environments of sufficient 
inflammation around their self-antigen to trigger activation and a full pathogen response to the 
body’s own tissue. Rheumatoid arthritis is a common age-related autoimmune disease with 
incidence increasing up until around age 85337, and successful treatment with anti-
inflammatories suggests that inflammation is a causal factor in disease. However, many 
autoimmune diseases, such as type I diabetes, multiple sclerosis, psoriasis, and Crohn’s 
disease have peak incidences either in youth or younger adults before the age of 40338. Notably, 
several have bimodal incidence with an additional late-onset peak that is more consistent with 
an age-related disease338. 

It has been observed that while autoantibodies increase with age, autoimmune diseases were 
rarer and frequently milder in the elderly339. One possibility is that negative feedback is 
counteracting the increased likelihood of autoimmune activation associated with chronic 
inflammation, such as through the age-related expansion of regulatory T cells (Tregs) which 
repress the activity of T cells340. This negative feedback promotes immune tolerance at 
chronically inflamed sites, which could allow dangerous cells to proliferate under these 
conditions, necessitating that the body makes a trade-off between autoimmunity and cancer339. 
This could explain why inflammageing and other inflammatory diseases such as Chron’s 
associate with cancer341.   

Thus, we suggest that intrinsic ageing reduces the risk of cancer, while both celerisis and 
extrinsic ageing increase the risk of cancer, in the latter case through chronic inflammation and 
tolerization. This would suggest that sites of age-related cancers should be associated with 
lower epigenetic age, localised hypermetabolism, extrinsic ageing, and chronic inflammation.  

In the liver, hepatocellular carcinoma (HCC) is overwhelming associated with chronic liver 
disease, either from excess ethanol, in alcohol-related liver disease (ArLD), or fructose and 
caloric intake in metabolic dysfunction-associated steatotic liver disease (MASLD). As both 
fructose and ethanol are necessarily metabolised by the liver they produce disproportionate 
increases in visceral lipid storage342. We suggest the hypertrophic or ‘ballooning’ hepatocytes 
are then removed by macrophages as we described before for the adipocytes in the adipose, 
producing cycles of cell death and proliferation in a chronically inflamed background. 
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This model does not rule out a role for inflammation and the associated ROS in the 
conventionally predicted positive feedback cycles between inflammation and damage that 
could increase the mutation burden342. Unlike ageing, where most evidence suggests increasing 
DNA damage has no significant effect, the causal evidence for DNA damage and genomic 
instability in cancer is unequivocal. Whether or not inflammation and ROS significantly impact 
mutation rates is beyond the scope of this article; however, we suggest that the pro-growth 
mutations which induce cancer do so most successfully when the following conditions are 
true: 

1. The cell itself has already been mutated knocking out either its ability to 
autonomously detect its own damage or its ability to kill itself/senesce when 
damage is detected.  

2. The tissue is in a state of rapid proliferation due either to organ growth or 
reduced cellularity which increases metabolic rate of non-damaged cells and 
reduces selective destruction. 

3. There is a background of chronic inflammation forcing the local immune system 
to become tolerant to self-antigens which prevent the detection aberrant cells 
by the immune system.  

Loss of these systems allow the cell to escape the autonomous, juxtacrine, and immune 
surveillance systems. It is worth noting that the RAS titration system developed by Chan, et 
al.136 identified a cluster of RAS expressing cells which induced tumours independent of Notch1 
through a non-canonical Notch ligand, Dlk1. While Notch1 tumours were associated with 
immune cell invasion, Dlk1 tumours were largely absent immune cells. While there are many 
interpretations of these results, selective destruction and immune surveillance may be more 
interlinked than we have thus far suggested. Plausibly, it is via cell communication and 
competition that cells within tissues are forced to express markers identifying them to the 
immune system. 

Given that the three process model suggests that intrinsic ageing is, in part, an anticancer and 
anti-fibrosis mechanism, which then promotes cancer and fibrosis through extrinsic ageing, it is 
worth observing that there are differences between the cancers of youth and old age343,344. 
Paediatric cancers grow faster than adult cancers with higher rates of metastasis345. These 
aggressive cancers might be the norm throughout life in the absence of intrinsic ageing, 
occurring earlier and in more organs.  

Additionally, while cancer and fibrosis are the most observable outcomes of celerisis, selective 
destruction may also be an important epigenetic tool for maintaining uniformity of metabolism, 
preventing a mosaic of metabolic rates and outputs across a tissue that make it more difficult 
to produce an accurate response to stimulus.  

5.4 | Intrinsic ageing induces osteoporosis, sarcopenia, and frailty 
In older models, such as Blagosklonny’s TCQP, diseases like osteoporosis were explained as 
hyperfunctional disorders due to the overactivity of osteoclasts which resorb bone276; however, 
these models did not account for the hypofunction of osteoblasts which produce bone. Others 
have suggested IR is the key factor, promoting stem cell differentiation to osteoclasts while 
inhibiting osteoblast differentiation346,347 as well as reducing the lifespan of osteoblasts348.  

Such a shift could be explained by extrinsic ageing, but as we have suggested for other age-
related diseases, the IR is not induced upon the cell but by the cell as a consequence of 
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intrinsic ageing. In a healthy, youthful body anabolism is induced whenever the tissue needs 
additional activity and/or growth by the insulin/IGF-mTOR axis, but inducing both osteoblasts 
and osteoclasts is counterproductive, so organs may solve this problem by having the activity 
of anabolic cells repress the activity of catabolic cells, dependent on the central insulin/IGF-
mTOR axis for growth and activity. The result is that as anabolic activity decreases it naturally 
affects anabolic cells more than catabolic ones, shifting the equilibrium toward increased 
catabolism. In bone, this produces osteoporosis.  

It is important to note that in Part 5.2 we stated that anabolism and catabolism are reduced in 
combination, but this was on a per cell basis. Each cell would maintain its ATP levels by 
reducing its catabolism to match its anabolism (or vice versa in post-mitotic tissues, see Part 
7). However, cell types less responsive to insulin/IGF signalling, or whose metabolism is 
repressed by insulin/IGF signalling, should be less slowed by intrinsic ageing. Thus, on a per 
tissue basis there could still be a shift toward catabolism.  

Primary sarcopenia is central to age-associated frailty349, as is the mass-independent loss of 
strength, termed dynapenia350. Both could result directly from the 2-3% decline in basal 
metabolic rate in muscle every decade after age 20, and 4% after age 50169. Likely, the declining 
muscle mass with age is a significant contributor to the reduction in fuels used and thus 
extrinsic ageing351. 

Loss of muscle and bone are the two central inducers of frailty in the elderly, and both could 
directly result from slowed metabolism. In many tissues, metabolic rate is tied directly to their 
specific functional output (i.e. cells increase generalized metabolism and often proliferative 
rate when required to produce more of a specific protein as this is the most efficient way to 
regulate output). For example, when β-cells are required to produce insulin, the insulin 
production and release pathway triggers both elevated metabolism and proliferation. Thus, as 
suggested by Karin and Alon132, decreased cell proliferation rate with age might predispose 
individuals to type II diabetes as the β-cells are more likely to be overwhelmed.  

Additionally, our reduced stress responses including the antioxidant352 and DNA damage 
response353 – often touted as evidence of ageing by damage accumulation354 – could instead 
reflect reduced TOR-driven protein translation355. If true, we accumulate damage because we 
age rather than vice versa.  
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Part 5: Summary 

5.1 | Risk of cardiovascular disease increases from both intrinsic and extrinsic ageing.  

Chronic inflammation may have detrimental effects, but is likely a net-benefit in preventing 
cardiovascular disease.  

Intrinsic ageing likely reduces the pro-growth/survival signalling to endothelial cells via nitric 
oxide generation. Increased endothelial cell dysfunction and death results in the formation of 
fatty streaks to protect and repair the vessel wall.  

Extrinsic ageing increases blood lipid, depositing extra LDL and sdLDL in fatty streaks that 
result from endothelial dysfunction, overwhelming the macrophages trying to recycle the 
lipid. As a result, fatty streaks become atherosclerotic plaques. 

5.2 | Alzheimer’s is viewed as a disease of gradual plaque accumulation. However, plaque 
level should reflect an equilibrium between plaque production and degradation, increasing 
only if production is not compensated for by degradation. Most of the existing models, 
including inflammageing, do not fully predict why plaque burden should increase with age.  

If metabolic slowdown increases the time required for translation to produce sufficient 
protein to carry out cellular functions, then negative feedback and protein degradation 
should also be delayed to allow their completion. Protein lifespan should therefore increase, 
shifting the equilibrium toward increased aggregation, while at the same time reducing the 
degradation systems responsible for oligomer breakdown.  

Extrinsic ageing may contribute to plaque formation by the production of AGEs and other 
products of nutrient overload that can aggregate with amyloid and tau oligomers. 

Disease may be partially dependent on plaques, with increased burden contributing to 
neuronal death and dysfunction, while immune activation and plaque clearance may induce 
additional cell death. However, intrinsic ageing may also directly reduce the capacity of 
neurons to carry out their function, contributing independently to neurodegeneration.  

5.3 | Inflammageing will contribute to fibrosis by increasing the positive feedback between 
immune cells and fibroblasts.  

Inflamed tissues increase risk of activating T and B cells into a full autoimmune response, 
increasing the risk of autoimmune disease. To compensate, chronically inflamed sites could 
induce immune-tolerance mechanisms which increase risk of transformed cells escaping 
detection and causing cancer.  

5.4 | Catabolic cells are less responsive to insulin and IGF. They are activated by anti-growth 
signals that suggest there is enough or too much of something. Therefore as our bodies 
become insulin resistant it shifts metabolism in favour of increased activity of catabolic cells 
such as osteoclasts compared to osteoblasts, causing bone loss and osteoporosis.  

Sarcopenia could result from the intrinsic ageing of muscle cells, reducing the strength of the 
tissue. These two diseases then increase frailty with age.   
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Part 6: Therapeutic interventions 
Homeostasis produces a more nuanced interpretation of the context-dependent molecular 
effects of interventions than either ‘pro-ageing’ or ‘anti-ageing’, but here we try to demonstrate 
the implications of the three process model for anti-ageing therapies. 

6.1 | Body mass, CR, and the obesity paradox 
In 2007, Blagosklonny coined the term ‘protein synthesis paradox’ to reflect that both ageing 
and anti-ageing interventions reduce protein synthesis356, which in 2023 was still suggested as a 
“substantial barrier to fully understand how protein translation regulates aging”317.  

The three process model suggests intrinsic ageing results in reduced protein synthesis and the 
negative effects described above. However, CR also inhibits the IGF/mTOR axis and reduces 
protein synthesis, which we might predict exacerbates the effects of intrinsic ageing. Indeed, 
there are several lines of evidence that CR reduces cognitive flexibility327, muscle mass357, and 
bone density358, mirroring the effects of intrinsic ageing. However, as we discussed in Part 4.6, 
CR should also have potent rejuvenative effects on extrinsic ageing, reducing nutrient overload 
and preventing the cascade toward metabolic syndrome359,360. As shown by Mair, et al.231, DR 
reduced short-term mortality in flies without affecting long-term risk, consistent with this 
model. However, when the same lab swapped mice between CR and AL it produced mortality 
profiles which were still affected by their previous dietary regimen361, suggesting that in 
mammals CR also impacts long-term risk, likely independent of extrinsic ageing.   

Partly this may reflect that CR reduces celerisis, inhibiting hyperfunction, cancer, and fibrosis, 
as the reduced growth rate should reduce the advantage of faster cells (assuming they are 
more sensitive to growth signals), but it may also reduce intrinsic ageing. According to the three 
process model, to affect intrinsic ageing, an intervention should reduce the rate of selective 
destruction. We suggest that by reducing the IGF stimulus and the resultant basal metabolic 
rate of cells, CR causes a greater reduction in the metabolic rate of more sensitive cells. Thus, 
the ‘faster’ cells slow more than the slower cells and behave more similarly, allowing them to 
escape the selective destruction that would otherwise epigenetically reduce their metabolic 
rate. Thus, while CR may exacerbate the effects of intrinsic ageing by slowing the body’s 
metabolism, it should also slow the permanent reductions in metabolic rate, so that the rate of 
intrinsic ageing is reduced (see Figure 12). 
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Figure 12 | Effects of behaviour and therapies on intrinsic and extrinsic ageing. Top left image shows time zero, 
allowing comparison of all other images to this time point to see change over time (the mutants present at time zero 
are there by chance to demonstrate what will happen to them, not an indication of the effects of control diet at time 
zero). Cells with two colours are undergoing selective destruction, epigenetically reducing their metabolic rate. The 
colour representing the faster metabolism is their metabolic rate before being slowed by neighbouring cells. When 
cells change colour (from time zero) to a new full colour it reflects environmentally induced (and temporary) change 
in metabolic rate. Dead cells have been killed by macrophages (purple) to recycle the lipid. Abbreviations: CR, 
calorie restriction; HFD, high fat diet. 

This distinction may help explain one of the most contentious points362 in ageing and health 
research, the obesity paradox – that overweight and obesity are associated with reduced 
mortality compared to both normal and underweight individuals. The surprising result was 
identified for cardiovascular disease363, a host of other diseases364, and all-cause mortality365. 
These results contrast with other studies demonstrating that overweight and obesity are 
responsible for significant increases in morbidity and mortality363,364.  

While obesity may reflect reduced time spent in elevated metabolism (exercise), it is a state of 
elevated basal metabolic rate (BMR)366, including elevated levels of GH, IGF, and mTOR 
signalling. The effects should therefore be the reverse of CR, exacerbating extrinsic ageing, and 
stimulating the more sensitive faster cells to an increasingly elevated metabolism that will 
increase the rate of selective destruction and intrinsic ageing; however, as such, it should also 
transiently counteract the direct effects of intrinsic ageing and metabolic slowdown by 
increasing the body’s metabolic rate.  
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Similarly, GLP-1 inhibitors, reducing appetite, should mimic the effects of CR, reducing 
anabolism and compounding the effects of intrinsic ageing on muscle loss, as is becoming 
apparent367, but also reducing the rate of intrinsic and extrinsic ageing, with potentially net 
beneficial effects. 

The most common ageing profile for body mass in humans is usually weight gain until around 
60-70, followed by a plateau and then weight loss368. These trends will result from metabolic 
shifts that reflect the relative impacts of intrinsic and extrinsic ageing on homeostasis, likely 
influencing the net impact of weight on mortality. We might predict that the period of weight 
gain should correspond to the greatest impact of extrinsic ageing, with more rapid weight gain 
corresponding to accelerated extrinsic ageing and a corresponding impact on mortality. As 
weight gain tapers and weight loss begins, intrinsic ageing is likely accelerating, with the 
consequent loss of mainly fat-free mass369. Mortality should increasingly reflect frailty rather 
than nutrient overload and metabolic syndrome. If true, then at this point additional weight may 
begin to have a net-positive effect, consistent with the obesity paradox. That is, while extrinsic 
ageing is the dominant factor affecting mortality, higher weight will be detrimental, then as 
intrinsic ageing overtakes, the elevated stimulus of increased weight may start to produce 
increasing benefits, eventually outweighing both the detriments of extrinsic ageing and the 
increased rate of intrinsic ageing, producing short-term metabolic stimulation that counteracts 
the metabolic slowdown.  

Notably, the three process model also highlights differences between CR and intermittent 
fasting or time-restricted feeding which are designed to have health benefits without radical 
calorie reduction. By extending the periods without eating, the latter should have beneficial 
effects mainly on extrinsic ageing, while (assuming zero calorie reduction) this model suggests 
that the net rate of intrinsic ageing would be unchanged, with the short term effects of diet on 
intrinsic age and frailty oscillating between fasting and feeding periods. However, not 
inconsistently, there is some evidence that refeeding increases risk of cancer370, as might be 
predicted if consuming all the calories within a short period advantages faster cells and 
encourages celerisis.  

6.2 | Rapamycin 
Rapamycin is probably the most consistent longevity drug yet documented, enhancing 
maximum lifespan in mice371,372 and flies373, including long-lasting effects after the regimen 
ceases374. It has multiple effects on cell and molecular phenotype, including reducing cell 
division rate, but these are mainly (at least at low dose) thought to result from the inhibition of 
mTORC1375,376, which is a central driver of cell growth and metabolism377.  

Thus, in some respects, rapamycin is a CR mimetic. By inhibiting the growth pathways, it would 
be predicted to reduce the rates of both celerisis and intrinsic ageing, while compounding the 
effects of intrinsic ageing on frailty, just as CR does. However, CR reduces mTOR signalling by 
reducing the glucose, lipid, and amino acid activators which trigger both insulin/IGF and mTOR 
directly378,379, thus reducing extrinsic ageing, while rapamycin inhibits mTOR without changing 
the nutrient availability. Thus, we predicted that rapamycin would initially exacerbate extrinsic 
ageing and metabolic syndrome. Consistently, rapamycin has been shown to induce IR, 
glucose intolerance, and diabetes, while still being associated with robust increases in 
lifespan380,381. However, by retarding intrinsic ageing and metabolic slowdown the long-term 
effects on extrinsic ageing will also be beneficial (see Figure 12). 
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Thus, rapamycin may have the transient, so-called ‘paradoxical’382 negative effects of weight 
gain and raised fasting glucose levels at the start of treatment383 because it is accelerating 
extrinsic ageing. Consistently, Schindler, et al.384 found that key factors affecting metabolic 
impairment from rapamycin included the dose and the age of treatment. Other explanations, 
such as the mTORC2-specific rapamycin effects381 may be significant but do not explain the 
general paradox of growth signalling and ageing385,386. Insulin-like growth factor (IGF) and growth 
hormone (GH) show robust decreases during lifespan387,388, while GH level correlates negatively 
with cardiovascular risk389, and adult supplementation has had short-term beneficial effects, 
presumably by temporarily reversing the effects of intrinsic ageing with increased anabolism390; 
however, longer-term use in healthy older adults is associated with increased adverse 
events391, and knockouts are associated with increased longevity392,393. All these effects fit 
within the three process model if the short-term benefits of pro-growth factors reflect 
temporary reversal of metabolic slowdown while worsening its long-term trajectory.   

6.3 | Exercise 
Multiple studies and meta-analyses indicate the beneficial effects of exercise on mortality, but 
the effects are generally limited to healthspan and mean lifespan with no maximum lifespan 
extension233-235, as predicted by the three process model. Exercise, like GH supplementation, is 
stimulating anabolism. Crucially, skeletal muscle contributes to more than 30% of resting 
metabolic rate and 80% of whole body glucose uptake109, suggesting it is a potent inhibitor of 
extrinsic ageing and, like obesity, could temporarily reverse the effects of intrinsic ageing with 
pro-growth stimuli. However, the effects on the rate of intrinsic ageing will be more complex 
(see Figure 12 for most basic interpretation), and may differ between mitotic and post-mitotic 
tissues depending on whether selection and counter-selection are mitochondrial or cellular 
(see Part 7). To answer this question requires further work, but consistent with the lack of 
maximum lifespan gains, may not always be net positive.  

If exercising animals are largely healthier than sedentary ones but experiencing compression of 
late-life morbidity without maximum lifespan gains, then a negative effect on intrinsic ageing is 
not implausible. Notably, a recent study in mice which ended the exercise regimen early found 
healthspan and maximum lifespan gains394. Speculatively, acute events triggered by the 
stresses of exercise in the elderly could help explain why mice lived longer in this study and not 
those continuing exercise into old age. Consistently, a human study suggested that 2-3% of 
sudden cardiac arrests in individuals ≥65 years old occurred during or immediately after 
exercise395. However, as the mice assessed by Feng, et al.394 showed no median lifespan 
extension, it would suggest that there are still additional trade-offs at play. Fascinatingly, in a 
study by Holmstrom, et al.395, individuals with fewer cardiovascular risk factors were more likely 
to die of exercise-induced events. This is compatible with the observation that cardiovascular 
events of youth are also not associated with the standard cardiovascular risk factors. For 
example, hypertrophic cardiomyopathy is the most common cause of cardiac mortality in 
youth, usually precipitated by exercise, and is mechanistically associated with fibroblast 
activation and fibrosis396. Combined, these results suggest that exercise could have detrimental 
effects by stimulating celerisis and hyperfunction in some contexts. However, its robust 
association with reduced cancer rates397 may be explained by its potent reduction of nutrient 
overload, extrinsic ageing, and inflammageing. 
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6.4 | Metformin 
The mechanisms of action for metformin are complex and not well understood398; however, it is 
primarily regarded as an AMPK activator399. The central function of AMPK is maintaining ATP 
levels, thus whether it directly impacts metabolic rate and intrinsic ageing will depend on 
additional factors and feedbacks regulating the ATP equilibrium. The model we discuss in Part 9 
describes the potential effects of metformin (Part 9.2.4.2) on energy homeostasis in more 
detail.  

Studies suggest metformin increases fatty acid oxidation, particularly in brown adipose tissue 
through futile cycling in thermogenesis/uncoupling400, resulting in reduced LB and the lipid 
droplet content in adipose401. Others suggest an increase in futile anaerobic glycolysis to 
produce lactate, which is then targeted back to the liver for gluconeogenesis402, with a net 
wastage of four ATP. This admittedly non-exhaustive list of metformin’s effects suggest a major 
role in inducing pathways which burn nutrients without producing ATP, thus reducing the 
effects of nutrient overload and extrinsic ageing. Consistently, while metformin has beneficial 
effects on healthspan and mean/median lifespan399,403 it does not appear to extend maximum 
lifespan in mice404, flies405, or worms403,406, suggesting it might not reduce BMR or intrinsic 
ageing.  

6.5 | Yamanaka (OSKM) factors, parabiosis, and epigenetic 
rejuvenation 
Finally, the Yamanaka factors and parabiosis have both shown robust life extending 
potential407,408, indicating epigenetic markings as an anti-ageing target.  

The mechanism underlying parabiosis could theoretically be epigenetic and rely on a kind of 
selective destruction in blood cells. Crucially, we are not suggesting that selective destruction 
always results in metabolic slowdown. Selective destruction is a mutant recognition and 
correction system. It gives an advantage to slower cells to balance the natural course of 
selection with counterselection, but in cases where the slower cell is still more likely to be the 
mutant, selective destruction may instead induce metabolic acceleration. Thus, parabiosis 
could reverse the effects of intrinsic ageing by exposure of old, slowed cells to large quantities 
of young cells. However, studies attempting to address which factors in young blood are 
responsible for rejuvenation have shown that replacing young blood infusion with a saline 
infusion produces similar benefits409. Potentially, the health benefits of parabiosis reflect the 
loss of old blood rather than the gain of young blood. If so, a good candidate is the loss of LB in 
the form of VLDL and LDL, which the body then restores by reducing its adipose stores and 
activating cholesterol synthesis from LI and glucose. Thus, parabiosis and blood donation 
would be predicted as beneficial therapies against extrinsic ageing.  

According to the three process model, the most effective existing therapy targeting intrinsic 
ageing would be a cocktail of four factors, Oct4, Sox2, Klf4, and Myc (OSKM), also known as the 
Yamanaka factors which are used in the generation of induced pluripotent stem cells (iPSCs). 
While therapies such as CR and rapamycin can reduce the rate of intrinsic ageing by slowing 
metabolic rate and reducing the rate of selective destruction, only the Yamanaka factors have 
potential to remove the epigenetic marks induced by selective destruction and thus reverse 
intrinsic ageing. 
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The current problem with Yamanaka factor rejuvenation is that it removes all epigenetic marks, 
thus de-differentiating the cells at the same time as rejuvenating them. Studies are currently 
working with pulsatile expression designed to trigger rejuvenation without de-differentiation, 
but if the three process model is correct, we would predict targets should exist that could 
reverse the epigenetic marks of ageing without affecting cell fate. We would need to identify the 
pathways of selective destruction and find how they activate the chromatin remodelling factors 
which induce intrinsic ageing. However, while such therapies might be substantially 
rejuvenative, they may also trigger celerisis and lead to hyperfunctional disorders. We may have 
to combine epigenetic rejuvenation with anti-cancer therapies.  

Part 6: Summary 

6.1 | Reduced calorie intake should slow extrinsic ageing by reducing nutrient excess, 
conversely exacerbated by high calorie diets.  

CR may also slow intrinsic ageing by reducing the metabolic rate of faster cells more than 
slower cells, as the former are more sensitive to changes in growth stimuli. Therefore, faster 
cells are less likely to be noticed as aberrant and epigenetically slowed by selective 
destruction.  

The obesity paradox may result as being overweight exacerbates the detrimental effects of 
extrinsic ageing as well as accelerating intrinsic ageing, increasing mortality. However, it may 
also provide short-term pro-growth signals that counteract the metabolic slowdown 
produced by intrinsic ageing, temporarily boosting cellular function. As mortality from 
intrinsic ageing increases, additional weight may become increasingly beneficial.  

6.2 | Rapamycin should have similar effects to CR, but without reducing nutrient excess. Thus 
rapamycin may initially exacerbate extrinsic ageing and induce metabolic syndrome.  

6.3 | Exercise will reduce the nutrient excess and reduce extrinsic ageing.  

6.4 | Metformin does not extend maximum lifespan, limiting its impact to extrinsic ageing.  

6.5 | Parabiosis may work primarily by reducing blood lipid carriers, reducing extrinsic ageing.  

Yamanaka factors may be the only therapy to offer true rejuvenative potential by removing 
the epigenetic marks which induce intrinsic ageing. However, epigenetic rejuvenation may 
increase risk of celerisis.  

 

Part 7: Additional selection and counterselection 
pressures 
7.1 | Post-mitotic tissues and organisms 
It was initially our intent to discuss selection in post-mitotic tissues in a separate paper; 
however, ignoring ageing in C elegans, Drosophila, yeast, and even human brains, would have 
left important mechanisms unexplored in a supposedly ‘unifying’ model. Ageing of post-mitotic 
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tissues and unicellular organisms is unlikely to reflect intercellular competition and selection 
because these forces are largely or completely absent in such systems.  

Post-mitotic cells can gain mutations shifting their metabolic rate, which may present some 
threat and thus be epigenetically controlled. However, as most DNA damage results from 
replication, the rate is much reduced, as is the threat from DNA damage, which mainly arises 
from proliferation if the faster cells are to gain advantage and cause celerisis. The natural 
course of selection toward faster cells is thus significantly reduced, as is the need for selective 
destruction to counterbalance it.  

However, post-mitotic cells are made increasingly vulnerable to another type of selection, this 
one intracellular, dependent on the replication of a DNA containing organelle.  

Mitochondria exist in a state of ‘relaxed replication’ independent of the cell cycle, which 
continues in permanently arrested cells. Thus, like dividing cells and reproducing organisms, 
mitochondria are subject to the forces of selection. In short, we suggest that mitochondrial 
DNA (mtDNA) damage results in the ageing of post-mitotic and unicellular eukaryotic 
organisms due to similar forces of selection and counterselection at the level of mitochondria.  

7.1.1 | Damage to mtDNA may drive ageing of post-mitotic and unicellular 
systems 
The contribution of mtDNA mutations to ageing in post-mitotic human tissues is controversial. 
Yet multiple studies suggest that brain ageing, cognitive impairment, and Alzheimer’s disease 
are associated with mtDNA damage410,411, the hippocampus of early-stage Alzheimer’s being 
associated with a significant increase in mtDNA damage412. Equally, there is no consensus that 
mtDNA plays a critical role in the ageing of post-mitotic organisms413-415, although some studies 
suggest it is significant in both Drosophila416 and C. elegans417, including the loss of 
dopaminergic neurons in flies416. The role of mitochondria and mtDNA damage in yeast 
replicative ageing is more widely accepted418-420. Additionally, mice with mutations that produce 
an error-prone mitochondrial polymerase also demonstrate shortened lifespan185, though again 
the relationship is not always consistent421,422. 

The picture is clearly complex and difficult to reconcile with models of straight mtDNA damage 
accumulation. Antioxidant mutants and ionising radiation can lengthen worm and fly lifespan 
concomitant with increased mtDNA damage and mutation levels413-415. Equally, long-lived daf-2 
mutants appear to accumulate more mtDNA mutations with age414. Any attempt to associate 
lifespan with ROS levels or the mitochondrial free radical theory results in a ‘panoply of 
paradoxes’423, and even the studies suggesting mtDNA is relevant to ageing suggest it results 
from mtDNA replication rather than oxidation412,424-426. However, it is possible that the complex 
relationship between mtDNA damage and ageing is explained by mitochondrial selection. 

7.1.2 | Selection in mitochondria 
Interestingly, the idea of mitochondrial selection is more established than for cells. It was 
frequently observed that small and large mtDNA deletions (ΔmtDNA) often accumulated within 
cells, with each cell containing many copies of the same deletion, while different cells could 
contain different deletions spreading within them. 

Multiple specific mtDNA deletions have been observed in humans and model organisms which 
accumulate with age in post-mitotic tissues. One deletion which spans 4,977 base pairs, 
preventing complex I, IV, and V function (leaving only complex III intact), is called the ‘common 
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deletion’ because it is frequent both within and between cells in aged tissues427. Other common 
mutations have been identified in humans and rodents428,429. 

However, it is plausible that the commonality of these specific mutations is the product of the 
relative rates in which they are produced rather than selection, for example if mtDNA is 
particularly prone to large deletions. As argued by an influential modelling study, drift alone 
could explain the number of cells showing accumulation of mtDNA deletions430. However, while 
drift is still considered a potential factor431,432, such models do not incorporate selection or 
suggest what the mutational landscape should look like in its presence. Even if the abundance 
of deletion mutations can fit with models of drift, mutations which spread by selection should 
be more numerous.  

To explain the absence of the latter suggests that either mutations cannot induce selective 
advantage, which evidence from oocyte production and zygote formation433,434, and mtDNA 
depletion experiments435 all suggests is unlikely, or mitochondria are somehow robustly 
protected from mutations that might give them advantage while unable to prevent the spread of 
highly deleterious mutations that spread only by drift. Such defence mechanisms would reflect 
significant complexity.  

As argued persuasively by Kowald and Kirkwood436, the near homoplasmy of specific deletions 
produced by the drift models of Elson, et al.430 could only be explained by very low mutation 
rates, otherwise cells should experience significant heteroplasmy of multiple different 
mutations. Thus, long human lifespans were required to allow single mutations to spread by 
drift. In animals with shorter lifespans, such as rodents, higher mutation rates would be 
required to produce the same level of mtDNA deletions across cells, but this would also make it 
unlikely that aged cells should be found with single, homoplasmic mutations, inconsistent with 
data in rats437, which also show single deletions spreading within cells438. While the frequency 
of ΔmtDNAs between cells is likely the product of the high rates of specific deletion events, the 
frequency within cells most likely reflects selection.  

Proponents of mitochondrial selection have suggested various mechanisms. Since the initial 
ideas that deletions would produce smaller plasmids with a replication advantage435,439-442, this 
idea was challenged by de Grey443, who suggested that the rate of replication was too quick to 
be the rate limiting factor444, further emphasised in computational models445. Thus, de Grey443 
suggested that the common deletions might undergo selection not because they were smaller, 
but because the remaining plasmids lacked the capacity to create complexes for functional 
OXPHOS – it was ‘survival of the slowest’. 

As ROS were deemed a natural and unavoidable toxic byproduct of respiration446, it was 
believed that reduced OXPHOS would protect mitochondria from damage, which would thus 
reduce their rate of degradation. Consistently, studies suggested that the oxidation of the 
mitochondrial membrane was a significant factor determining which mitochondria were 
degraded by mitophagy447-450.  

This notion was again challenged by Kowald and Kirkwood436 who observed that mitochondria 
are not distinct units, but form a fused network where plasmids have only a ‘leaky link’ to the 
mitochondrial membrane they are attached to. They suggested that fused mitochondria could 
allow passage of plasmids, proteins, and RNAs between organelles, breaking the link between 
genotype and membrane phenotype that could allow for selection of ‘mitochondria’ rather than 
mtDNA.  
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However, mtDNA do not simply diffuse around the mitochondrial matrix, but are localised to 
the nucleoid where they are synthesised, with each nucleoid attached to the inner 
mitochondrial membrane451. Each nucleoid contains about 6-10 plasmids which rarely swap 
between nucleoids452, while each nucleoid has a very low diffusion constant or does not move 
at all451,453. Furthermore, nucleoids appear to be accurately positioned within the mitochondria 
with set distances between them451,454-457, suggesting they are highly regulated.  

The connection between nucleoids and the protein complexes of the ETC is less clear. 
Mitochondrial mRNAs often associate together into mitochondrial RNA granules (MRGs). One 
study suggested that although MRGs were attached to the IMM, they showed a random 
distribution, in stark contrast to nucleoids. They also rapidly exchanged components, 
sometimes fusing with each other, consistent with fluid condensates positioned by membrane 
dynamics458. Conversely, the mitochondrial (protein) complexes often associated together as 
supercomplexes459,460, which may461 or may not462 associate with nucleoids. 

The separation of mRNA and proteins from the nucleoids will produce a “leaky link” between 
the genotype and phenotype as proposed by Kowald and Kirkwood436. However, the degree of 
leakiness will depend on how well the mRNAs and supercomplexes can separate from the 
nucleoids ultimately responsible for their composition. The IMM forms cristae which envelop 
away from the outer mitochondrial membrane (OMM), which is where the majority of 
supercomplexes form462. The high protein content of supercomplexes makes their diffusion rate 
very low463, and there was strong co-localisation between complexes and the mitoribosomes462. 
Cristae junctions (CJs) also separate the cristae from the segment of IMM close the OMM (the 
inner boundary membrane, IBM) forming natural diffusion barriers464 which effectively trap the 
supercomplexes within the same cristae as their nucleoids.  

Thus, we suggest that mtDNA will influence the phenotype of the surrounding membrane more 
than it will that of mitochondrial membranes further away, and selection could occur at the 
level of mitochondria even in a fused network. In effect, a leaky link is still a link. 

Selection at the mitochondrial level through differential degradation would require that fission 
and mitophagy were selective processes, and consistently dysfunctional mitochondria are 
targeted for fission from the mitochondrial network465 and then degradation by 
mitophagy448,450,466,467. However, as suggested by Kowald and Kirkwood436, this still presented a 
problem for survival of the slowest, because in these studies it was the dysfunctional 
mitochondria that were being targeted for degradation.  

Here, we suggest that this apparent paradox between the targeting of dysfunctional 
mitochondria for degradation and the escape of dysfunctional mitochondria as suggested by de 
Grey443, is that there is more than one type of dysfunction, and mitochondria may be forced to 
rely on crude biomarkers to calculate which dysfunction has occurred, just as we described for 
cells in Part 3.  

7.1.3 | Selective destruction in mitochondria 
Unlike Kreb’s cycle, which is not so much a cycle as a network of major biosynthetic and energy 
pathways, OXPHOS is a relatively simple linear pathway. As shown in Figure 13A, Complex I 
accepts the electrons from NADH+H+ (the major energy producing product of Kreb’s cycle), 
pumping the protons across the inner membrane into the intermembrane space. Nuclear 
encoded complex II accepts the electrons from FADH2 (the other major product of Kreb’s 
cycle), but does not pump protons. Both complexes then pass the electrons to membrane-
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bound ubiquinone, which passes them to complex III, pumping more protons across the 
membrane before finally passing the electrons via cytochrome C to complex IV, which pumps 
more protons while returning the electrons to the matrix to react with oxygen and form water. 
Complex V then forms a pore in the membrane allowing the protons to flow back into the matrix 
at the same time as phosphorylating ADP to form ATP. Thus, there are two major ways that the 
mitochondria can malfunction, either through insufficient flow of electrons and protons 
into the membrane complexes and intermembrane space (depolarisation), or too little 
flow of electrons and protons back into the matrix (hyperpolarisation). 

 

Figure 13 | Biomarkers of electron transport chain function and effects of mutation. (A) Table of effects of functional 
complexes on intermembrane space (IMS) proton levels (polarisation) and electrons present in the ETC on the inner 
mitochondrial membrane (IMM). Bottom row demonstrates the effects on IMS protons and ETC electrons when the 
complexes are knocked out. (B) Mutations in complex I (CI-KO) and complex IV (CIV-KO) have opposite effects on 
mitochondrial oxidation compared to wildtype, which may result in the autophagy of wildtype mitochondria when the 
network attempts to decipher which mitochondrion is damaged in the presence of complex I mutations. Image 
created with BioRender.com. Abbreviations: CI-KO, complex I knockout; CIV-KO, complex IV knockout; CytC, 
cytochrome C; e-, electron; FADH2, flavin adenine dinucleotide; H+, hydrogen ion; KO, knockout; IMM, inner 
mitochondrial membrane; IMS, intermembrane space; NADH, nicotinamide adenine dinucleotide; ROS, reactive 
oxygen species; WT, wildtype; Ub, ubiquinone. 
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Just as a cell must distinguish whether having faster metabolism than its neighbour reflects that 
it has gained a hyperfunctional mutation or its neighbour has gained a hypofunctional one, 
mitochondria must calculate whether an increasingly polarised neighbour has a mutation 
reducing its capacity to return protons and electrons to the matrix, or whether its neighbour is 
normal, and the difference reflects its own loss of capacity to pump protons into the 
intermembrane space. Simply removing the ‘most damaged’ is not so easy. 

In Figure 13, we indicate how the ETC can be viewed in terms of polarising and depolarising 
forces. Knockout mutations in different complexes will have different effects on both the 
negative charge of the membrane and the positive charge of the intermembrane space, both 
contributing to the polarisation of the mitochondria. Mutations in complex V prevent the flow of 
protons back to the matrix, causing build-up and hyperpolarisation, whereas mutations in 
complexes I, III, and IV all lead to depolarisation.  

Perhaps predictably, mitochondrial selection appears to favour gradual depolarisation over 
hyperpolarisation, preventing the unrestrained build-up of charge. While apoptosis is usually 
associated with the act of depolarisation, it may be initiated by the hyperpolarised state leading 
to activation of ROS production and membrane pores allowing depolarisation468,469. 
Additionally, the diffusion of H+ away from dysfunctional complexes may make the link even 
more leaky, necessitating strong selection against potentially hyperpolarised areas of 
membrane. Thus, during uncertainty as to which part of the network is dysfunctional, 
mitochondria may favour the selective destruction of the more polarised mitochondria.  

Consistently, mitochondrial membrane potential is often observed to decrease with age470-472, 
while a study in mutator mice with accelerated ageing demonstrated reduced content of 
complexes I, III, and IV, but not V473. 

However, while this could explain survival of the slowest, it has little to do with ROS as was 
initially proposed by de Grey443. It is plausible that mitochondria have two central biomarkers of 
dysfunction, the polarity primarily demonstrating the capacity of the ETC to pump protons, 
while capacity for electron transport is detected by a specific biomarker of electrons forced out 
of the ETC before reaching complex IV. Superoxide is well known to be generated almost 
exclusively by complexes I and III181-184,474,475, reflecting that it is not an unavoidable, toxic 
byproduct of mitochondrial metabolism, but intended to oxidise the membrane around 
dysfunctional complexes as a biomarker of ETC failure. As complex III is required to pass the 
electrons to cytochrome C which passes the electrons to complex IV, the function of both 
complexes is required to return the electrons from the ETC to the matrix. Thus, when complex 
IV is dysfunctional, complex III passes the electrons to oxygen, and when complex III is 
dysfunctional, complex I passes the electrons to oxygen, both forming superoxide. Superoxide 
then oxidises the membrane and triggers the degradation of the mitochondrion.  

Were this the only problem, mitochondrial selection could plausibly restore function and 
maintain wildtype dominance with relative ease. Higher ROS would reflect damage, 
mitochondria could select the more depolarised to select against complex V mutations, and 
lower ROS levels to select against complex III and IV mutations, ensuring no such mutations 
were allowed to spread. However, the mutation of complex I results in the reverse. Instead of 
causing electron build-up, it reduces the capacity of the ETC to accept electrons from 
NADH+H+, and as a result the ETC will produce fewer ROS than functional mitochondria. Thus, 
when two mitochondria with differences in membrane oxidation and polarity are competing to 
induce the fission and degradation of the other, the system has a critical vulnerability that lower 
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ROS oxidation could reflect wildtype status compared to complex III or IV mutation, or complex 
I mutation compared to wildtype (see Figure 13B). If true, cells have no clear mechanism to 
select for ‘functional’ mitochondria over ‘damaged’ ones, instead, at least under some 
conditions, selecting for one type of damage over another.  

As elevated ROS levels could result from the knockout of two complexes while decreased ROS 
levels should be produced by only one, mitochondrial selection might again favour selectively 
destroying the mitochondria with the highest ROS levels, slowly advantaging complex I 
mutations over wildtype, and wildtype over complex III and IV mutations.  

Notably, we have focussed here on complete knockout mutations. Not all complex I mutations 
will decrease ROS production: if functionality is altered rather than abrogated, the opposite 
may be true. Equally, mutations in complex III could specifically reduce its passage of electrons 
to oxygen, reducing ROS. We have referred to knockout mutations for simplicity, but in reality, 
any mutation for depolarisation and low ROS should undergo positive selection. To distinguish 
it from generalized mitochondrial dysfunction or random mtDNA damage accumulation, the 
process of selection for low ROS, depolarised mitochondria has been termed mitopenia.  

7.1.4 | Mitopenia explains mtDNA mutations and is linked with ageing 
If the basic thesis of mitopenia is true, then mitochondria are not selecting for hypofunctional 
organelles over hyperfunctional ones as with cells. Even the hyperpolarising mutations of 
complex V do not increase the activity of mitochondria. The rate of mitochondrial biogenesis is 
regulated by the nucleus, and no changes in the complex activity (or tRNA sequence) will 
induce a selective ‘hyperfunctional’ advantage for mitochondrial growth as a nuclear oncogenic 
RAS mutation does for cells. As each mitochondrion has many plasmids, the pro-growth 
advantage occurs at the level of the mtDNAs. While mutant mtDNAs show little advantage from 
additional replication origins, and large deletions are unlikely to gain replicative advantage 
directly from their reduced size444,445, a clever study by Kowald and Kirkwood476 demonstrated 
that the coupling of transcriptional output and mtDNA replication could result in additional 
replication of deletions because they do not produce sufficient product to inhibit transcription 
which is coupled to DNA replication. Thus, the anti-growth negative feedback is not induced.  

A major force of selection for large mitochondrial deletions might therefore still be their growth 
advantage, reflecting the natural course of selection. However, as we saw with cells, when the 
natural course of selection is not inhibited by counterselection, it may not reflect an 
evolutionary incapacity to prevent unidirectional selection as proposed by Nelson and Masel142, 
but the difficulty of balancing selection and counterselection under changing conditions. We 
suggest that the frequency of mtDNA mutations within cells will reflect three main factors: 

• The frequency of the mutation events required to produce the specific genotype 
(formation advantage). 

• The ultimate size of the plasmid and its transcriptional output (growth advantage). 
• The level of membrane oxidation and polarisation it produces relative to wildtype and 

other present mutant mtDNA plasmids (survival advantage).  

Notably, multiple mtDNA duplications also appear to spread during ageing477-479, which are 
difficult to explain by either growth advantage alone or a survival advantage based purely on 
reduced functional output as in survival of the slowest. While the cause of their spread is 
beyond the scope of this article, we would predict that mtDNA duplications would offer 
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advantage if they produced small shifts toward depolarisation and low ROS by altering the ratio 
of complexes in the ETC.    

The common deletion retains complex III activity, which may contribute to its success. As 
complex II is nuclear encoded, the ETC can pass electrons from complex II to III, which returns 
them to the matrix generating superoxide, pumping protons which cannot be returned by 
complex V. As the accumulating NADH+H+ should slow or stall Kreb’s cycle, reducing FADH2 
generation and complex II activity, the low proton pumping without complex V to return them, 
plus the high electron leak per electron accepted, may create a depolarised, low oxidised 
membrane that is close enough to wildtype to be unclear which is the mutant. Under such 
conditions, the mitochondrial network might choose to degrade the wildtype. As suggested by 
de Grey443, the low ROS levels of the ΔmtDNA may thus contribute to their positive selection 
and cause survival of the slowest. However, this would not reflect that ROS are toxic 
byproducts, but a flaw in the selection and counterselection mechanisms, inducing mitopenia. 
Superoxide is a crucial biomarker regulating mitochondrial selection, without which 
mitochondria should become vulnerable particularly to the spread of complex III and IV 
mutations – perhaps explaining in part why antioxidant supplementation can be detrimental to 
health10. 

The question of whether large deletions in themselves could be responsible for the age-related 
degeneration of post-mitotic tissues is still under debate. Studies of ageing rat skeletal muscle 
showed that ΔmtDNA was at its highest levels of heteroplasmy in regions associated with the 
atrophy, splitting, and breaking of fibres480,481. Early studies suggested ΔmtDNA also 
accumulated in elderly human skeletal muscle and heart429,438,480,482-485, contributing to frailty 
and arrythmia. In the brain, ΔmtDNA accumulated at higher levels in the substantia nigra, 
associated with neurodegeneration and parkinsonism486-488, and some studies suggest 
association with Alzheimer’s disease489.  

Twinkle helicase mutant mice, known as ‘deletor’ mice, accumulate high levels of ΔmtDNA with 
age, show dysfunctional cells and other abnormalities in the heart490, as seen in inherited 
mitochondrial diseases in humans491. However, these same dysfunctions were not observed in 
control mice even at advanced age, and Twinkle helicase mutant mice did not demonstrate 
accelerated ageing. Equally, while ΔmtDNA mutations do occur in C elegans, they are likely too 
rare to contribute to ageing, which may reflect that the worms are too short-lived492.  

In a fascinating study by Ahlqvist, et al.493, ‘mutator’ mice with inactivated exonuclease function 
of POLγ causing the accumulation of point mutations and complex rearrangements, were 
compared to the deletor mice with ΔmtDNA accumulation. The results clearly demonstrated 
that while the deletor mice had respiratory complex deficiency in their post-mitotic tissues, 
consistent with previous data494, this had no effects on their neural stem cells (NSCs) or 
haematopoietic stem cells (HSCs).  

Conversely, the mutator mice showed defects in their NSCs and HSCs inducing more 
differentiation, as well as a premature ageing phenotype including “progressive hair graying, 
alopecia, osteoporosis, general wasting, and reduced fertility”. Yet, while the deletor mice had 
normal lifespan, they showed evidence of mitochondrial dysfunction in neurons not present in 
mutator mice493.  

These results suggest that mitochondrial deletions are detrimental to the function of post-
mitotic tissue, contributing to disease though not significantly to mortality. However, mitotic 
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cells may utilise cell division as an additional form of selection against ΔmtDNA, potentially by 
ensuring that all deletions are retained within one daughter cell, as in yeast. This may be largely 
responsible for the replicative ageing of yeast495, though as the process creates a ‘doomed cell’ 
unloading other damaged or unnecessary molecules from lipids and proteins to other 
organelles and extra-chromosomal ribosomal circles (ERCs) into it may be an efficient 
mechanism of removal that further contributes to decline496.  

This would explain the relative absence of cells with strong heteroplasmy for ΔmtDNA in mitotic 
tissues, while quiescence may allow such mutations to accumulate. The spread of ΔmtDNA 
would reflect part of the mitopenia phenotype, but limited to post-mitotic cells and potentially 
longer lived organisms requiring extended time to spread. Even in long-lived organisms, the 
effects specifically of deletions may not be a strong contributor to disease in most cases.  

In both proliferating and post-mitotic cells the selection and selective destruction of point 
mutations could contribute more strongly to decline. Even in the shortest lived organisms, such 
as C elegans, ageing involves profound mitochondrial changes. The fragmentation of the 
network is accelerated under conditions that shorten lifespan and delayed by conditions which 
extend lifespan497. 

Here we suggest that primary cause of these changes is selection against hyperpolarising and 
oxidising mutations which unavoidably selects for complex I mutations. Fascinatingly, 
depletion of complex I occurs across a wide variety of tissues and species498. A proteomic study 
assessing mitochondrial genes with decreased representation at older age identified the 
complex I subunit, NDUFB2, as the most significant, with three of the top five also being 
complex I subunits, while succinate dehydrogenase complex assembly factor 2 (SDHAF2) of 
complex II was upregulated499, potentially as a compensatory mechanism. Complex I 
dysfunction is an early change in ageing brains affecting mitochondrial structure and 
capacity500, while the mutator mice with accelerated ageing showed the most pronounced 
reductions in complex I protein493.  

Notably, the second most affected complex is frequently complex IV493,499, resulting in “COX-
deficient cells”, a widely used biomarker of mitochondrial dysfunction, which is not directly 
predicted by this model, but could reflect a weaker counterselection force against complex I 
mutations, strengthened under certain conditions such as antioxidant supplementation or 
FOXO activation.  

Mitochondrial selection and mitopenia may therefore be a contributor to ageing and age-related 
disease across eukaryotic life in both mitotic and post-mitotic tissues. However, we suggest 
that the mechanisms by which mitopenia causes disease should be through its interaction with 
intrinsic or extrinsic ageing. 

7.1.5 | Mitopenia induces intrinsic and extrinsic ageing 
An initial prediction might be that as mitopenia makes mitochondria less capable of producing 
ATP, the levels of ATP would drop. This drop might then precipitate a drop in ATP utilisation to 
re-establish homeostasis, potentially via an epigenetic mechanism inducing semi-permanent 
change. In this way, mitopenia would directly induce intrinsic ageing; the catabolic slowdown 
leading to anabolic slowdown. Consistently, nuclear encoded complex II, whose activity levels 
are a good biomarker of both OXPHOS and Kreb’s cycle, is a key player in retrograde (nuclear-
mitochondrial) signalling and epigenetic changes in the nucleus102.  
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Notably, curtailing anabolic requirements according to energy availability is a poorer 
evolutionary strategy than ensuring energy availability. As the capacity of the average 
mitochondrion to produce ATP declines, anabolism could be maintained by additional 
changes, such as increasing mitochondrial mass. Interestingly, while there is good evidence 
that mitochondrial mass can increase to compensate for dysfunction174,501, ageing appears to 
associate with the opposite change, with muscles and neurons showing decreasing 
mitochondrial mass with age502,503. If so, mitopenia may directly induce intrinsic ageing. 
However, additional factors are likely of significance to explain why homeostasis is shifted 
rather than maintained by a compensatory change in mitochondrial mass. 

Another possible mechanism reflects the interaction between nutritional changes and 
mitochondrial selection. In situations of nutrient excess, upregulated insulin/IGF signalling 
increases nutrient uptake, and more ACoA passes into Kreb’s cycle (see Figure 14A).  

 

Figure 14 | Effect of diet on mitochondrial selection. (A) Nutrient excess increases generation of NADH+H+, activating 
the ETC. However, despite initial activation of mTOR and anabolic stimulation, once functional metabolism is 
complete, negative feedback should prevent compensation by excessive ATP utilisation in order to speed up electron 
flow. ATP will therefore increase. Then as both ATP and NADH+H+ increasing induces hyperpolarisation and ROS 
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production, it will increase selection for complex I mutations, inducing mitopenia. This blocks NADH+H+ oxidation, 
inhibiting Kreb’s cycle and further increasing nutrient excess. (B) The strength of selection for KO mutations of 
different individual mitochondrial complexes compared to a combined wildtype under different dietary conditions. 
Centre of the circle represents optimal positive selection. Moving further away from the centre indicates increasing 
selection against mitochondria of that genotype. Image created with BioRender.com. Abbreviations: ACoA, acetyl-
coenzyme A; ADP, adenosine diphosphate; ATP, adenosine triphosphate; CytC, cytochrome C; e-, electron; FADH2, 
flavin adenine dinucleotide; FFA, free fatty acid; H+, hydrogen ion; IGF, insulin-like growth factor; KO, knockout; 
mTOR, mammalian target of rapamycin; NADH, nicotinamide adenine dinucleotide; WT, wildtype; Ub, ubiquinone. 

However, while Kreb’s may initially accelerate, the rate of OXPHOS will depend on the level of 
ATP. While the same increased insulin/IGF signalling stimulating nutrient uptake will also 
stimulate anabolism, hydrolysing ATP, in the longer term cells do not simply synthesise 
macromolecules and induce anabolic signalling for the purpose of using ATP. Growth and 
anabolism are functional processes inhibited upon completion by negative feedback. Thus, we 
suggest that increased anabolism should not fully compensate for the nutrient-driven supply of 
ATP. As a result, ATP levels would rise, driven by the difference between increased nutrient 
supply and the need for anabolic metabolism.  

As ATP rises, it will inhibit complex V and AMPK177,180, while Kreb’s remains proportionately 
increased. The higher levels of NADH+H+ and FADH2 will pass electrons to the ETC causing 
increased proton pumping. Meanwhile, less complex V activity slows the return of protons to 
the matrix, both processes polarising the membrane (Figure 14), as demonstrated by the 
activation of uncoupling proteins504.  

ROS production is overwhelmingly associated with the hyperpolarised state, rising 
exponentially from complexes I and III as membrane potential passes 140mV181-184. The 
increased ROS likely reflect a negative feedback system as the ETC attempts to slow its rate of 
proton pumping by prematurely ejecting electrons and reducing the polarity of the membrane. 
Consistently, nutrient excess is also associated with high ROS levels274.  

Just as conditions affecting cell death and proliferation shift the selective advantage between 
fast and slow cells, conditions affecting the polarity and oxidation of the mitochondrial 
membrane will shift the relative advantage of the mutant mitochondria degraded by them. The 
ultimate effects on selection will reflect the mechanisms which induce mitochondrial fission 
and degradation. Assuming basic threshold effects: 

1. Membrane polarisation above a threshold would trigger fission and degradation 
2. Membrane oxidation above a threshold would trigger fission and degradation. 
3. Membrane polarisation below a threshold would trigger fission and degradation. 
4. Membrane oxidation below a threshold would trigger fission and degradation.  

In the hyperpolarised, hyper-oxidised membranes of a high calorie diet, complex V mutations 
are likely to be pushed well over thresholds 1 & 2, causing strong negative selection (see Figure 
14B). Equally, complex III and IV mutations, which would reduce polarity, will still be selected 
against via threshold 2, due to the increased ROS production. However, mutations in complex I 
which prevent both polarisation and ROS production will be shifted away from thresholds 3 & 4, 
appearing increasingly functional as wildtype mitochondria are pushed upward toward 
thresholds 1 & 2. As the NADH+H+ cannot pass its electrons to the mutated complex, they can 
simply diffuse through the matrix to other complexes bound (by a leaky link) to functional 
nucleoids and exacerbate the disparity.  

The excess of nutrients thus accelerates the selection for complex I mutations and mitopenia. 
Worse, as mitopenia reduces the capacity of mitochondria to accept the electrons from 
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NADH+H+, Kreb’s cycle will slow, reducing the mitochondrial capacity to burn nutrients, 
worsening the nutrient excess which induced the mitopenia. Thus, mitopenia induces extrinsic 
ageing. This is (ironically in the context of this paper) a vicious cycle, whereby nutrient excess 
and mitopenia both worsen each other and inducing all the downstream effects of extrinsic 
ageing discussed in Parts 4 and 5. Consistently, it is now increasingly observed that C elegans 
ageing, like human ageing, involves significant lipid accumulation505. 

It is worth noting that the vicious cycle is between mitochondrial selection and nutrient excess, 
while the short-term effects of these signalling pathways are homeostatic and thus adaptive 
rather than maladaptive. To reverse the vicious cycle would require either the loss of ATP 
homeostasis or a shift in selection for more oxidised and more polarised membranes, 
potentially inducing apoptosis. 

While increasing mitochondrial mass would counteract nutrient excess by burning more fuel, 
this would increase the generation of ATP, which homeostasis would then restore by reducing 
mitochondrial mass. Only an upregulation of mitochondrial uncoupling should allow cells to 
counteract the vicious cycle. Consistently, exposure of C elegans to the uncoupling agents 
carbonylcyanide-3-chlorophenylhydrazone (CCCP) and carbonylcyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) both extended lifespan506,507, as did the 
overexpression of zebrafish ucp-2508. While overexpression of the worm’s own ucp-4 gene did 
not, this reflects that it has lost its uncoupling activity, functioning mainly as a succinate 
transporter508. Uncoupling has been widely associated with longevity in other organisms such 
as Drosophila509-511, mice512, and chronological lifespan in yeast513. In all cases the benefits of 
uncoupling were ascribed to a reduction in ROS production and damage, as suggested by the 
‘uncoupling to survive’ theory of mitochondrial inefficiency514. 

However, the four process model suggests instead that uncoupling reduces extrinsic ageing. It 
would predict that under conditions of fasting and DR, the selective pressures will switch in the 
other direction, advantaging complexes III and IV and disadvantaging complex I mutations as 
ROS levels are lowered. In these conditions, enforced uncoupling should be highly detrimental, 
further hiding complex III, IV, and even V mutations. Consistently, in DR experiments 
uncouplers reverse the longevity gain515, which might not be predicted by the ‘uncoupling to 
survive’ theory. Recent studies have also suggested that C elegans ageing is intricately linked to 
times of feeding516 when the vicious cycle of mitopenia and extrinsic ageing is occurring.  

In addition to the direct effects of slowed catabolism on anabolism in the absence of increased 
mitochondrial mass, there may also be a feedback system between extrinsic and intrinsic 
ageing that we have thus far ignored.  

As the vicious cycle between mitopenia and extrinsic ageing slowly increases nutrient excess, 
cells prevent toxicity by reducing their sensitivity to nutrient uptake. As described in Part 4, this 
is controlled by inducing IR. However, IR merely shifts the excess fuel outside of the cell. As 
adipose stores become saturated, and blood lipid and blood glucose remain higher for longer, it 
may increasingly overcome the IR that is blocking its entry into cells – particularly in tissues 
with significant insulin-independent uptake. This could increase IGF/mTOR axis signalling, 
inducing unwanted fuel uptake and unnecessary anabolism. Speculatively, cells may induce 
negative feedback to reduce their anabolism again, such as through epigenetic marks which 
induce metabolic slowdown. 
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This metabolic slowdown is notably not intrinsic ageing in the same way as epigenetic controls 
that result from selective destruction. It is potentially a short/medium term response, 
producing epigenetic marks associated with second generation (reversible) clocks, as 
described in Part 8.1, but it may reflect another retrograde signal by which the rate of 
mitochondrial catabolism epigenetically influences the rate of anabolism. It could help explain 
why post-mitotic organisms like C elegans are rejuvenated by a two chemical epigenetic 
reprogramming cocktail517, if the major underlying mechanism of ageing is mitochondrial 

7.1.6 | Longevity mutations in mitochondrial metabolism 
Interestingly, there are both long-lived and short-lived complex I mutant worms. If this reflects 
their effects on mitopenia, then worms with mutant complex I are likely born in advanced state 
of mitopenia, more vulnerable to extrinsic ageing through nutrient excess. If true, these worms 
are born at the equivalent of old age, which is possibly evidenced by their reduced rates of 
activity, decreased size, and increased developmental times518. Their reduced pharyngeal 
pumping rate likely protects them from extrinsic ageing in the same way as DR. When they are 
long-lived it could reflect that the key element inducing further mitopenia has been lost. These 
worms can experience no selection for complex I dysfunction because complex I is already 
dysfunctional, so the rate of ageing of complex I mutant worms, and clk-1 mutant worms, which 
have reduced ubiquinone synthesis (slowing transfer of electrons from complex I), is greatly 
reduced.  

Notably, clk-1 mutant worms live longer when exposed to paraquat or through additional 
knockout of sod-2, but shorter when it is sod-1, while paraquat does not increase lifespan of 
isp-1 ETC mutations519. While stress is still the dominant narrative, we would suggest that these 
studies indicate it is not the major factor; its effects are dependent on metabolism, mediated 
partly by ROS as important signalling molecules. 

An comprehensive review by Borkum102 looks at many of the mutations in the components of 
Kreb’s cycle which have effects on longevity. Although this should be an area of extensive future 
investigation, we suggest that longevity from mitochondrial mutants, or mutants with altered 
mitochondrial metabolism, could be induced by the following three main mechanisms: 

1. Diversion of carbon out of Kreb’s cycle in a way that reduces the efficiency of 
conversion of calories to ATP. 

2. Diversion of carbon away from the key activators of mTOR which stimulate anabolic 
metabolism and trigger nutrient-driven growth, which may then be repressed 
epigenetically. 

3. Diversion of carbon through pathways that de-necessitate complex I, reducing the rate 
of selection for increasing mitopenia.  

One further condition that may have relevance outside the mechanisms discussed here is 
effects on glycolytic relative to mitochondrial metabolism, which may have additional feedback 
loops and selection pressures related to hypoxia and carcinogenesis that are beyond the scope 
of this article. These aside, we suggest that mitochondrial ageing could largely reflect mitopenia 
resulting from mitochondrial selection, producing the fourth process of the four process model.   

7.2 | Cell senescence and other consequences of selection 
There is one final clarification or addition to the four process model that may contribute 
significantly to the ageing process. While we addressed the impact of both growth and survival 
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advantage in mitochondria, we focussed mainly on the growth advantage of cells. However, 
mutations in nuclear DNA can also confer a survival advantage.  

Particularly in proliferative tissues, signalling is a balance between growth and death. Growth 
and survival signals are normally associated and positively reinforcing. While strong growth 
mutations outside the range of physiological norms can reverse the usual survival signal and 
induce apoptosis as in the case of several oncogenes520 and glucotoxicity132, outside these 
supra-physiological states, most pro-growth mutations also promote survival and inhibit 
apoptosis. However, there are survival molecules and pathways which are not linked directly 
with growth, where knockouts or activating mutations directly impact the cell death pathways 
associated with growth-independent factors such as DNA damage.  

While pro-growth, pro-survival mutations result in immediate metabolic shifts according to the 
ever present growth signals which make the cells subject to selective destruction, conversely 
survival specific mutations (SSMs) can be silent until stimuli such as DNA damage attempt to 
activate apoptotic pathways. Such mutations are dangerous because they are relatively 
unobservable until cells suffer further damage.  

As we discussed in Part 3, selective destruction could work through epigenetic slowdown or 
induction of cell death. Plausibly, a disadvantage to the latter is that it would exacerbate 
selection for SSMs, which may help explain why selective destruction has evolved to work via 
epigenetic growth control. Reducing the cell’s sensitivity to growth signals also resensitizes it to 
apoptotic ones without affecting selection for SSMs.  

Despite initial hypotheses that ageing would result in increasing sensitivity to apoptosis as 
would be consistent with damage accumulation, currently evidence suggests it is tissue-
specific50,521,522.  

While pro-growth, pro-survival mutations can be neutralised by selective destruction, the 
natural course of tissue-level selection should still be for SSMs. In humans, around 10 billion 
cells may be created every day to replace those turned over by apoptosis523. Stem cells offer 
some protection from this selection as most of the replicating cells are differentiated cells that 
are doomed to die as part of the life cycle, such as in the gut and skin where the outermost cells 
are lost. However, tissues and organs should still reduce sensitivity to apoptosis with age due 
to the selective advantage of SSMs. Wherever this is not true, it could reflect counterselection.  

The point where their apoptosis resistance produces visible changes in signalling, identifying 
SSMs to the surrounding tissue, is the point where the cell is being instructed to apoptose. Such 
conditions will include further damage inducing additional mutations in growth and survival 
signals that could induce transformation and allow the cell to escape tissue controls. 

Thus we suggest, in line with previous observations58,524, that cell senescence has evolved to 
reduce the threat of selection for SSMs. In cells that are resistant to apoptosis, permanent 
arrest likely reflects the next best option. It reduces the risk of further mutation, while the SASP 
attracts immune cells such as NK cells capable of killing even apoptosis-resistant cells525. Both 
the SASP and Notch signalling may have a further purpose in removing other potentially 
dangerous cells. The bystander effect of senescent cells60-62 and cells hit by high levels of 
radiation526, known as the radiation-induced bystander effect (RIBE), induce senescence and 
apoptosis of surrounding cells. As the SSMs are hidden under normal metabolism, and 
neighbouring cells are more likely to be closely related or subject to the same mutagen, when a 
cell gains additional damage that induces its senescence, it may benefit the tissue to arrest or 
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destroy the local cells, removing the threat that the same SSM persists within them. 
Senescence and the SASP might then have been co-opted into tissue remodelling 
programmes527-529, particularly as rapidly replicating myofibroblasts that are resistant to death 
could be potent inducers of fibrosis.  

The capacity of senescent cells to spread damage and senescence within tissues is therefore 
plausibly the result of strong counterselection against SSMs, which may reflect the associated 
risks of such mutants. The accumulation of senescent cells with age may reflect, in part, the 
natural course of selection for SSMs, suggesting that targeting these pre-senescent cells may 
be equally worthwhile.  

Other hallmarks and phenotypes of ageing may also reflect the courses of selection predicted 
by the four process model. Cells get larger with age530, which may reflect that such cells are 
slower to carry out metabolism or proliferate, or have diluted expression of markers and ligands 
that would cause selection against them.  

Similarly, the amount of mtDNA decreases with age as does the distance between 
nucleoids531,532, meaning that the enzymatic complexes of the ETC are more dispersed, 
contributing to a depolarised, low-oxidised state that will undergo positive selection. While 
both cell size and mitochondrial nucleoid dispersal could reflect genetic changes, they could 
plausibly be independent even of epigenetic changes, reflecting selection at other levels.  

Maintaining homeostasis is a difficult process. It is the purpose, and indeed speciality of life, by 
taking in energy to prevent internal entropy, that it does it so successfully, but we suggest that 
balancing selection and counterselection within changing conditions may be problematic, 
forcing many species to choose to allow one direction of selection over another, thus causing 
ageing.  
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Part 7: Summary 
The three process model applies mainly to mitotic tissues. Post-mitotic cells can differ in 
metabolic rate, but this should not imbue a selective advantage through increased 
proliferation, and thus does not threaten tissue homeostasis.  
 
However, post-mitotic tissues have an intracellular organelle with DNA which is competing 
and subject to selection. We suggest the fourth ageing process may result from the selective 
destruction of mitochondria.  

7.1.1 | The evidence for mtDNA damage in ageing is mixed, but argues against straight 
damage accumulation models.  

7.1.2 | There is good evidence for selection occurring in mitochondria, particularly for large 
deletions in mtDNA.  

7.1.3 | Mitochondria can malfunction in two main ways. Firstly, they can fail to add enough 
electrons to the ETC and pump enough protons across it; or they can fail to return the 
electrons and protons to the matrix.  

Mitochondrial mutations in complex V, which cannot return protons, cause 
hyperpolarisation; mutations in complexes I, III, and IV, reduce proton pumping, causing 
depolarisation. Depending on conditions, wildtype mitochondria might choose to select 
against hyperpolarised mitochondria more strongly, allowing complex I, III, and IV mutations 
to spread.  

Mitochondrial mutations in complexes III and IV, which cannot return electrons to the matrix, 
cause high ROS levels and membrane oxidation. Mutations in complex I prevent the ETC 
accepting electrons, reducing ROS levels and membrane oxidation. By selecting for 
depolarised, low-oxidised membranes, mitochondria can successfully select against 
complex III, IV, and V mutations, but over time may select for complex I mutations over 
wildtype, reducing mitochondrial function and causing mitopenia.  

7.1.5 | Reduced mitochondrial catabolism and reduced ATP production may reduce 
anabolism to maintain ATP homeostasis, inducing intrinsic ageing via the retrograde 
response.  

Nutrient excess exacerbates mitopenia by increasing the polarisation and ROS production of 
mitochondria, selecting more strongly against complex V, III, and IV, but also allowing 
complex I mutations to appear more functional compared to wildtype. The result is a vicious 
cycle where loss of functional complex I reduces NADH+H+ oxidation, increasing nutrient 
excess and thus inducing extrinsic ageing.  

7.2 | The increase in senescent cells with age may reflect counterselection against cells 
which gain survival-specific mutations, preventing them from proliferating and being a threat. 

Part 8: Implications of the four process model 
In the final part, we will discuss the implications and limitations of the four process model. It is 
a purely theoretical study which is frequently speculative across multiple disciplines, all of 
which have intricacies and complexities that we could not possibly hope to address or even 
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understand. Instead of adding to the complexity, the model is designed to simplify ageing to its 
most significant aspects. Many of the observations will be incomplete and even inaccurate, and 
if some observations are proved true by experimentation it should not be taken as evidence that 
the model is true in its entirety. Instead we suggest that the study provides a new mechanistic 
model of ageing that would allow us to move beyond exclusive reliance on the hallmarks and 
the complex multifactorial process, back to hypothesis driven research.  

8.1 | Progeria, intrinsic and extrinsic ageing, and the epigenetic clocks 
Early ideas of ageing suggested that differences in lifespan reflected the number and type of 
mutations an individual inherited at conception40: organisms were not only ageing at different 
rates, but theoretically conceived at different starting ages. 

Although these ideas may appear outdated, they are implicit to any theory of ageing which 
ascribes a major role to DNA damage accumulation. If ageing is the result of genetic changes, 
then organisms should be born at various ages by inheriting pre-damaged DNA. However, which 
damage would qualify as ‘ageing damage’ is unclear. While individuals born to older parents 
have higher risks of genetic disease and chromosomal abnormalities such as trisomy 21533, 
even cloned animals created from aged somatic cells produce organisms born at age zero with 
normal lifespans534.  

While ageing could still result from genetic noise – i.e. production of mutant cells that behave 
differently to the starting cells, which we argued was unlikely in Part 1.1, the consistency of 
organisms born at age zero is inconsistent with the standard paradigm that ageing reflects the 
accumulation of DNA damage and activation of damage pathways that cause cell senescence 
and inflammageing.  

However, while therapies designed to increase maintenance pathways and reduce damage 
have largely failed to positively affect lifespan, mutations that increase damage have a more 
sporadic effect. The progeroid syndromes are perhaps the best evidence for a role of DNA 
damage in ageing. However, even these are frequently described as ‘segmental’, due to doubts 
as to whether they reflect true accelerated ageing535. Among the most common outcomes are 
immunodeficiency, neurodegeneration, and cancer, with the latter being the most consistent 
outcome. In the four process model, cancer is produced by a separate process, suggesting that 
the progeroid syndromes resulting primarily in cancer would be more accurately interpreted as 
‘pro-celeritic’ or ‘pro-carcinogenic’ diseases rather than progeroid per se.  

Although neurodegeneration is a common feature of several, the mechanism may not the same 
as in the age-related neurodegenerative diseases; for example, Cockayne syndrome shows no 
evidence of amyloid staining or other protein plaques536. As nucleotide excision repair affects 
mtDNA as well as nuclear, it could accelerate mitochondrial damage and selection consistent 
with age acceleration via the four process model, but the major feature appears to be neuronal 
cell death537. When combined with other outcomes such as developmental delay, dwarfism, 
cachexia, marrow failure, bone loss, and immunodeficiency, the picture created is one of 
primary failure in both highly proliferative and post-mitotic tissues, where elevated cell death 
prevents the maintenance of cellularity, which in the four process model is not a feature of 
intrinsic ageing. 

Hutchinson-Guildford Progeria Syndrome (HGPS) results from a mutated nuclear envelope 
protein, LMNA, creating highly unstable cells538. It does not cause neurodegeneration, 
consistent with its major effects in a non-mitochondrial pathway. The major progeroid outcome 
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is atherosclerosis which results in death from stroke or myocardial infarction. However, 
cardiovascular disease in HGPS does not share the same risk factors as normal ageing539. 
Arguably, the pro-fibrotic HGPS plaques from smooth muscle cell loss, filled collagen and 
proteoglycan540,541 do not reflect the same underlying mechanism for fatty plaques we 
described in Part 5.1. Instead, HGPS may be inducing cell death more strongly than cell ageing, 
resulting in endothelial dysfunction via the same mechanisms as COVID and smoking. If true, 
the HGPS plaques would share more mechanistic overlap with the sudden cardiac events 
associated with youth and exercise – notably associated with reduced age-related 
cardiovascular risk factors395. Highly fibrotic conditions in the lung, liver, and elsewhere are 
associated with continuous cycles of cell death and proliferation which necessitate a constant 
scaffold to repopulate the damaged tissue. Thus, we suggest that the progeroid syndromes are 
not true progerias, instead reflecting an even more fundamental loss of homeostasis than 
energy levels – the loss of cellularity. 

Despite this, these diseases are the main causal evidence for DNA damage accumulation as 
the underlying cause of ageing. This point is best emphasised by quoting from proponents of 
the theory. A recent review by Schumacher, et al.542 summarises this point in the concluding 
section entitled, ‘Is DNA damage the primary cause of ageing?’, which in paragraph one 
states, ‘The strong mechanistic link between DNA damage and ageing, and the role of DNA as 
the primary template for all cellular functions, suggest DNA damage as a candidate for the 
primary cause of ageing. However, there are at least three important arguments against this 
proposition.’ The bulk of the section then describes evidence against DNA damage 
accumulation as the major cause of ageing before returning to two points in its favour. Firstly, a 
meta-analysis of genome-wide association studies identifies maintenance pathways as 
associated with age-related diseases, which the authors state is ‘consistent with the 
observation in both humans and mice that the vast majority of rare genetic progeroid 
syndromes, in which multiple, bona fide ageing-associated diseases develop early in life, are 
caused by mutations in DNA repair genes’. Schumacher, et al.542 then conclude that, although 
the three arguments against damage accumulation are ‘not invalid’, they are ‘unconvincing in 
view of the sheer complexity of DNA repair processes’. However, without more precise 
argument it is unclear why complexity should affect the validity of the counterevidence more 
than the evidence. Consistently, other proponents have accepted that damage has stopped 
being a major focus of ageing research due to the ‘complexity of the aging process’543.  

Crucially, we are not suggesting that DNA damage per se is not responsible for ageing – only 
that the mechanism could be updated. As noted by Vijg17, while the progeroid syndromes are 
segmental, defects in DNA maintenance pathways are the only ones that reliably and 
repeatedly induce premature ageing-like syndromes, which is a significant observation.  

While we suggest that the primary outcome of progeria reflects cell death and cell loss, the four 
process model unequivocally predicts that increased rates of damage should accelerate 
ageing, as accelerated mutation will produce more faster and slower cells. Competition, 
selection, and counterselection should then result. Notably, the evidence that exogenous 
damage from radiation beyond the hormetic range accelerates ageing is controversial. Several 
studies suggest it increases cancer rates544,545, and overall mortality but without affecting ageing 
per se44,45,544. However, more recent studies have suggested otherwise, indicating that γ and X-
irradiation can accelerate age-related diseases even beyond the expected increases in 
cancer546,547. In such cases, the phenotypes are less extreme than the progeroid syndromes, 
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which may reflect the range of damage where cellularity is maintained, but selection and 
counterselection between the additional mutants are increased.  

When looked at from this angle, the four process model can explain many of the 
inconsistencies and paradoxes for DNA damage in ageing. Oxidative damage is an important 
biomarker of mitochondrial function, and reducing it can negatively affect selection, while 
small increases in damage activate FOXO, shifting metabolic equilibrium to a pro-longevity 
state and potentially affecting selective destruction or its outcomes, while at the same time 
preventing much of the extra damage that would induce additional selection and 
counterselection. However, once levels of damage begin to overwhelm the repair capacities, 
higher levels of mutations will increase selection and counterselection, but also quantities of 
cell death, necessitating more proliferation and shifting the advantage to faster cells. The 
expected results would be celerisis, fibrosis, and cancer with smaller increases in intrinsic 
ageing that leads to other age-related diseases. As levels of damage increase further, it could 
begin to induce sufficient cell death that ageing as a homeostatic shift toward slower 
metabolism becomes less significant than the body’s ability to maintain enough cells to keep 
organs functioning appropriately. The resultant diseases should be fibrotic but only 
carcinogenic if the cells are sufficiently stable to allow rapid growth.  

While ageing is induced by damage, celerisis is the only ageing process that reflects genetic 
change. Intrinsic ageing is an epigenetic phenomenon that is wiped clean in the reprogramming 
of the zygote and early embryo to produce totipotent cells548. Thus, animals with mutations in 
the zygote can be at risk of early cancers, but even cloned animals are born at age zero. Equally, 
the Yamanaka factors rejuvenate cells for the same reason – both ageing and differentiation are 
controlled by epigenetics and removed by dedifferentiation. As de Magalhães549 suggests, 
ageing is a ‘software’ problem, not a ‘hardware’ problem.  

Consistently, de Magalhães549 also argues that cancer is the exception, requiring a ‘cellular 
balancing act’ that may necessitate reduced rejuvenative capacity which would accelerate 
ageing. Indeed, the idea that ageing is an anti-cancer mechanism is not novel. Argued most 
persuasively by Wolf550 in the tumour suppressor theory of ageing, there have been hints of 
pleiotropy between cancer and ageing from studies into telomeres551 and p53552-554 and trade-
offs between regeneration and cancer which could necessitate ageing555. The four process 
model fits neatly with these preceding ideas. However, the mechanistic paradigm utilised by 
these older models is one of cell loss, cell senescence, and inflammageing550, which we 
suggest may not explain the ageing phenotype.  

Alternatively, de Magalhães549 argues that ageing is the result of a developmental program, 
which explains both why the epigenetic clocks begin shortly after conception556, and why ‘genes 
in the vicinity of epigenetic clock methylation sites are often related to growth and 
development’. However, just as we have argued against the TCQP, ageing is unlikely a 
continuation of development because growth and development are hyperfunctional processes. 
As noted by West, et al.555 ‘numerous metazoans with developmental programs of continued 
growth following reproductive maturity show negligible aging’, which was the underlying logic 
for Bidder’s hypothesis that ‘we die, therefore, as an alternative to becoming giants’557. In short, 
ageing particularly as a phenotype of hypofunction88 and an anti-cancer balancing act is more 
reflective of the cessation of development than its continuation.  

Conversely, the Information Theory of Ageing suggests that ageing results from epigenetic 
changes induced by DNA damage558-560, and suggests that the epigenetic changes are random 
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rather than programmed. The four process model would suggest that epigenetic noise is as 
unlikely to produce the defined phenotypes of intrinsic ageing as genetic noise. As argued by de 
Magalhães549, the capacity of the clocks to so accurately predict chronological and biological 
age is evidence that a defined process is producing specific epigenetic marks associated with 
growth and development. However, that process should not be development itself, but a 
restraining force preventing excessive growth and hyperfunction. We suggest that selective 
destruction is currently a strong candidate for this specified process. The damage necessitating 
the program is stochastic as in the Information Theory, but most of this damage is 
inconsequential. At worst it will increase noise, but in many cases where the damage actually 
affects function, the cell is simply killed and replaced, as indicated by the stark increases in 
damage accumulation at non-functional regions vs functional ones561. Conversely, damage 
influencing selection will not only allow the cells to survive, but encourage their spread. The 
process evolved to prevent this should therefore produce epigenetic marks at the precise 
points required to counteract this shift – either maintaining metabolism at the wildtype rate or 
reducing it when the latter is safer.  

Thus, we suggest that the four process model combines key aspects of both damage-based 
and programmatic theories, forming a kind of hybrid that, if accepted, could help unite the field 
by explaining the evidence consistent and inconsistent with both preceding major theories. 

If true, then selective destruction could be producing the epigenetic clocks or aspects of them. 
However, there are an increasing number of epigenetic clocks, including the first generation 
clocks developed by Horvath562 and Hannum, et al.563 designed to measure chronological age 
(i.e. time since birth) and second generation and beyond clocks designed to measure biological 
age (i.e. risk of death from age-related causes) with increasing accuracy.  

If ageing is a single process, then we would predict that second generation and beyond clocks 
are better measures of ageing, but if ageing is split into intrinsic and extrinsic ageing, then as 
suggested by Figure 8A, the increasing relevance of extrinsic ageing in later life would suggest 
that clocks which better predict mortality are those measuring extrinsic ageing. Intrinsic ageing, 
as a steady decline in metabolic rate, less affected by behaviour, is more likely to map to 
chronological age and thus be better measured by first generation clocks. Consistently, 
Poganik, et al.564 recently demonstrated that exposure to various stressful stimuli would 
transiently increase biological age as measured by second generation clocks, but not the 
chronological age measured by first generation clocks. The epigenetic effects of extrinsic 
ageing should be transient – they are responses to short-term stimuli such as stress which 
might change swiftly and thus need to be removed swiftly. Conversely, first generation clocks 
would reflect marks induced by selective destruction created to semi-permanently influence a 
cell’s metabolic rate, which would be useless if the cells could easily remove them.  

Consistently, therapies which extend maximum lifespan such as CR and rapamycin slow first 
generation clocks565,566, while exercise and metformin which only extend median lifespan do 
not565,567. Obesity and the high-fat diet, conversely accelerate the Horvath clock567,568, as 
predicted if nutrient overload is having the reverse effect to CR on metabolic rate, while 
irradiation has no effect565,569.   

One observation not entirely consistent with the four process model is the initial observation by 
Horvath562 that multiple cancer samples showed significant age acceleration, averaging 36 
years ahead of non-cancer samples. We would have predicted that cancer cells might have 
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lower (first generation) epigenetic age as they remove the genetic and epigenetic barriers for 
growth.  

While the inconsistency is worthy of further investigation, a more recent study did at least 
suggest that the Horvath clock was decelerated in multiple cancers570. Fascinatingly, Herzog, et 
al.570 also showed that people who developed cancers had reduced epigenetic ageing across 
multiple clocks in other non-cancerous tissues, suggesting reduced epigenetic ageing may 
predispose individuals to cancer, in line with the relationship between celerisis and intrinsic 
ageing, even if it does not reduce the age of transformed cells themselves. Another study 
similarly observed a distinct (near significant) trend toward reduced first generation clock 
epigenetic age as the stage of liver fibrosis advanced571, also consistent with celerisis. One 
important prediction from the four process model is that Notch signalling will be a crucial 
mediator of first generation clocks, and knockouts may slow their epigenetic ageing. Notably, 
links between FOXO and Notch could be a particularly enlightening area for further 
investigation. 

8.2 | Evolution of longevity 
A unifying theory of ageing should predict why lifespans differ across the evolutionary tree.  
Peto’s paradox reflects that larger organisms are longer-lived despite having more cells, which 
should greatly increase their risk of cancer572. The association between increasing size and 
longevity is so significant that the impact of any other factor on lifespan is often assessed by 
comparison with organisms of similar size using the longevity quotient (LQ), with an LQ of 1 
suggesting the average lifespan for an organism of that size573. The LQ was created because size 
was a proxy measure for metabolic rate, which according to the rate of living theory, first 
suggested by Rubner574 and formalised by Pearl575, suggested that all organisms had an 
‘inherent vitality’ depleted by their rate of growth, and every organism would expire after roughly 
the same amount of metabolism.  

Pearl’s theory remained dominant for some time, with substantial correlative evidence across 
the evolutionary tree; however, the observation that birds had significantly higher metabolic 
rate and lived significantly longer than mammals, perhaps expending 3.5 times the amount of 
energy per gram of body mass over a lifetime576, and the observation that exercise increased 
survival at the same time as increasing metabolic rate233, suggested there was no set limit to 
lifespan determined by amount of metabolism. Rate of living theory was succeeded by free 
radical theory, which explained the additional lifespan of birds by proposing that birds could 
have higher levels of defences against ROS, which were the toxic products of metabolism 
limiting lifespan. Exercise became hormetic. Metabolism was replaced by damage, which 
survives as the dominant explanation for ageing despite the mounting counterevidence.  

We suggest alternatively, that rate of metabolism determines the relative difference between 
fast and slow cells, influencing the rate of selective destruction and thus intrinsic ageing. 
Consistently, lifespan of ectotherms is significantly increased at low temperatures231,577, and 
experiments in endotherms suggest genetically dropping body temperature also increases 
lifespan578.  

Less consistently, housing endotherms at higher temperatures also reduces survival, despite 
lowering metabolic rate579, suggesting the effects of temperature lie outside its effects on 
metabolic rate580. Potentially, this reflects differences in anabolism and catabolism: low 
temperature thermogenic requirements may shift metabolism toward uncoupled mitochondrial 
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metabolism, burning fuels without producing ATP. If cold temperatures activate FOXO, it could 
have multiple beneficial effects that also impact rates of selective destruction. Although it is an 
area for further investigation, there may also be additional trade-offs between types of 
anabolism operating independently of its total rate, such as between RAS stimulated 
proliferation vs. mTOR stimulated protein synthesis, which may further impact the rates and 
outcomes of selective destruction, potentially explaining the maximum lifespan extension of 
the RAS pathway inhibitor, trametinib581,582.  

Notably, even if large animals live longer by virtue of lower metabolic rates or having more cells 
– which would require longer to slow, particularly in post-mitotic tissues where selection is 
intracellular – this would not resolve Peto’s paradox, as larger organisms should still get cancer 
earlier. Regardless, evidence from dogs suggests it is unlikely. Large dogs die significantly 
earlier than small dogs, not just due to increased rates of cancer (and celerisis), but also suffer 
other age-related diseases earlier as well, indicative of increased intrinsic and extrinsic ageing. 

Despite this, wolves are both larger and longer-lived than dogs. Potentially, when a mutation 
initially induces large size, the budding species is more susceptible to both celerisis and 
intrinsic ageing. Large size is produced by increased IGF-mTOR axis signalling, which would 
shorten lifespan as it does in dogs. However, in the long-term, natural selection (but not 
necessarily artificial selection) should respond to the reduced extrinsic mortality of the larger 
mutant and its offspring which are more resistant to being eaten, cold, and starvation etc. 
Existing longevity inducing alleles and de novo mutations can now undergo positive selection as 
they did not (or would not have) in the smaller species, allowing the larger organisms that 
possess them to outcompete the large organisms which do not.  

Various evolutions could reduce the larger organism’s susceptibility to cancer, from increased 
redundancy in the cell senescence and apoptosis pathways, as in elephants and whales583,584, 
loss of telomerase expression in increasing populations of cells20, or more rigorous detection 
mechanisms against celerisis. However, in the latter case this may only further accelerate 
intrinsic ageing.  

We suggest that to reduce its rate of intrinsic ageing an organism must reduce its rate of 
epigenetic selective destruction. However, there are several ways this can be achieved without 
increasing the risk of celerisis. Increased sensitivity to apoptosis could increase longevity by 
reducing epigenetic slowdown during cell competition, instead relying on cell death and 
replacement to maintain homeostasis, consistent with recent observations in long-lived 
bats585, although this would increase selection for SSMs. Reduced metabolic and proliferative 
rate, with increased protection from genetic mistakes and removal of mutant cells, could all 
reduce the rates of intrinsic ageing. However, all these evolutions could have a single major 
disadvantage, significantly extending development times.  

Indeed, a major mechanism by which development is extended is by reduced IGF signalling. We 
can see this in multiple organisms, from the inhibition of daf-2 in C. elegans stalling 
development and causing dauer formation586, to dogs where a key difference between dog 
breeds is in the levels of developmental IGF-1587. Bigger, stronger animals and faster 
development all involve boosted IGF-1 levels. Thus, as a large organism evolves and has its 
lifespan reduced through increased IGF signalling, then natural selection for longevity should 
spread the IGF signal over a longer period, increasing lifespan in conjunction with the length of 
development.  
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Consistently, wolves have extended developmental period compared to dogs, around 22 
months to mean 12.5 average for dogs588, and squirrels, which live around eight years 
compared to the 2-3 years of similarly sized mice and rats, can have developmental periods 
over a year589 compared to 2-4 months for mice and rats. Slowing developmental rate allows 
slower, more accurate cell and DNA replication followed by a process of more rigorous 
checking. Additionally, time and energy can be put into removing and replacing imperfect cells 
rather than simply slowing their metabolism. While these ideas are also consistent with 
developmental theories like TCQP, the decline in IGF signalling in human adulthood590 is more 
consistent with hypofunction and the four process model.  

Maintaining genetic consistency through cell death and replacement is likely most crucial 
during development, and selective destruction could be described as a mainly developmental 
program, but it will remain relevant after adult transition. It does not rule out the existence of 
additional quasi-programmes and antagonistic pleiotropies, including energy trade-offs. 
Detrimental mutations can still accumulate through drift if they have little to no effect in wild 
populations. After intrinsic ageing evolved, producing an intrinsic limit to lifespan, the fitness 
costs associated with other independent late-acting mutations would be reduced, allowing 
other antagonistic pleiotropies to evolve with smaller early life benefits, potentially allowing 
additional kinds of degeneration.  

Semelparity could reflect one example. Whether death shortly after mating reflects accelerated 
wear-and-tear or a death programme has been debated extensively6,591. The four process model 
suggests it could simply reflect accelerated extrinsic ageing without intrinsic ageing. For 
example, the male antechinus enters a state of frenzy during mating which is usually lethal, and 
even produces Alzheimer’s like protein plaques in the male brains inducing a type of 
dementia592,593. However, if a male is kept in the lab, isolated from other males under optimal 
conditions, it can escape its death and live for an additional two years, more than doubling its 
lifespan594. Although the male is sterilised, after the frenzy is over it is otherwise unharmed, 
capable of living to the next mating.  

Potentially, stress hormones such as cortisol are inducing an accelerated bout of extrinsic 
ageing, which, through the pathways we have suggested in Parts 4.5 and 5.2, could produce 
protein plaques in the brain, which would then reverse when the stress signalling declines.   

Semelparity is unlikely to reflect the necessities of tissue-level selection, suggesting distinct 
reasons for evolving such as benefits to their kin77 or even population stability78. It is also 
possible that additional ageing processes evolved and preceded intrinsic and extrinsic ageing. 
In primitive multicellular organisms where unselective and selective destruction were likely 
evolving to control rogue cells in newly formed somas, other control processes could have 
evolved independent of the IGF/FOXO pathway and the longevity module. In immortal hydra, 
FOXO is crucial for maintaining stem cell pools, but some species can undergo rapid decline 
after sexual reproduction by a process called ‘inducible ageing’, which may be dependent on 
pathways outside the longevity module595. 

Notably, primitive organisms such as hydra, flatworms, and jellyfish have low levels of tumour 
formation despite significant regenerative capacity, which is one of the few results we have 
recognised which is not overtly consistent with the four process model. An organism that lacks 
intrinsic ageing should demonstrate significant risk of celerisis. We suggest that there could be 
multiple explanations for the tumour-resistance of simple animals, but perhaps complexity 
itself may reduce the capacity of tissues to identify and remove mutant cells. In a tissue of one 
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cell type, with shared function and activity, it may be easy to spot cells that are behaving 
aberrantly, but when organisms have “1,264 separate cell groups, comprising the 400 major 
cell types across 60 tissues”, as in the human body596, it may be increasingly difficult to identify 
the effects of mutation from positional effects relative to blood vessels and other cell types and 
differences in differentiation. Thus, negligible senescence may give way to ageing.  

8.3 | Fuel and Energy Model 
The significance of the four process model is that we can begin to think about ageing as specific 
processes allowing us to return to hypothesis driven research aimed at systems level 
interpretations. As our understanding grows, we can also begin to produce computational 
models assessing ageing itself rather than ‘themed’ models.  

Myriad top-down systems studies have provided the full detail of which components of the 
various ‘omes’ associate with ageing, and they have successfully reinforced that it is a 
complex, multifactorial process. While these are excellent studies for identifying biomarkers 
and therapeutic targets, they are less well designed to advance our understanding of the 
underlying mechanisms. For this, we need bottom-up systems studies building networks which 
first simplify the systems and then increase the complexity as our understanding increases. 

Our prolonged focus on damage and disease has created a picture of inevitability about ageing 
as a system of unavoidable positive feedbacks that seem specifically designed to produce 
disease. Yet such seemingly maladaptive processes would be unlikely to evolve. Life is 
maintained by negative feedback and the persistence of homeostasis, and factors associated 
with disease should be assessed in this context. They are more likely to be trade-offs where a 
dysfunction in one system allows a more important one to retain homeostasis.  

In Part 9, we have included a toy model of the basic energy regulation systems and shown how 
metabolic slowdown leads to extrinsic ageing. The Fuel and Energy Model (FEM) is based on 
mathematical representations of equations 1-4 from Part 4, and could form the basis for 
expansion. We suggest that the primary goal of such models should not be to mirror the 
complex web of known interactants as closely as possible, but produce the simplest possible 
system that replicates the rough dynamics of the biological system, and crucially maintains 
homeostasis. Before any new molecule or complexity is added, it should be clear what 
functionality it produces(by either enhancing homeostasis under the current conditions or 
responding to additional conditions). Only by learning how we keep ourselves the same can we 
begin to understand the fundamentals of why we change and eventually fail.    

8.4 | Discussion & conclusion 
Biogerontology is arguably in a post-explanatory state. Much of the attention is directed toward 
omic data gathering, biomarker identification, and translational research. We have come to 
believe that ageing is too complex, reconciling inconsistent data because it is consistent with 
complexity.  

The four process model is designed to produce a basic mechanistic interpretation of ageing 
strengthened by an evolutionary framework. Of course, it is not without considerable 
limitations. Firstly, it covers such a breadth of disciplines that over-simplifications, 
inaccuracies, and omissions are inevitable. We hope that experts in each field will first try to 
adapt the model with corrections before concluding its invalidity. Secondly, dividing ageing into 
four processes de-emphasises the interdependence of the processes. Equally, our attempts to 
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demonstrate that ROS, DNA damage accumulation, and cellular stress are not key factors in 
the ageing processes has likely unfairly marginalised and discounted their various 
contributions, just as previous models may have overestimated them.  

Lastly, we have suggested that selective destruction is orchestrated by Notch signalling, though 
our understanding of cell communication and competition is still in its infancy. There could be 
many contributing pathways, including forces like bioelectric current which could allow 
accurate comparison across multiple cells597, and perhaps others we are yet to imagine. 
However, for readers unconvinced by the necessity of selective destruction or the forces of 
selection in tissue ageing, we would still suggest that splitting ageing into intrinsic and extrinsic 
ageing adds significant predictive value. 

While such theoretical work will doubtless include many errors, it also holds advantages. 
Viewing organisms as simple functional systems maintaining homeostasis within constraints 
strips away the complexity to produce a clear chain of events from health to age-related 
disease. It creates a context which fills the gaps between experimental findings, combining 
evidence while removing paradoxes. If the four process model proves to have some validity, 
then our understanding of ageing will have shifted from widespread disagreement about 
fundamental questions to a position of basic, common knowledge. Ageing would no longer be a 
complex multifactorial process or a collection of hallmarks, but four defined processes with 
perhaps more to follow.  

Part 9: Underlying model of metabolic slowdown 
To test the predictions of the four process model, we created the Fuel and Energy Model (FEM) 
based on mathematical representations of equations 1-4 and their respective equations S1-4 
defined and justified in the methods according to the evidence below.  

The main purposes of the model are: 

• Produce a system that maintains homeostasis for key metabolites which includes the 
major regulatory pathways and molecules as evidenced by literature review.  

• Demonstrate that within this system metabolic slowdown induces the key age-related 
pathologies of mitochondrial dysfunction, weight gain, insulin resistance, and rising 
inflammation, as well as age-related disease. 

• Demonstrate that the model includes all necessary components to assess the 
mechanism by which anti-ageing therapies may affect morbidity and mortality. 

9.1 | Methods  

9.1.1 | Model construction 
The FEM was constructed using ordinary differential equations (ODEs) based on a non-
systematic review of energy homeostasis literature. As with all models, this involved simplifying 
the biological detail to include only the central effectors of the described processes. A model 
schematic is shown in Figure 15.   
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Figure 15 | Fuel & Energy Model (FEM) network. LB is increased by digestion of meals and export of stored lipid from 
the adipose, LI back into to the blood. It is decreased by import into the adipose tissue to form LI, and import into non-
adipose tissue for β-oxidation. LB inhibits the apoptosis of β-cells (βM) and induces their proliferation while 
stimulating β-cells to produce insulin. LI is reduced mainly by apoptosis, where increasing LI induces adipocyte 
hypertrophy which causes secretion of cytokines such as TNF-α which stimulate their apoptosis (and removal of fat 
by reverse cholesterol transport). Insulin inhibits both apoptosis and the export of LI, preventing lipid loss. LI also 
reduces the insulin sensitivity, si, of the cells storing it, while the effect of insulin on all the processes it regulates 
(import, export, and apoptosis) is dependent on the insulin sensitivity of the adipose. Lastly, L I is increased by FFA 
synthesis from acetyl-coenzyme A (ACoA) and reduced by the β-oxidation of FFAs to ACoA, while ACoA inhibits β-
oxidation to provide negative feedback. ACoA is additionally formed from glycolysis and converted to ATP in the 
mitochondria through Kreb’s cycle and oxidative phosphorylation, which we have collectively termed ATP producing 
mitochondrial metabolism (APMM), though glycolysis can also produce smaller amounts of ATP. APMM is activated 
by AMP and AMP kinase (AMPK), while AMPK also stimulates increased mitochondrial capacity and prevents its 
reduction through a mixture of processes (some by increasing mitochondrial mass, such as biogenesis, but others by 
affecting membrane efficiency, such autophagy, uncoupling, and ROS regulation). AMPK also stimulates the β-
oxidation of LI which is dependent on the mitochondrial capacity, as is APMM. Conversely, AMPK inhibits the ATP 
hydrolysing cellular metabolism (AHCM). Images created with BioRender.com. 

9.1.1.1 | Main equations 
𝑑𝐴𝑇𝑃

𝑑𝑡
= 𝑔𝑙𝑦 + 𝛼3 ∙ 𝐼𝑀𝐶 ∙ 𝐴𝐶𝑜𝐴 ∙ 𝐴𝐷𝑃 ∙ 𝐾 −

𝐸𝐶𝑀 ∙ 𝑘𝐶𝑀 ∙ 𝜂(𝐴𝑇𝑃)

𝐾
  (𝑆1) 

𝑑𝐴𝐶𝑜𝐴

𝑑𝑡
=

𝛼2 ∙ 𝜂2(𝐿𝐼) ∙ 𝐾 ∙ 𝐼𝑀𝐶

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
+ 𝑔𝑙𝑦 − 𝛼3 ∙ 𝐼𝑀𝐶 ∙ 𝐴𝐶𝑜𝐴 ∙ 𝐴𝐷𝑃 ∙ 𝐾 − 𝐴𝐶𝐶1 ∙ 𝐴𝐶𝑜𝐴𝑛5    (𝑆2) 

𝑑𝐿𝐵

𝑑𝑡
= 𝑀𝑒𝑎𝑙 − 𝐿𝐵(𝐶1 + 𝐼 ∙ 𝑠𝑖) +

𝜂2(𝐿𝐼)

(𝐶2 + 𝑠𝑖 ∗ 𝐼)𝑛1
    (𝑆3) 

𝑑𝐿𝐼

𝑑𝑡
=  𝐿𝐵(𝐶2 + 𝐼 ∙ 𝑠𝑖) −

𝜂2(𝐿𝐼)

(𝐶2 +  𝑠𝑖 ∗ 𝐼)𝑛1
+  𝐴𝐶𝐶1 ∙ 𝐴𝐶𝑜𝐴𝑛5 −

𝛼2 ∙ 𝜂2(𝐿𝐼) ∙ 𝐾 ∙ 𝐼𝑀𝐶

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
−

𝑘𝑎 ∙ 𝐿𝐼 ∙ 𝑇

(𝐶3 +  𝑠𝑖 ∙ 𝐼)𝑛3
      (𝑆4) 

9.1.1.2 | Other ODEs 
𝑑𝐾

𝑑𝑡
= 𝑘𝑘𝑎

𝐴𝑀𝑃

𝐴𝑇𝑃
− 𝑘𝑘𝑑 ∙ 𝐾   (𝑆1.4) 
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𝑑𝐼𝑀𝐶

𝑑𝑡
= 𝐼𝑀𝐶 (

𝜇3

1 + (𝜆3
𝐾 )𝜀3

−
𝜇4

1 + ( 𝐾
𝜆4

)𝜀4
)   (𝑆1.9) 

𝑑𝐼

𝑑𝑡
= 𝑞 ∙ 𝛽𝑀 ∙ 𝐿𝐵

2 − 𝛾𝑖 ∙ 𝐼    (𝑆3.2) 

𝑑𝛽𝑀

𝑑𝑡
= 𝛽𝑀 (

𝜇1

1 + (𝜆1
𝐿𝐵

)𝜀1
−

𝜇2

1 + (𝐿𝐵
𝜆2

)𝜀2
)   (𝑆3.4) 

𝑑𝑠𝑖

𝑑𝑡
= 𝑘𝑠 −

𝑠𝑖 ∙ 𝑘𝑟 ∙ 𝐿𝐼
𝑛2

1 + 𝐿𝐼
𝑛2

 (𝑆3.9) 

𝑑𝑇

𝑑𝑡
=

𝐿𝐼
𝐻

𝛼1
𝐻 +  𝐿𝐼

𝐻 − 𝛾𝑡 ∙ 𝑇 (𝑆4.2) 

9.1.1.3 | Other equations 

𝐴𝐷𝑃 = 𝐴𝑀𝑃 =
𝐴𝑇𝑃𝑚𝑎𝑥 − 𝐴𝑇𝑃

2
   (𝑆1.5) 

𝐴𝑇𝑃 = 𝐴𝑇𝑃𝑚𝑎𝑥 − 2 ∙ 𝐴𝑀𝑃   (𝑆1.6) 

𝜂(𝐴𝑇𝑃) =
𝐴𝑇𝑃10

(𝑘𝑝
10 + 𝐴𝑇𝑃10)

      (𝑆1.3) 

𝜂2(𝐿𝐼) =
𝐿𝐼

50

(𝑘𝑙
50 + 𝐿𝐼

50)
      (𝑆2.2) 

9.1.1.4 | Metabolic slowdown 
𝑑𝑘𝐶𝑀

𝑑𝑡
= −

𝑘𝐶𝑀

4000
    (𝑆6) 

9.1.1.5 | ATP dynamics 
Adenosine triphosphate (ATP) dynamics are defined by the processes in equation 1 (shown 
here to aid interpretation) and described in equation S1. 

𝑑𝐴𝑇𝑃

𝑑𝑡
= 𝐺𝑙𝑦𝑐𝑜𝑙𝑦𝑠𝑖𝑠 + 𝐴𝑃𝑀𝑀 − 𝐴𝐻𝐶𝑀   (1)  

𝑑𝐴𝑇𝑃

𝑑𝑡
= 𝑔𝑙𝑦 + 𝛼3 ∙ 𝐼𝑀𝐶 ∙ 𝐴𝐶𝑜𝐴 ∙ 𝐴𝐷𝑃 ∙ 𝐾 −

𝐸𝐶𝑀 ∙ 𝑘𝐶𝑀 ∙ 𝜂(𝐴𝑇𝑃)

𝐾
  (𝑆1) 

Glycolysis is modelled as the parameter gly, as in equation S1.1, defining the rate at which ATP 
is produced by the glycolysis of glucose. 

𝐺𝑙𝑦𝑐𝑜𝑙𝑦𝑠𝑖𝑠 = 𝑔𝑙𝑦 (𝑆1.1) 

Glycolysis is the production of pyruvate from glucose (and here includes the subsequent step 
producing acetyl-coenzyme A, ACoA, from pyruvate), which also produces a small amount of 
ATP. We kept gly at zero for model simulations, choosing to focus entirely on lipid dynamics, so 
the same parameter could be used for ACoA production (see below).  

ATP hydrolysing cellular metabolism (AHCM) was defined as the non-mitochondrial and 
mitochondrial metabolism requiring the hydrolysis of ATP (i.e. the metabolism using up the 
bioavailable energy, rather than producing it), as in equation S1.2.  
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𝐴𝐻𝐶𝑀 =
𝐸𝐶𝑀 ∙ 𝑘𝐶𝑀 ∙ 𝜂(𝐴𝑇𝑃)

𝐾
 (𝑆1.2)  

We used a single parameter, kCM to define the basal metabolic rate. The ECM parameter defines 
the tissue’s upregulation of AHCM in response to external cues (the capacity limited by kCM, NB: 
using two separate parameters allowed us to manipulate these aspects in combination). Within 
this capacity, AHCM can still be regulated by inhibition via AMP-activated protein kinase (AMPK) 
activity (K, described below), as is well documented178,598. 

To some extent, AHCM must be dependent on the level of its substrate, ATP. However, the rate 
of AHCM cannot be allowed to fluctuate according to the energetic availability. It must reflect 
largely the metabolic needs of the cell. For example, the production of alcohol dehydrogenase 
to detoxify alcohol should be primarily a reflection of the quantity of alcohol, not ATP. Thus, ATP 
is maintained well above rate limiting concentrations. We describe this dependence as a switch 
function η(ATP), as in equation S1.3. This allows AHCM to occur at maximal (normal) rate while 
ATP levels are higher than the (low) threshold determined by the parameter, kp, dropping quickly 
to zero when ATP drops below it. Notably, if ATP is maintained at equilibrium, the levels should 
never drop below the threshold and η(ATP) = 1 would be an acceptable simplifying substitution. 

𝜂(𝐴𝑇𝑃) =
𝐴𝑇𝑃10

(𝑘𝑝
10+𝐴𝑇𝑃10)

      (𝑆1.3) 

AMP-activated protein kinase (AMPK) activity is described by variable K, inhibiting AHCM. K is 
determined by the ratio of adenosine monophosphate (AMP):ATP, regulated firstly by 
upstream kinases and phosphatases phosphorylating/dephosphorylating AMPK’s activation 
loop, and secondly by phosphorylation-independent, allosteric kinase activation599. While ATP 
and AMP affect both processes, ADP plays a more minor role, mainly protecting against 
dephosphorylation without contributing to allosteric activation600-603. Therefore, we have only 
considered AMP and ATP in the activation of AMPK. As shown in equation S1.4, AMPK activation 
is determined by the ratio of AMP:ATP, while the rate of deactivation increases linearly with 
active AMPK (corresponding to a spontaneous deactivation process with a fixed average rate).  

𝑑𝐾

𝑑𝑡
= 𝑘𝑘𝑎

𝐴𝑀𝑃

𝐴𝑇𝑃
− 𝑘𝑘𝑑 ∙ 𝐾   (𝑆1.4) 

ATP regulation appears to be highly robust; as described by Hancock, et al.175, “the rate of ATP 
hydrolysis is matched by the rate of ATP supply without measurable changes in ATP over a wide 
range of ATP demands (up to very intense short-term near-maximal exercise)”176. Outside the 
conditions of intense exercise, AMPK can regulate metabolism and respiration to maintain the 
correct ratio of ATP:ADP/AMP without affecting the size of the adenosine phosphate (AP) pool. 

Adenylate kinase reversibly converts 2 ADP to one AMP and one ATP, maintaining equilibrium 
levels of ADP and AMP under most conditions604, which for simplicity we have assumed is a 1:1 
ratio so AMP ≈ ADP. This allows us to ignore the least important regulator of K, ADP, as shown in 
equation S1.5-1.6, where ATPmax is the size of the AP pool, and thus the maximum amount of 
ATP that could be produced. Thus, the AMP:ATP ratio in equation S1.4 is defined as in equation 
S1.7.   

𝐴𝐷𝑃 = 𝐴𝑀𝑃 =
𝐴𝑇𝑃𝑚𝑎𝑥 − 𝐴𝑇𝑃

2
   (𝑆1.5) 

𝐴𝑇𝑃 = 𝐴𝑇𝑃𝑚𝑎𝑥 − 2 ∙ 𝐴𝑀𝑃   (𝑆1.6) 
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𝐴𝑀𝑃

𝐴𝑇𝑃
=

𝐴𝑇𝑃𝑚𝑎𝑥 − 𝐴𝑇𝑃

2 ∙ 𝐴𝑇𝑃
   (𝑆1.7) 

ATP producing mitochondrial metabolism (APMM) reflects all metabolism that results in net 
production of ATP within the mitochondria. Here, we have separated this from the processes of 
glycolysis and β-oxidation. Glycolysis is usually defined by the production of pyruvate (and 2 
ATP); however, for simplification of ACoA dynamics (see equation 2), we have defined both 
processes to include the following step where pyruvate (and acyl-coenzyme A for β-oxidation) 
are converted to ACoA, which occurs within the mitochondria. APMM thus refers to utilisation 
of ACoA in Krebs cycle and the subsequent ATP production during oxidative phosphorylation 
(OXPHOS) from the NADH and FADH2 it produces.  

The factors governing APMM are complex. For example, Kreb’s cycle can be regulated at 
multiple points to generate the various intermediates as required for specific metabolic needs 
other than ATP production. OXPHOS is dependent on the availability of oxygen to accept the 
electrons at the end of the electron transport chain, forming water by binding the hydrogen 
ions. For simplicity, we have assumed that external conditions such as the need for Kreb’s 
intermediates are constant, and oxygen is in plentiful supply. APMM is thus influenced by the 
availability of its substrates adenosine diphosphate (ADP, described by equation S1.5) and 
ACoA, multiplied by the intrinsic mitochondrial capacity (IMC) to convert ACoA to ATP, and the 
AMPK activity (K) which stimulates APMM as in equation S1.8.  

𝐴𝑃𝑀𝑀 = 𝛼3 ∙ 𝐼𝑀𝐶 ∙ 𝐴𝐶𝑜𝐴 ∙ 𝐴𝐷𝑃 ∙ 𝐾 (𝑆1.8) 

Intrinsic mitochondrial capacity (IMC) is modelled as a dynamic variable defined by the 
functionality of the mitochondrial space per unit volume multiplied by the amount of 
mitochondrial space (i.e. mass ∙ mass-independent functionality). In the main article we 
mention the complex list of effectors influencing the IMC, but in the FEM we focus on K as the 
primary regulator of all subsequent factors influencing IMC, which therefore determines the 
rates of Kreb’s and OXPHOS. Thus, low ATP and high K accelerate Kreb’s and OXPHOS, and 
high ATP low K slow them605,606, and the factors affecting IMC can be condensed into a function 
of K so that changes in IMC can be defined as in equation S1.9.  

𝑑𝐼𝑀𝐶

𝑑𝑡
= 𝐼𝑀𝐶 (

𝜇3

1 + (𝜆3
𝐾 )𝜀3

−
𝜇4

1 + ( 𝐾
𝜆4

)𝜀4
)   (𝑆1.9) 

The equation is designed to have dynamic compensation with respect to K, forcing K to an 
equilibrium value determined by the parameters λ3 and λ4 as described by Karin, et al.195 (see 
Part 9.3 for further discussion). Thus, the ratio of ATP:AMP and total ATP level are maintained at 
equilibrium despite changes in metabolism (described further in model discussion). 

9.1.1.6 | ACoA dynamics 
ACoA dynamics are defined by the processes in equation 2 (shown here to aid interpretation) 
and described in equation S2. 

𝑑𝐴𝐶𝑜𝐴

𝑑𝑡
= 𝛽‐ 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 + 𝐺𝑙𝑦𝑐𝑜𝑙𝑦𝑠𝑖𝑠 − 𝐴𝑃𝑀𝑀 − 𝐹𝐹𝐴 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠    (2) 

𝑑𝐴𝐶𝑜𝐴

𝑑𝑡
=

𝛼2 ∙ 𝜂2(𝐿𝐼) ∙ 𝐾 ∙ 𝐼𝑀𝐶

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
+ 𝑔𝑙𝑦 − 𝛼3 ∙ 𝐼𝑀𝐶 ∙ 𝐴𝐶𝑜𝐴 ∙ 𝐴𝐷𝑃 ∙ 𝐾 − 𝐴𝐶𝐶1 ∙ 𝐴𝐶𝑜𝐴𝑛5    (𝑆2) 
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In addition to glycolysis discussed above, ACoA is produced by β-oxidation, and can either be 
de-acetylated in APMM or converted back into free fatty acids (FFAs) via FFA synthesis. 

ACoA is controlled by robust negative feedback. Excess mitochondrial ACoA is converted to 
malonyl-CoA by acetyl-CoA carboxylase 2 (ACC2), which then allosterically inhibits the transfer 
of cytoplasmic acyl-CoA through the mitochondrial membrane into the matrix through carnitine 
palmitoyltransferase 1 (CPT1, forming acyl-carnitine as an intermediate)607. This is frequently 
the rate-limiting step in β-oxidation; however, it is tissue dependent608. Thus, the main 
inhibitory factor for β-oxidation was mitochondrial malonyl-CoA, which we define in equation 
S2.1 as a function of ACoA. 

𝛽‐ 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 =
𝛼2

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
 ∙ 𝜂2(𝐿𝐼) ∙ 𝐾 ∙ 𝐼𝑀𝐶   (𝑆2.1) 

𝑜𝑓𝑓 − 𝑠𝑤𝑖𝑡𝑐ℎ 𝑏𝑦 𝐴𝐶𝑜𝐴:   
𝛼2

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
  

𝑜𝑛 − 𝑠𝑤𝑖𝑡𝑐ℎ 𝑏𝑦 𝐿𝐼  (𝑠𝑒𝑒 𝑏𝑒𝑙𝑜𝑤):   𝜂2(𝐿𝐼) 

𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑜𝑟 𝐾 𝑎𝑛𝑑 𝐼𝑀𝐶    

K influences the rate of β-oxidation indirectly by activating peroxisome proliferator activated 
receptor α (PPARα) and peroxisome proliferator-activated receptor-gamma coactivator 1 
(PGC1)609, regulating IMC (equation S1.9), but also directly by inhibiting ACCs610, and 
stimulating malonyl CoA decarboxylase (MCD) which degrades malonyl-CoA611. 

It is also dependent on the availability of LI. Just as we described the dependence of AHCM on 
ATP levels by the function η(ATP), equation S2.2 describes a similar function η2(LI) for the 
dependence of β-oxidation on LI. As most LI is stored as lipid droplets (LDs), while FFAs are kept 
relatively constant, the rate of β-oxidation should only become dependent on LI once LDs have 
been exhausted and can no longer replenish the FFAs required for APMM.   

𝜂2(𝐿𝐼) =
𝐿𝐼

50

(𝑘𝑙
50 + 𝐿𝐼

50)
      (𝑆2.2) 

Excess mitochondrial ACoA is also converted to citrate (in Krebs cycle) which is then pumped 
out of mitochondria by tricarboxylate carriers and converted back to ACoA by citrate lyase. 
Cytoplasmic ACoA then forms the substrate for FFA synthesis, converted to malonyl-CoA by 
acetyl-CoA carboxylase 1 (ACC1, the cytoplasmic version of ACC2). Malonyl-CoA is then 
converted to FFAs by fatty acid synthase (FAS). Thus, we defined FFA synthesis by equation 
S2.3, where ACC∙ACoA is used as a proxy for malonyl-CoA as for β-oxidation, and constants for 
ACC1 and FAS are combined to form a single constant (ACC1). 

𝐹𝐹𝐴 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 =  𝐴𝐶𝐶1 ∙ 𝐴𝐶𝑜𝐴𝑛5    (𝑆2.3) 

We have assumed FFA synthesis under simulated conditions is low, setting ACC1 to a value of 
0.00001 (compared to a value of 2 for ACC2), reflecting that we are initially modelling lipid 
dynamics in the absence of alternative fuels which would be converted to fats, so FFA synthesis 
will be downregulated.  

9.1.1.7 | Lipid dynamics 
Lipid dynamics have been simplified to consider only FFAs, triglycerides (three fatty acids 
bonded to glycerol), and the macromolecules and organelles which bind and carry them. FFAs 
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in meals enter the body via the gut, are esterified to form triglycerides, and transferred to the 
blood attached to lipoproteins (chylomicrons from gut). Equally, FFAs from internal sources are 
esterified and bound to very-low-density lipoprotein (VLDL) in the liver, which is transported 
around the blood forming low-density lipoprotein (LDL). Unlike glucose, FFAs are not soluble in 
water, so only a tiny percentage (<0.01%) are carried free in the plasma with >95% bound to 
albumin612, while more than 90% of total fatty acids in plasma are stored as esters (such as 
triglycerides), which are mainly transported on lipoproteins. This combined pool of blood lipids 
is referred to as LB. Similarly, the combined pool of FFAs, triglycerides, and lipid droplets (LDs) 
are grouped together as intracellular lipid (LI). 

9.1.1.7.1 | LB dynamics 
Changes in LB are defined by the processes in equation 3 (shown here to aid interpretation) and 
described in equation S3. For reasons described below, both import and export refer 
exclusively to the adipose tissue (shorted from ‘adipose import’ and ‘adipose export’ for 
brevity). 

𝑑𝐿𝐵

𝑑𝑡
= 𝑀𝑒𝑎𝑙 − 𝐼𝑚𝑝𝑜𝑟𝑡 + 𝐸𝑥𝑝𝑜𝑟𝑡   (3) 

𝑑𝐿𝐵

𝑑𝑡
= 𝑀𝑒𝑎𝑙 − 𝐿𝐵(𝐶1 + 𝐼 ∙ 𝑠𝑖) −

𝜂2(𝐿𝐼)

(𝐶2 + 𝑠𝑖 ∗ 𝐼)𝑛1
    (𝑆3) 

The import of LB is controlled primarily by insulin (variable I) through the activation of cluster of 
differentiation 36 (CD36), in a similar mechanism to glucose transport via glucose transporter 
type 4 (GLUT4)189,613,614. Insulin also stimulates lipoprotein lipase in the wall of the vascular 
endothelium, which breaks the ester bonds of triglycerides to release the FFAs for import to 
adipose tissue615. The degree to which insulin stimulates the import of LB is dependent firstly on 
LB and secondly on the insulin sensitivity, si (variable described below) of the adipocytes. Thus, 
import is described as in equation S3.1, with insulin-independent import defined by the 
parameter C1. 

𝐼𝑚𝑝𝑜𝑟𝑡 =  𝐿𝐵(𝐶1 + 𝐼 ∙ 𝑠𝑖)   (𝑆3.1) 

Due to the similarities between LB and blood glucose regulation, we modelled import of LB with 
a derivation of the blood glucose model produced by Topp, et al.134, called the β-cell, insulin, 
glucose (BIG) model. We adapted a derivation of the BIG model produced by Karin, et al.195 for 
import and insulin dynamics, substituting LB for glucose as in equation S3.2, reflecting that 
insulin is produced by β-cells in the pancreas, which are stimulated by circulating FFAs both to 
produce insulin616,617 and proliferate618-620 similarly to blood glucose. Thus, as in equation S3.2, 
insulin is produced in an LB-dependent manner at rate q per β-cell, multiplied by the number of 
β-cells, or β-cell mass (variable βM). Insulin then degrades spontaneously at rate γi. 

𝑑𝐼

𝑑𝑡
= 𝑞 ∙ 𝛽𝑀 ∙ 𝐿𝐵

2 − 𝛾𝑖 ∙ 𝐼    (𝑆3.2) 

This model was appealing because Karin, et al.195 demonstrated that the BIG model had 
dynamic compensation, meaning that for any value of q or si the system would adapt to return 
LB to equilibrium (see model discussion for further detail). This occurs because of the βM 
expanding and contracting according to the level of LB as in equations S3.3-3.4, based on those 
used by Karin, et al.195. In the FEM, LB stimulates proliferation and inhibits apoptosis so that βM 
grows and shrinks according to insulin production requirements. It forces LB to an equilibrium 
value determined by the parameters λ1 and λ2.  
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𝑑𝛽𝑀

𝑑𝑡
= 𝛽𝑀(𝑃𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 − 𝐴𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 𝑟𝑎𝑡𝑒)   (𝑆3.3) 

𝑑𝛽𝑀

𝑑𝑡
= 𝛽𝑀 (

𝜇1

1 + (𝜆1
𝐿𝐵

)𝜀1
−

𝜇2

1 + (𝐿𝐵
𝜆2

)𝜀2
)   (𝑆3.4) 

The BIG model did not consider LI export, but evidence suggests this is also dependent on 
insulin. Insulin inhibits lipolysis and export, inhibiting lipolysis in an AKT-independent621 and 
dependent mechanism by dephosphorylating hormone sensitive lipase and preventing de-
esterification of intracellular triglycerides in LDs622,623. We modelled export with an insulin-
dependent and independent component, C2, as described in equation S3.5. 

𝐸𝑥𝑝𝑜𝑟𝑡 =  
𝜂2(𝐿𝐼)

(𝐶2 + 𝑠𝑖 ∗ 𝐼)𝑛1
    (𝑆3.5)    

The η2(LI) function limiting β-oxidation when LI drops below the threshold will also apply to 
export, as the central function of export (from the adipose) is to replenish LB and ensure the 
supply of FFAs for non-adipose β-oxidation (as well as broader metabolic needs not considered 
here). Increasing export simply because there is more LI stored would therefore be 
counterproductive. Notably, as most non-adipose tissues cannot store LI as LDs, excess LI is 
toxic188,624,625, necessitating swift return to equilibrium. The η2(LI) function may thus not apply to 
non-adipose export, while import likely adapts much more swiftly with alterations to si. As the 
functions for non-adipose export and import likely differ from the functions for adipose tissue, 
LB would more accurately be described by equation S3.6. 

𝑑𝐿𝐵

𝑑𝑡
= 𝐺𝑢𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝐴𝑑𝑖𝑝𝑜𝑠𝑒 𝐼𝑚𝑝𝑜𝑟𝑡 + 𝐴𝑑𝑖𝑝𝑜𝑠𝑒 𝐸𝑥𝑝𝑜𝑟𝑡 − 𝑁𝑜𝑛‐ 𝑎𝑑𝑖𝑝𝑜𝑠𝑒 𝑖𝑚𝑝𝑜𝑟𝑡 + 𝑁𝑜𝑛‐ 𝑎𝑑𝑖𝑝𝑜𝑠𝑒 𝑒𝑥𝑝𝑜𝑟𝑡  (𝑆3.6) 

As there is little storage of LI in non-adipose tissues, the level of LI import will roughly equal the 
level of β-oxidation over time, either because excess LI is exported back into the blood or the 
insulin sensitivity of the tissues quickly adapts to reduce import to match their metabolic rate. 
Therefore, net import ≈ β-oxidation. Thus, equation 3.6 could be re-written as in equation S3.7, 
and Meal defined as in equation S3.8, where non-adipose β-oxidation is defined as in equation 
S3.9.  

𝑑𝐿𝐵

𝑑𝑡
= 𝐺𝑢𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝐴𝑑𝑖𝑝𝑜𝑠𝑒 𝐼𝑚𝑝𝑜𝑟𝑡 + 𝐴𝑑𝑖𝑝𝑜𝑠𝑒 𝐸𝑥𝑝𝑜𝑟𝑡 − 𝑁𝑜𝑛‐ 𝑎𝑑𝑖𝑝𝑜𝑠𝑒 𝛽‐ 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛  (𝑆3.7) 

𝑀𝑒𝑎𝑙 = 𝐺𝑢𝑡 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝑁𝑜𝑛‐ 𝑎𝑑𝑖𝑝𝑜𝑠𝑒 𝛽‐ 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛  (𝑆3.8) 

𝑁𝑜𝑛‐ 𝑎𝑑𝑖𝑝𝑜𝑠𝑒 𝛽‐ 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 =  𝑁𝑜𝑛‐ 𝑎𝑑𝑖𝑝𝑜𝑠𝑒 𝑖𝑚𝑝𝑜𝑟𝑡 − 𝑁𝑜𝑛 − 𝑎𝑑𝑖𝑝𝑜𝑠𝑒 𝑒𝑥𝑝𝑜𝑟𝑡  (𝑆3.9) 

The implications of this simplification are described in the model discussion, but it allowed us 
to limit the FEM to the adipose and blood rather than including additional tissues. NB: we used 
the term ‘Meal’ in the main text as this was sufficiently descriptive for the textual analysis of 
metabolic slowdown before considering that the FEM separates adipose from non-adipose 
dynamics.  

Thus, when we refer to the insulin sensitivity (variable si) we refer exclusively to the adipose. 
Although an in-depth review of si regulation is beyond the scope of the FEM, it is worth noting 
that because adipose can store LI (as LDs) it cannot regulate si by the size of the FFA pool as 
can other tissues. However, at the point of hypertrophy continuing import would lead to 
bursting and necrosis (uncontrolled cell death). Although this does happen, it appears to reflect 
mainly stress conditions rather than normal adipose homeostasis210,626. Thus, to avoid bursting, 
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adipocytes must regulate si with respect to their LI as stored in LDs. It is well established that 
small adipocytes are more insulin sensitive than large ones627,628, and adipocyte size correlates 
with si independent of fat mass629. 

One mechanism reducing si results from the redistribution of cholesterol from the plasma 
membrane to the LDs630,631. Cholesterol forms a major part of lipid rafts called caveolae which 
act as major docking sites for insulin sensitive transporters such as CD36 and GLUT4632,633. 
Therefore, cholesterol depletion of the membrane prevents endocytosis and insulin signalling 
in adipocytes634, promoting insulin resistance (IR). Importantly, the main protein stabilising 
caveolae, caveolin 1 (CAV1), regulates expansion of LDs by its transfer from the plasma 
membrane to the membrane of the organelles635,636, thus as LDs expand, adipocytes become 
less insulin sensitive. Therefore, si is reduced by increasing LI as defined by equation S3.10, 
while production of insulin receptor was modelled to occur at a constant rate defined by 
parameter, ks.  

𝑑𝑠𝑖

𝑑𝑡
= 𝑘𝑠 −

𝑠𝑖 ∙ 𝑘𝑟 ∙ 𝐿𝐼
𝑛2

1 +  𝐿𝐼
𝑛2

 (𝑆3.10) 

Plaque formation and growth was modelled as a function of elevated LB. We suggested there 
would be an equilibrium point where the rate of plaque degradation equalled the rate of 
plaque production, Peq, and risk from plaques would change as shown in equation S3.11 (NB: 
risk was reset to 1 at time t = 1900 (after model has reached equilibrium), and could not drop 
below zero (see supplementary code, lines 61-72). 

𝑑[𝑅𝑖𝑠𝑘]

𝑑𝑡
= 𝑅𝑅(𝐿𝐵 − 𝑃𝑒𝑞)    (𝑆3.11) 

When LB rises above Peq, (𝐿𝐵 − 𝑃𝑒𝑞 > 0) risk increases as the plaques enlarge and spread 
(linearly as the distance from equilibrium increases), and when LB drops back below Peq the 
plaques decrease in size and number as the removal mechanisms begin to work faster than 
lipid deposition. Notably, Peq is not (necessarily) the same as the equilibrium value for LB, and 
does not have to be constant. We could incorporate ‘wear and tear’ induced endothelial 
dysfunction as a steadily declining Peq, or Peq could be a function of inflammation and/or insulin 
resistance; see Theofilis, et al.637 for recent review.  

9.1.1.7.2 | LI dynamics 
Changes in LI are defined by the processes in equation 4 (shown here to aid interpretation) and 
described in equation S4. 

𝑑𝐿𝐼

𝑑𝑡
= 𝐼𝑚𝑝𝑜𝑟𝑡 − 𝐸𝑥𝑝𝑜𝑟𝑡 + 𝐹𝐹𝐴 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 − 𝛽‐ 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 − 𝐴𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠  (4) 

𝑑𝐿𝐼

𝑑𝑡
=  𝐿𝐵(𝐶2 + 𝐼 ∙ 𝑠𝑖) −

𝜂2(𝐿𝐼)

(𝐶2 +  𝑠𝑖 ∗ 𝐼)𝑛1
+  𝐴𝐶𝐶1 ∙ 𝐴𝐶𝑜𝐴𝑛5 −

𝛼2 ∙ 𝜂2(𝐿𝐼) ∙ 𝐾 ∙ 𝐼𝑀𝐶

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
−

𝑘𝑎 ∙ 𝐿𝐼 ∙ 𝑇

(𝐶3 +  𝑠𝑖 ∙ 𝐼)𝑛3
      (𝑆4) 

The processes for Import, Export, FFA synthesis and beta-oxidation have all been described 
above.  

Apoptosis removes hypertrophic cells via activation of a localised immune response and 
inflammation. Hypertrophic cells produce inflammatory cytokines which attract immune cells 
such as macrophages211 and cause a phenotypic switch toward the inflammatory M1 
polarisation212.  

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2026. ; https://doi.org/10.64898/2026.01.30.701154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.30.701154
http://creativecommons.org/licenses/by/4.0/


Basal inflammation in the adipose tissue is a highly complex process, including an array of 
activatory and inhibitory cytokines and chemokines, as well as T and B cells in addition to 
macrophages and monocytes, some of which can also function to inhibit inflammation as well 
switch between pro and anti-inflammatory states. For the FEM, we modelled inflammation by 
simplifying it to a single variable, TNF-α (T), which is thought to be responsible for the extrinsic 
apoptosis of hypertrophic adipocytes210,638 (see Part 9.3 for implications). Hence knockout 
mouse models with increased inflammation and apoptosis have reduced fat mass639. 

Infiltrating macrophages localize around large or dead adipocytes forming crown-like 
structures215, suggesting that hypertrophic adipocytes are preferentially targeted for apoptosis, 
perhaps in part because they are insulin resistant638,640,641. Also in obese children, the size of fat 
cells correlated more strongly with inflammatory markers than either body mass index (BMI) or 
fat mass629. Therefore, we modelled apoptosis as dependent on LI, representing the number of 
hypertrophic cells, and degree of inflammation, T, as in equation S4.1.  

𝐴𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 =
𝑘𝑎 ∗ 𝐿𝐼 ∗ 𝑇

(𝐶3 +  𝑠𝑖 ∗ 𝐼)𝑛3
   (𝑆4.1) 

Hypertrophic cells have increased expression of Toll-like receptor 4 (TLR4) and NF-κB 
expression which not only attract macrophages642, but sensitize cells to apoptosis643,644, and 
contribute to IR645,646. Importantly, death-receptor-induced apoptosis is inhibited by IGF-1 and 
insulin in white638,647 and brown648 adipocytes. Insulin promotes survival in multiple cell 
types640,641, and increasing insulin concentrations in vitro protect adipocytes from TNF-α 
induced apoptosis638. Thus, while both hypertrophic adipocytes and infiltrating macrophages 
cause adipose inflammation, mainly the insulin resistant hypertrophic adipocytes undergo 
apoptosis627-629. Thus, apoptosis was inhibited by insulin dependent on the degree of si (and 
independently of insulin, C3). 

We modelled variable T in equation S4.2 to be increased primarily by the number of 
hypertrophic cells, represented by LI, which produced inflammatory T. The rate of T degradation 
was modelled as spontaneous, similarly to insulin degradation, dependent on the amount of T 
multiplied by degradation constant, γt. Adipocyte-induced inflammation follows a sigmoid 
switch function reflecting that basal inflammation is a dangerous tool to allow to steadily 
increase ad infinitum. Beyond a certain point it could initiate a full-blown immune response, 
consistent with the link between obesity and autoimmunity649.  

𝑑𝑇

𝑑𝑡
=

𝐿𝐼
𝐻

𝛼1
𝐻 +  𝐿𝐼

𝐻 − 𝛾𝑡 ∙ 𝑇 (𝑆4.2) 

A summary of how the equations were derived is shown in Table 1. 

Equation Explanation of key dynamics 
Main equations 
APMM 𝛼3 ∙ 𝐼𝑀𝐶 ∙ 𝐴𝐶𝑜𝐴 ∙ 𝐴𝐷𝑃 ∙ 𝐾 

For simplicity, model assumed linear dynamics based on substrates (ACoA 
and ADP) dependent firstly on the intrinsic mitochondrial capacity (IMC) to 
convert these to ATP and secondly the degree to which mitochondria were 
activated by AMPK (K). 

AHCM 𝐸𝐶𝑀 ∙ 𝑘𝐶𝑀 ∙ 𝜂(𝐴𝑇𝑃)

𝐾
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Substrate ATP was presumed to be in excess (see η equations below). Thus, 
AHCM was dependent on the basal rate, kCM multiplied by ECM, the induced 
upregulation based on metabolic needs (eg. exercise in muscle). This was 
inhibited by AMPK.  

Glycolysis Model ignored glucose dynamics, so glycolysis was set to zero.  
β-oxidation 𝛼2 ∙ 𝜂2(𝐿𝐼) ∙ 𝐾 ∙ 𝐼𝑀𝐶

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
 

LI in the adipose is presumed to be in constant excess (see η equations 
below), removing substrate dependence. As β-oxidation is mitochondrial, it 
was dependent on the IMC and activated by AMPK. The process is inhibited 
potently by malonyl-CoA, which is produced from ACoA by the enzyme 
ACC2, hence we used ACC2∙ACoAn. Exponent reflects the potency of 
inhibition. 

FFA synthesis 𝐴𝐶𝐶1 ∙ 𝐴𝐶𝑜𝐴𝑛5 
The process is dependent on its substrate ACoA, and the activity of the rate 
limiting enzyme ACC1. As in β-oxidation, we used ACoAn to indicate the 
potent negative feedback of ACoA on its own concentration. 

Import 𝐿𝐵(𝐶1 + 𝐼 ∙ 𝑠𝑖) 
We replicated the import equation from Karin et al. (2016), replacing glucose 
with LB. 

Export 𝜂2(𝐿𝐼)

(𝐶2 + 𝑠𝑖 ∗ 𝐼)𝑛1
 

For export, we used the inverse of the import equation squared to reflect 
inhibition by insulin. While import was dependent on LB, we considered 
export would not be dependent on LI due both to the inefficiency this would 
produce as a storage mechanism (see text) and that LI is mainly locked away 
in LDs while FFAs in the adipose remain constant. Hence, we used a η(LI) for 
substrate dependence.    

Apoptosis 𝑘𝑎 ∗ 𝐿𝐼 ∗ 𝑇

(𝐶3 + 𝑠𝑖 ∗ 𝐼)𝑛3
    

The number of hypertrophic cells was modelled as a linear function of LI, and 
the degree to which this would induce apoptosis depended linearly on the 
level of inflammation. We used the inverse of the import equation to reflect 
inhibition by insulin. 

β-cell mass 
𝛽𝑀 (

𝜇1

1 + (𝜆1
𝐿𝐵

)𝜀1
−

𝜇2

1 + (𝐿𝐵
𝜆2

)𝜀2
)    

We replicated the insulin equation from Karin et al. (2016), replacing glucose 
with LB. The sigmoid curve produces dynamic compensation, maintaining LB 
at homeostasis independent of insulin production and sensitivity (see 
discussion).  

Insulin 𝑞 ∙ 𝛽𝑀 ∙ 𝐿𝐵
2 − 𝛾𝑖 ∙ 𝐼     

We replicated the insulin equation from Karin et al. (2016), replacing glucose 
with LB. The equation reflects basic dynamics of protein production and 
degradation.  

AMPK activity 
𝑘𝑘𝑎

𝐴𝑀𝑃

𝐴𝑇𝑃
− 𝑘𝑘𝑑 ∙ 𝐾    

We used the same dynamic equation as for insulin reflecting AMPK 
production and degradation. AMPK production/activation is dependent on 
the ration of ATP:AMP. For simplicity, ADP was ignored, and additional 
factors such as those regulating protein phosphorylation were not included.  
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IMC 
𝐼𝑀𝐶 (

𝜇3

1 + (𝜆3
𝐾 )𝜀3

−
𝜇4

1 + ( 𝐾
𝜆4

)𝜀4
)    

Because IMC was dependent on mitochondrial mass, we replicated the ODE 
for β-cell mass replacing LB with AMPK activity, the primary activator of IMC. 
However, the goal of using a similar equation was to generate the dynamic 
compensation for ATP using the same sigmoid curve.  

si  
𝑘𝑠 −

𝑠𝑖 ∙ 𝑘𝑟 ∙ 𝐿𝐼
𝑛2

1 + 𝐿𝐼
𝑛2

 

We assumed insulin receptor was produced at a constant rate, ks. Receptor 
degradation was dependent linearly on the amount of insulin receptor (si), 
and LI in a bounded relationship designed to restrain fluctuations in si. 
Exponent was small to produce a smooth change in si.  

Inflammation 𝐿𝐼
𝐻

𝛼1
𝐻 +  𝐿𝐼

𝐻 − 𝛾𝑡 ∙ 𝑇 

As inflammation is a highly complex process, this equation was dramatically 
simplified to reflect a single inflammatory protein, such as TNF-α. Its 
degradation dynamics followed insulin and AMPK. Activation was a gradual 
switch function dependent on LI that would limit excessive inflammation, 
preventing an infection response.  

Other equations 
ATP, ADP, 
AMP 

𝐴𝑇𝑃 = 𝐴𝑇𝑃𝑚𝑎𝑥 − 2 ∙ 𝐴𝑀𝑃  
𝐴𝐷𝑃 =  𝐴𝑀𝑃  

We assumed a constant pool of adenosine phosphates (ATPmax). ATP was 
therefore equal to ATPmax – (ADP + AMP). For simplicity, we assumed ADP 
and AMP were equal.  

η1 and η2 
𝜂(𝐴𝑇𝑃) =

𝐴𝑇𝑃10

(𝑘𝑝
10 + 𝐴𝑇𝑃10)

     ,   𝜂2(𝐿𝐼) =
𝐿𝐼

50

(𝑘𝑙
50 + 𝐿𝐼

50)
        

These functions created a switch function to produce substrate 
independence above a low level of substrate for ATP and LI.  

kCM 
−

𝑘𝐶𝑀

4000
     

After the model equilibrated, we introduced a gradual decrease in kCM 
independent of any other variables to reflect metabolic slowdown as a result 
of selective destruction.  

Table 1 | Rationale for selected equations. Abbreviations, see Table 6. 

9.1.2 | Model running and storage 
The FEM was constructed using R version 3.6.3 with the deSolve package for ordinary 
differential equations (ODEs). The R code for the model and all data analysis are available on 
FAIRDOM Hub with the following identifying links: 

DOI: 10.15490/fairdomhub.1.model.851.1   SEEK ID: 
https://fairdomhub.org/models/851?version=1  

Contrary to most biological models, the purpose of the FEM was not to bring several molecular 
and cellular components of interest together and elucidate the resulting system behaviour. The 
system behaviour was predicted by the literature evidence, and the model was designed to 
demonstrate this mathematically. Although further research is required to fit the model with 
real concentrations and masses of the included components, here we were interested only in 
broader homeostatic implications of metabolic slowdown as indicated by whether metabolites 
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and components remained at constant rates and concentrations (homeostasis) and if not, the 
direction of the shift over time.  

Values and definitions for static parameters are found in Table 2, and initial variable values and 
adjusted parameters in Table 3. Rough explanations for the chosen values are provided, but 
were  mainly arbitrary, as were the units (au). We have defined the nature of the units in Table 3; 
however, as stated, the FEM is supposed to represent broad biological contexts rather than any 
specific biological conditions. Some values were changed during simulations for aesthetic 
purposes (ie to speed or slow certain reactions), but none affected the homeostatic 
implications of the FEM.  

 

Parameter Definition Value Explanation 

Lipid dynamics  

C1 Insulin independent import of LB 0.001 From132 

C2 Insulin independent import of LI 0.001 Replicated C1 

C3 Insulin independent inhibition of 
apoptosis 

0.001 Replicated C1 

n1 (n1) Exponent of insulin-dependent and 
independent inhibition of export 

2 Model derived 

n3 (n3) Exponent of insulin-dependent and 
independent inhibition of apoptosis 

1 Simplicity 

n4 (n4) Exponent of formation of malonyl-CoA 
by ACC2, inhibiting β-oxidation 

5 >1 to reflect ACC is potent 
inhibitor 

n5 (n5) Exponent of formation of malonyl-CoA 
by ACC1, stimulating FFA synthesis 

5 Replicated n4 

α2 (a2) Constant for switch function of ACoA 
on β-oxidation 

625 Model derived 

ka (ka) Rate constant for LI and T induced 
apoptosis 

0.02 Model derived 

kl (kl) Threshold value for LI in export and β-
oxidation 

0.5 Model derived 

ACC1 Enzyme catalysing conversion of 
cytoplasmic ACoA into malonyl-CoA, 
stimulating FFA synthesis 

0.00001 Low to reflect little fatty 
acid synthesis in absence 
of glucose 

ACC2 Enzyme catalysing conversion of 
mitochondrial ACoA into malonyl-CoA, 
inhibiting β-oxidation 

2 Model derived 

Peq (Eq) Equilibrium where plaque formation 
equals removal 

1.15762 Model derived 
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RR (Rr) Rate of change in plaque-associated 
risk 

1 Simplicity 

Insulin dynamics  

q Rate constant for insulin production 0.01 Adapted from 0.03 in132 

γ1 (gami) Degradation rate of insulin 0.05 Adapted from 0.3 in132 

μ1 (mu1) Rate constant for βM increase 
(proliferation) 

0.021 From132 

μ2 (mu2) Rate constant for βM decrease 
(apoptosis) 

0.025 From132 

λ1 (lam1) LB threshold for increasing βM 
(proliferation) 

1.556 From132 

λ2 (lam2) LB threshold for decreasing βM 
(apoptosis) 

0.8 From132 

ε1 (eta1) Exponent for LB-induced βM 
proliferation 

10 From132 

ε2 (eta2) Exponent for LB-inhibition of βM 
apoptosis 

8.5 From132 

ks (ks) Rate of increasing insulin sensitivity 0.5 Model derived 

kr (kr) Rate LI reduces insulin sensitivity 1 Simplicity 

n2 (n2) Exponent for reduction of insulin 
sensitivity by LI 

0.01 Low for smooth change in 
si 

Inflammation  

H Exponent for the induction of 
inflammation by LI 

7 Model derived 

α1 (a1) Constant for switch function of LI on 
inflammation 

100 Simplicity 

γt (gamt) Degradation rate of TNF-α 0.5 Model derived 

ATP dynamics  

α3 (a3) Rate constant for APMM 0.2 Model derived 

kka (kka) Activation rate of AMPK 1 Simplicity 

kkd (kkd) Deactivation rate of AMPK 1 Simplicity 

kp (kp) Threshold value for ATP in AHCM 1 Simplicity 

ATPmax Size of adenosine phosphate pool 100 Simplicity 

μ3 (mu3) Rate constant for IMC increase 0.021 Replicated μ1 
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μ4 (mu4) Rate constant for IMC decrease 0.025 Replicated μ2 

λ3 (lam3) AMPK activity threshold for increasing 
IMC 

10.892 Same ratio as λ1:λ2, *7 

model derived 

λ4 (lam4) AMPK activity threshold for decreasing 
IMC 

5.6 Same ratio as λ1:λ2, *7 

model derived 

ε3 (eta3) Exponent for K-induced increase in 
IMC 

1.7 Model derived 

ε4 (eta4) Exponent for K-inhibition of IMC 
decrease 

8.5 Model derived 

gly (G) Rate of glycolysis 0 Model is absent glucose 
dynamics 

Table 2 | Parameter values for the FEM. Terms in brackets are the parameter names used in the code. For 
explanations, ‘Model derived’ reflects adoption or adaptation of values based on preceding model runs. Adaptations 
were for aesthetic purposes and did not alter model behaviour; ‘Simplicity’ reflects retention of starting values 
selected as multiples of 10 based on crude assessments of relative rate or concentration. Abbreviations, see Table 6. 

 

Variable Symbol Full name Initial 
value 

Definition of unit 

ATP A ATP 16.66667 Concentration per adipocyte (assumed 
uniformity across tissue) 

ACoA Aco Acetyl-CoA 5 Concentration per adipocyte (assumed 
uniformity across tissue) 

βM BM Β-cell mass 1 Total mass as proxy for cell number 

I I Insulin 2.3955 Concentration of insulin in the blood 

IMC Ma Intrinsic 
mitochondrial 
capacity 

0.04 Calculation of mitochondrial mass and 
efficiency of mitochondrial membrane 
per cell (see text, assumed tissue 
uniformity) 

LB LB Blood lipid 5 Combined blood concentration of fatty 
acids in FFAs, free triglycerides, and in 
triglycerides bound to lipid carriers 

LI LI Intracellular 
lipid 

100 Average per adipocyte concentration of 
fatty acids in FFAs, triglycerides, and LDs 
(will not be uniform)  

K K AMPK activity 5 Calculation of AMPK concentration per 
cell and average activity determined by 
regulatory protein modifications 

si si Insulin 
sensitivity 

0.9656780 Sensitivity of average adipocyte 
reflecting concentration of receptors per 
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length membrane and average receptor 
activity determined by regulatory protein 
modifications 

T TN TNF-α 0 Concentration of inflammatory cytokines 
across adipose tissue 

Parameter Symbol Definition Initial Value and changes 

ECM ECM Elevation of 
AHCM 

1 → 1.5 simulates exercise 

kCM MR Basal 
metabolic 
rate 

1, see equation S6 simulating metabolic slowdown. 

Meal m Meal 1.2 → 1.201 simulates CR to AL feeding 

Table 3 | Variables and parameters which change during model simulations. Symbol refers to the names used in the 
code. All units are arbitrary (au). Abbreviations, see Table 6. 

9.1.2.1 | Parameter estimation 

Parameter estimation involved changing each parameter ±1,2,5, and 10% and plotting the 
effects of changes over time (data not shown). Then to compare effects of each parameter on 
the variables and processes, we firstly filtered the data to time ≥2000 au (removing the initial 
equilibration effects) and then used the data for ±10% change in each parameter. We 
calculated the difference between 10% increase and decrease for each timepoint and took the 
mean difference across all timepoints for each variable and process, termed X. Then we 
normalised X values by dividing by the absolute maximum X value for each variable (i.e. the 
value for the parameter with greatest impact on the variable), as shown in equation S5. 

𝑛𝑜𝑟𝑚(𝑋) =
𝑋

max (|𝑋|)
       (𝑆5) 

9.1.2.2 | Model inputs (ageing and therapies) 
Metabolic slowdown was modelled as a continuous decline in kCM over time (from t=2000 au), 
as defined by equation S6.  

𝑑𝑘𝐶𝑀

𝑑𝑡
= −

𝑘𝐶𝑀

4000
    (𝑆6) 

In reality both adipose mass (i.e. LI storage capacity) and βM would be finite, limited by organ 
size. Notably, the same is true for excreting excess LB via the liver in the bile (reverse cholesterol 
transport, RCT). To represent all these finite capacities, we added a maximal βM to the FEM (as 
it already included βM and not liver or adipose mass) as in equation S7.  

𝑑𝛽𝑀

𝑑𝑡
= 0        𝐼𝑓 (

𝜇1

1 + (𝜆1
𝐿𝐵)𝜀1

>
𝜇2

1 + (𝐿𝐵
𝜆2

)𝜀2
𝐴𝑁𝐷 𝛽𝑀 ≥ 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)   (𝑆7) 

Once βM reached the threshold (7.849) it could no longer increase, preventing the necessary 
increase in insulin production to sustain LB as AHCM continued to decline. 

To model the impact of metformin we altered several parameters, firstly, kka and kkd which 
determine the rates of AMPK activation and deactivation respectively. We simulated two doses 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2026. ; https://doi.org/10.64898/2026.01.30.701154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.30.701154
http://creativecommons.org/licenses/by/4.0/


of metformin, introduced between t = 2500 and t = 5000 au and then between t = 7500 and t = 
10000 au, either by increasing kka*1.5 or reducing kkd/1.5 to represent increased rate of 
activation and decreased rate of deactivation, respectively (see Part 9.2.4.2).   

We modelled rapamycin as discussed in the main article, as both an initial drop (0.15∙ kCM) in 
kCM, but also a reduction in the rate of kCM decline (0.25 times). 

Exercise and calorie restriction were modelled as shown in Table 2.  

9.2 | Results 
Initial simulations of the FEM for 2000 arbitrary units of time (au) ensured all variables and 
processes reached equilibrium before this time. We used the parameter values in Table 1 and 
starting variable values (and ECM = 1, kCM = 1, and Meal = 1.2) from Table 3. 

9.2.1 | Model behaviour  
9.2.1.1 | Parameter estimation at equilibrium 
To test whether the model was performing appropriately, we ran a parameter estimation as 
described in the model running and storage, using a 10% change in parameter value to observe 
effects on each variable and process. Figure 16 shows the relative impact of changing 
parameters (±10%) for each variable or process: all values are shown as a fraction of the 
parameter with the greatest impact (by decreasingly bright colour). Red indicates that 
increasing the parameter has a positive effect on the variable/process and blue a negative 
effect.  

 

Figure 16 | Parameter estimation for FEM post equilibration. Values were normalised as described in the model 
running and storage section so that each value is relative to other parameters for each individual variable/process. 
An absolute value of 1 (or -1) represents the parameter that has the greatest effect on that variable or process. 
Positive values reflect that increases in the parameter increase the variable or process, while negative values reflect 
that increases in the parameter decrease the variable or process. Abbreviations, see Table 6. 
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The parameters for ATP dynamics affected most variables and processes, except those which 
were instead mainly affected by insulin dynamics. Both ATP dynamics and insulin dynamics 
influenced inflammation (TNF-α) and the parameters for inflammation mainly impacted LI.  

Six lipid dynamics parameters affected no variables or processes (at the level of 10% change). 
These included C1, C2, and C3, which reflected the insulin independent components of import, 
export (inhibition), and apoptosis (inhibition), respectively. This is an interesting observation as 
these processes can be insulin-independent650,651, and the C1 parameter for insulin independent 
import was adopted from the BIG model equation for glucose dynamics used by Karin, et al.195. 
Additionally, the parameters α2, ACC2, and n4 also had no effect on any variables or processes. 
All these parameters are part of the β-oxidation equation (S2.1), but have no impact on the FEM 
because they do not affect the rate of β-oxidation, which is instead determined by the rate of 
AHCM through kCM and the parameters which affect the equilibrium of ATP (μ3, μ4, λ2, λ4, ε3, and 
ε4), as shown in Figure 16. We predict as the FEM is expanded with additional variables and 
processes, such as the inclusion of glucose as an alternative fuel, these parameters may gain 
relevance. 

9.2.1.2 | Phase portrait analysis 
The model was built to maintain homeostasis of key metabolites (ATP, ACoA, LB, and LI). To 
demonstrate this, we first broke the model down into parts which allowed examination of key 
variables in two-dimensional phase planes.  

Firstly, we looked at ATP, which is governed as in equation S1, copied below.  

𝑑𝐴𝑇𝑃

𝑑𝑡
= 𝑔𝑙𝑦 + 𝛼3 ∙ 𝐼𝑀𝐶 ∙ 𝐴𝐶𝑜𝐴 ∙ 𝐴𝐷𝑃 ∙ 𝐾 −

𝐸𝐶𝑀 ∙ 𝑘𝐶𝑀 ∙ 𝜂(𝐴𝑇𝑃)

𝐾
  (𝑆1) 

From the parameter estimation in Figure 16, we can see that ATP is not impacted by shifts in kCM 
while ATP hydrolysis (AHCM, black) is strongly affected. As glycolysis (gly) is zero, changes in 
AHCM must be balanced by changes in ATP synthesis (APMM, yellow). Within APMM, ADP is a 
function of ATP and thus not affected; ACoA and AMPK activity are also unaffected by shifts in 
kCM (Figure 16), leaving IMC as the variable which must shift to maintain ATP equilibrium by 
balancing changes in AHCM with complimentary shifts in APMM. Thus, fluctuations in ATP are 
returned to equilibrium by changes in IMC. 

To assess the impact of IMC on ATP, we used a subsection of the model containing only the 
ODEs for ATP and IMC. ACoA was modelled as a constant and AMPK activity modelled directly 
as a ratio of AMP:ATP. For AHCM, whether we used η(ATP), orange in equation S1, representing 
substrate independence, or substituted in ATP so the reaction became substrate dependent 
made no difference to the following analysis (not shown). We plotted the phase portrait 
including nullclines, indicating a single stable fixed point as shown in Figure 17. ATP adapts 
quickly toward equilibrium, driven by changes in mitochondrial capacity.   
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Figure 17 |Phase plane analysis of relationship between ATP and IMC from simplified FEM at low (left) and (high) 
values of IMC (model starting value 0.04) and ATP (model starting value 16.67). x nullclines in blue, y nullclines cyan.  

Next, we looked at ACoA which is governed as in equation S2, copied below.  

𝑑𝐴𝐶𝑜𝐴

𝑑𝑡
=

𝛼2 ∙ 𝜂2(𝐿𝐼) ∙ 𝐾 ∙ 𝐼𝑀𝐶

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
+ 𝑔𝑙𝑦 − 𝛼3 ∙ 𝐼𝑀𝐶 ∙ 𝐴𝐶𝑜𝐴 ∙ 𝐴𝐷𝑃 ∙ 𝐾 − 𝐴𝐶𝐶1 ∙ 𝐴𝐶𝑜𝐴𝑛5    (𝑆2) 

Changes in kCM cause compensatory shifts in IMC, which could therefore impact ACoA. 
However, IMC affects both β-oxidation which increases ACoA, and APMM which reduces it, 
converting it to ATP. Although ACoA has strict negative feedback, inhibiting its own formation 
and inducing removal by fatty acid synthesis, Figure 16 suggests that the only parameters 
affecting ACoA homeostasis are ATP dynamics. Although the parameters in equation S1.9 for 
IMC have a minor effect, the primary parameters are α3, impacting the rate of APMM, and kka 
and kkd which alter the rate of AMPK activation and deactivation respectively. All of these 
parameters regulate the rate at which ADP is converted to ATP.  

Reducing the model to the ODEs for ATP and ACoA, with K modelled again as a straight ratio of 
ATP:AMP, we produced a phase plane for ATP and ACoA, as shown in Figure 18. Changes in 
both metabolites resulted in return to a stable fixed point, despite modelling IMC as a constant.  
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Figure 18 | Phase plane analysis of relationship between ATP and ACoA from simplified FEM. 

The FEM produces highly stable energy dynamics, where IMC maintains ATP equilibrium, which 
maintains ACoA equilibrium. The other half of the model concerns fat dynamics: the production 
of ACoA from FFAs and the conversion of ACoA to FFAs, which can then be transferred between 
the adipose tissue and blood.  

The stability of the LB has already been evidenced by Karin, et al.195, whose equations for 
glucose dynamics we replicated for LB, copied here in equation S3.  

𝑑𝐿𝐵

𝑑𝑡
= 𝑀𝑒𝑎𝑙 − 𝐿𝐵(𝐶1 + 𝐼 ∙ 𝑠𝑖) +

𝜂2(𝐿𝐼)

(𝐶2 + 𝑠𝑖 ∗ 𝐼)𝑛1
    (𝑆3) 

They demonstrated that blood glucose would return to swift equilibrium regardless of meal 
size, the rate of insulin production, or insulin sensitivity due to increases in insulin production 
from changes in in β-cell mass. This is consistent with our parameter estimation where LB is 
impacted exclusively by the parameters affecting changes in β-cell mass (Figure 16). However, 
Karin, et al.195 did not include export in their equations. Phase portrait analysis of a simplified 
model including only equations S3 for LB and S3.2 for insulin, where LB and insulin were the only 
variables showed a stable fixed point with and without the export function (Figure 19A-B).  
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Figure 19 | Phase plane analysis of relationship between LB and insulin from simplified FEM (A) with export function. 
(B) without export function.  

LB is swiftly returned to equilibrium by complimentary changes in insulin secretion, driven in the 
model by changes in β-cell mass, and mass-independent production rate (per cell); in equation 
S3.2 for insulin this is represented by βM and LB

2, respectively. This is not wholly accurate as the 
rate of insulin production per cell and likely β-cell mass will both have maximum values that 

a 

b 
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limit the body’s capacity to respond to rising blood lipid levels. The significance a maximum β-
cell mass is discussed later. 

Prior to the limits of insulin production, of the four metabolite variables included in the FEM, LI 
is the only one not kept at strict equilibrium. ATP is maintained by IMC, ACoA by ATP, and LB by 
insulin. As shown in equation S8, the model could be viewed as having two sides, where 
internal and external factors regulated by processes outside those in the FEM, here called 
activities (green), impact homeostasis through equations S1-4 to result in increased LI.  

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙: 𝐸𝐶𝑀

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙: 𝑘𝐶𝑀
⇉ ↓↑ 𝐴𝑇𝑃 →  ↑↓ 𝐴𝐶𝑜𝐴 → ↓↑ 𝐿𝐼 ← ↑↓ 𝐿𝐵  ⇇

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙: 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑠 𝑒𝑎𝑡𝑒𝑛

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙: 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑠 𝑒𝑥𝑝𝑜𝑟𝑡𝑒𝑑
 (𝑆8) 

ATP and LB are the metabolites primarily affected by activity changes (for ‘internal: nutrients 
exported’, see discussion of equations S3.6-S3.8); however, both return to equilibrium after 
shifting away. ATP is returned by changes in APMM, which alters levels of ACoA until it results in 
the reciprocal effect on β-oxidation, leading ultimately to changes in LI. Thus, as indicated in the 
parameter estimation in Figure 16, while changes in kCM had no effect on ATP, ACoA, or LB, they 
did affect LI. Equally, LB is returned to equilibrium by changes in import and export that, in turn, 
affect LI. Hence the meal value also had no effect on ATP, ACoA, or LB, but did affect LI.  

Indeed, LI is influenced by most of the parameters and processes in the model, as shown in 
Figure 16. As changes in activity induce downstream changes in IMC and insulin production to 
keep the other metabolites at equilibrium, as seen equation S4 copied here, the downstream 
effect is on the rates of β-oxidation (blue), and import and export (green/orange) which impact 
LI. The mechanism responsible for maintaining LI homeostasis is inflammation (black). 

𝑑𝐿𝐼

𝑑𝑡
=  𝐿𝐵(𝐶2 + 𝐼 ∙ 𝑠𝑖) −

𝜂2(𝐿𝐼)

(𝐶2 +  𝑠𝑖 ∗ 𝐼)𝑛1
+  𝐴𝐶𝐶1 ∙ 𝐴𝐶𝑜𝐴𝑛5 −

𝛼2 ∙ 𝜂2(𝐿𝐼) ∙ 𝐾 ∙ 𝐼𝑀𝐶

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
−

𝑘𝑎 ∙ 𝐿𝐼 ∙ 𝑇

(𝐶3 +  𝑠𝑖 ∙ 𝐼)𝑛3
      (𝑆4) 

We therefore did phase plane analysis using a simplified model containing only equation S4 for 
LI and S4.2 for inflammation, where LI and inflammation were the only variables, which 
produced a stable fixed point at high LI, as shown in Figure 20. Between values of 0-200, LI 
increases gradually, tempered by increasing inflammation. Beyond this, the inflammation 
response is muted and LI rises more quickly.  
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Figure 20 | Phase plane analysis of relationship between LI and inflammation from simplified FEM. 

Phase plane analysis suggested the model was responding appropriately, and the dynamics 
would be largely independent of the initial inputs; however, we could not rule out that 
combining the equations in the FEM would reduce stability and create additional fixed points.  

9.2.1.3 | Randomisation of initial variables 
Therefore, we tested the robustness of homeostasis for 21 runs of the model with random initial 
value combinations, comparing simulations to the non-randomly chosen values (termed 
‘Chosen’), as shown in Table 4. We selected either multiplying or dividing the chosen value by 
10 for most variables. For si we selected random values between 0.01-1, for LI random values 
between 10-1000, and for inflammation we selected random values from 1-50. 

Run I βM si LI LB TNFα K IMC ACoA ATP kCM ECM 

Chosen 2.3955 1 0.965678 100 5 0 5 0.04 5 16.66667 1 1 

1 2.3955 1 0.396053 92 5 42 5 0.04 5 53 1 1 

2 23.955 10 0.450353 405 50 6 0.5 0.4 5 63 0.1 0.1 

3 23.955 1 0.706795 875 5 42 5 0.4 0.5 71 0.1 0.1 

4 23.955 0.1 0.08342 286 50 42 0.5 0.04 50 84 1 10 

5 23.955 1 0.339973 218 50 38 0.5 0.04 5 82 1 1 

6 2.3955 10 0.681107 85 5 48 50 0.004 50 93 0.1 0.1 

7 0.23955 10 0.317632 103 0.5 16 0.5 0.04 5 17 10 1 

8 0.23955 1 0.831737 812 50 35 50 0.04 0.5 97 10 1 

9 23.955 10 0.215957 39 0.5 36 5 0.4 0.5 2 0.1 0.1 

10 0.23955 10 0.498451 226 0.5 27 50 0.004 50 49 10 10 

11 23.955 10 0.276774 955 50 27 0.5 0.4 50 2 0.1 0.1 

12 2.3955 10 0.192831 184 5 35 50 0.004 0.5 13 10 1 

13 23.955 10 0.950671 383 0.5 23 0.5 0.4 50 24 0.1 0.1 
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14 23.955 10 0.322404 332 0.5 3 0.5 0.4 5 49 0.1 0.1 

15 2.3955 1 0.478978 124 50 31 0.5 0.04 0.5 67 1 10 

16 23.955 0.1 0.028965 386 50 48 0.5 0.4 5 82 1 10 

17 0.23955 1 0.547912 859 50 2 0.5 0.4 5 2 0.1 1 

18 2.3955 1 0.644596 617 0.5 47 50 0.04 0.5 37 1 1 

19 2.3955 0.1 0.596667 474 50 23 5 0.004 0.5 63 10 1 

20 2.3955 1 0.322615 367 0.5 3 0.5 0.04 5 76 1 1 

21 2.3955 1 0.891223 691 50 9 5 0.04 5 13 1 1 

Table 4 | Initial values generated randomly for 21 FEM runs. Abbreviations, see Table 6.  

We plotted all runs together and results indicated that multiple runs converged on the same 
value for ATP (Figure 21A), ACoA (Figure 21B), and LB (Figure 21C). However, while the LB 
equilibrium was stable, several runs showed ATP did not always converge on the same 
equilibrium value as with the chosen starting values, potentially not reaching equilibrium at all. 
We predicted that this may reflect that high values of ECM and kCM would burn more lipid than 
was replenished from Meal values to sustain the rate of AHCM, depleting LI below the level 
defined by the η2 switch function which would inhibit export and β-oxidation, preventing 
formation of ACoA and ATP. We removed all runs (white rows in Table 4) during which LI 
dropped below 1 au, which included all the runs with high ECM, kCM, or both. No other runs 
showed the profile of quick ATP depletion (Figure 21D); however, some runs still showed no 
convergence of ATP to equilibrium. As these runs all had high initial spikes of ATP suggesting 
they resulted from slower AHCM, we assessed whether they could be explained by the low 
kCM/ECM values. We removed all runs (green rows in Table 4) which had ECM values of 0.1, and 
found that this did indeed account for all runs still failing to reach equilibrium (Figure 21E, 
remaining runs are in yellow in Table 4).  

To understand why the low AHCM runs failed to reach equilibrium we first increased IMC at 
time 2000 au. The minimum values of IMC in these runs were critically low, ranging from 10-16-
10-22, but this did not allow ATP to reach equilibrium (Figure 21F), suggesting it was not simply a 
model equilibration effect.  Restoring ECM value to 1 at time 2000 au caused all runs to converge 
on the same equilibrium as the chosen initial values (Figure 21G). Notably, while the FEM 
maintains robust homeostasis of key metabolites, this is achieved by other model components 
shifting to different equilibria, such as insulin (Figure 21H). 
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Figure 21 | Runs of FEM with random initial variable values. (A-C) All runs including non-random chosen variable 
values for (A) ATP; (B) ACoA; and (C) LB. (D) ATP for runs where LI does not drop below 1 au. (E) ATP for runs where ECM 
= 1. (F) ATP for runs where ECM < 1, where IMC is artificially restored to 0.1 at time 2000 au. (G) ATP for runs where ECM 
< 1, where ECM is artificially restored to 1 at time 2000 au. (H) Insulin for runs where ECM = 1. Abbreviations, see Table 
6. 

These results suggest that, excluding extreme values of fixed variables determined by factors 
outside the model, the FEM is highly stable, converging on the same equilibrium values for key 
metabolites independent of the starting values for most variables. We could therefore use the 
model to show how changes in metabolic rate and meal values would impact fat and energy 
metabolism and the likely effects on human health.  

9.2.2 | Stepwise changes in metabolic rate and meal 
Initial simulations of the FEM ran for 2000 au, allowing all variables and processes to reach 
equilibrium long before t=1900 au. Therefore, for all future data we removed t<1900 au so the 
dynamics could be compared (visually and numerically) to equilibrium values rather than 
including the equilibration effects. 
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As shown in Figure 22, we made sure the model responded appropriately to single step changes 
in kCM (black, defining the basal metabolic rate and intrinsic capacity for AHCM) and meal 
values (red). 
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Figure 22 | Effects of step changes in kCM (black) and Meal (red) on key parameters. (A-N) Effects of step changes in 
kCM. (A) Input changes in kCM. (B) ATP. (C) ACoA. (D) LB. (E) LI. (F) Plaques. (G) Inflammation. (H) si. (I) AHCM. (J) Insulin. 
(K) β-cell mass. (L) Import. (M) Export. (N) Export minus import. (O-iii) Effects of step changes in Meal. (O) Input 
changes in Meal. (P) ATP. (Q) ACoA. (R) LB. (S) LI. (T) Plaques. (U) Inflammation. (V) si. (W) AHCM. (X) Insulin. (Y) β-cell 
mass. (Z) Import. (ii) Export. (iii) Export minus import. Abbreviations, see Table 6. 

The results indicated that single changes in kCM and Meal caused appropriate changes in all 
variables and processes as suggested by the literature and described in the model 
construction. ATP, ACoA, and LB all retained a single equilibrium value despite changes in 
metabolic rate and meal, suggesting the FEM could robustly maintain these equilibria in 
response to changes in diet and metabolism. Equilibrium LI shifted as predicted from the data 
suggesting stored LI (and weight) has no fixed value per individual and shifts according to 
metabolic and dietary factors197.  

Importantly, the equilibria for ATP, ACoA, and LB only shifted when either metabolic rate (and 
thus LI burning) increased above the capacity of the (fixed) Meal value to replenish it, or the 
Meal value decreased below the necessary (fixed) rate of AHCM to maintain cellular function. 
Both caused the depletion of LI below the threshold determined by equation S2.2, at which 
point the model had no remaining stored fat to replenish LB or utilise in metabolism. In reality, 
this would reflect death by starvation. There are notably multiple mechanisms to supply fuel for 
the AHCM of crucial tissues as LI (and other readily available fuel) borders exhaustion, which 
mainly involve the breakdown of less important tissues652. As the FEM has not been built to 
address these pathways, they are not included, and the simulations suggested that all variables 
and processes responded appropriately at least up to the point of LI exhaustion. We therefore 
modelled continuous metabolic slowdown. 

9.2.3 | Gradual AHCM slowdown 
Metabolic slowdown was modelled as a continuous decline in kCM over time (from t=2000 au), 
as defined by equation S6, copied here.  

𝑑𝑘𝐶𝑀

𝑑𝑡
= −

𝑘𝐶𝑀

4000
    (𝑆6) 

When we steadily reduced the basal AHCM rate (kCM, Figure 23A), causing total AHCM to 
decline (not shown), the FEM maintained ATP (Figure 23B) by reducing intrinsic mitochondrial 
capacity (not shown), predicting decreasing mitochondrial function, which reduced APMM 
(Figure 23C). ACoA was maintained by a corresponding decrease in β-oxidation (Figure 23D-E), 
which shifted LI to a higher equilibrium (Figure 23F), reducing si (Figure 23G) predicting weight 
gain and IR. Inflammation and apoptosis increased to retard the increasing LI (Figure 23H-I), 
predicting chronic inflammation. Notably, the FEM did not predict atherosclerosis as LB was 
kept in equilibrium by increasing βM and insulin levels (Figure 23J-L). However, the model 
allowed both adipose and β-cell mass to increase indefinitely.  
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Figure 23 | Simulations of the FEM in response to declining kCM. (A) kCM input. (B) ATP. (C) APMM. (D) ACoA. (E) β-
oxidation. (F) LI. (G) si. (H) Inflammation. (I) Apoptosis. (J) β-cell mass. (K) Insulin. (L) LB. Simulations start at t=1900 
au, and kCM declines according to equation S5 from t=2000 au. All graphs include effects of a maximum βM of 7.849 
au as red line; however, it only affects Figures J-L. Abbreviations, see Table 6. 
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In reality both adipose mass (i.e. LI storage capacity) and βM would be finite, limited by organ 
size. Notably, the same is true for excreting excess LB via the liver in the bile (reverse cholesterol 
transport, RCT). To represent all these finite capacities, we added a maximal βM to the FEM (as 
it already included βM and not liver or adipose mass) as in equation S7.  

𝑑[𝛽𝑀]

𝑑𝑡
= 0        𝐼𝑓 (

𝜇1

1 + (𝜆1
𝐿𝐵

)𝜀1
>

𝜇2

1 + (𝐿𝐵
𝜆2

)𝜀2
𝐴𝑁𝐷 𝛽𝑀 ≥ 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)   (𝑆7) 

Once βM reached the threshold (7.849, chosen based on previous simulations) it could no 
longer increase, preventing the necessary increase in insulin production to sustain LB as AHCM 
continued to decline. When we introduced a maximum βM, reflecting that the pancreatic islets 
cannot expand forever, once βM plateaued, rising insulin could no longer compensate for 
additional lipid, and LB began to rise (Figure 23J-L), thus predicting atherosclerosis. 

To supplement the results shown in Figure 23J-L, we included an additional scenario in 
simulations where the declining kCM from t = 2000 was reversed at t = 6250 (after the βM 
plateau) to show that βM could still decrease from maximal size as required for homeostasis. 
The results for key variables are shown in Figure 24. ACoA mirrors ATP (not shown).   

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2026. ; https://doi.org/10.64898/2026.01.30.701154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.30.701154
http://creativecommons.org/licenses/by/4.0/


 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 2, 2026. ; https://doi.org/10.64898/2026.01.30.701154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.30.701154
http://creativecommons.org/licenses/by/4.0/


Figure 24 | Effect of maximum value of βM on key variables. To demonstrate the effects of a maximum value of βM of 
7.849 au, we simulated declining metabolic rate (kCM drop) with and without the max βM. To demonstrate that βM 
could decrease from this mass as required by energy homeostasis, we also simulated a rise in kCM after the maximum 
βM had been reached (kCM swap). As some simulations were identical, we added +100 au to the time of kCM drop and 
kCM swap so they could be distinguihsed from the other lines on the graphs. (A) β-cell mass. (B) ATP. (C) LB. (D) LI. (E) 
AHCM. (F) Insulin. (G) Plaques. Abbreviations, see Table 6. 

A further parameter estimation of the FEM including a maximum βM demonstrated that the rate 
of insulin production, q, and the rate of insulin degradation, γi, gained additional significance 
affecting multiple variables and processes, as did ks and kr determining the rate of change in 
insulin sensitivity, as shown in Figure 25A (compared to Figure 16). The results were as 
predicted based on existing work by Karin, et al.195 examining the role of dynamic compensation 
in glucose homeostasis (see discussion). The other equation which provided dynamic 
compensation was the expansion and contraction of intrinsic mitochondrial capacity. We 
therefore removed the role of IMC from the β-oxidation equation, as shown in equation S9) 

𝛽‐ 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 =
𝛼2 ∙ 𝜂

2
(𝐿𝐼) ∙ 𝐾 ∙ 𝐼𝑀𝐶

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
→

𝛼2 ∙ 𝜂
2
(𝐿𝐼) ∙ 𝐾

𝛼2 + 𝐴𝐶𝐶2 ∙ 𝐴𝐶𝑜𝐴𝑛4
     (𝑆9)  

The parameters α2, ACC2, and n4 which were part of the β-oxidation equation (S2.1) previously 
had no effect on any variables or processes. Importantly, these parameters govern how ACoA 
impacts β-oxidation, and dynamic compensation kept ACoA in equilibrium during metabolic 
slowdown. As indicated by the results in Figure 25B, all three parameters had multiple impacts 
on variables and processes when β-oxidation was no longer regulated by IMC, although only n4 
affected the rate of β-oxidation itself, while ACC2 and α2 primarily impacted levels of ACoA, FFA 
synthesis, and IMC. Removing IMC from the β-oxidation equation demonstrates the robustness 
of the FEM to maintain the various equilibria: although ACoA levels rise, this does not impact LB, 
or LI, and ATP still returns to equilibrium, although more slowly (Figure 25C-F). We further 
discuss the significance of dynamic compensation in the Model Discussion below.  
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Figure 25 | Parameter estimation and variables for modified FEMs. (A) FEM undergoing metabolic slowdown with 
maximum βM of 7.849 au. (B) FEM without IMC regulation of β-oxidation. (A-B) Values were normalised as described 
in the model running and storage so that each value is relative to other parameters for each individual 
variable/process. An absolute value of 1 (or -1) represents the parameter that has the greatest effect on that variable 
or process. Positive values reflect that increases in the parameter increase the variable or process, while negative 
values reflect that increases in the parameter decrease the variable or process. Green boxes show differences to 
parameter estimation under basal conditions. (C-F) Simulations of FEM without IMC regulation of β-oxidation. (C) 
ACoA. (D) LB. (E) LI. (F) ATP. Abbreviations, see Table 6. 

The results suggested that the FEM could produce multiple ageing phenotypes via a single 
homeostatic cascade. We therefore tested how the FEM would respond to anti-ageing 
interventions. 

9.2.4 | Anti-ageing interventions and metabolic slowdown  
9.2.4.1 | Diet and Exercise 
We modelled calorie restriction (CR) in the FEM as a reduction in the meal value shown in 
equation S3. As CR did nothing to prevent the underlying metabolic slowdown, not affecting 
ATP or AHCM (Figure 22P & W), its beneficial effects occurred by reducing LI and chronic 
inflammation and increasing si (Figure 22S & U-V), consistent with the literature359,360.  

To observe how CR would impact mortality, we utilised rising LB as a proxy for atherosclerotic 
risk. LB began to rise when the βM threshold was reached, occurring earlier for AL than CR 
(Figure 26A).When we swapped CR to ad libitum (AL), all variables including LB (Figure 26A) 
returned to the levels of continuous AL, suggesting that CR should not provide lasting health 
benefits after the regimen ceases. Consistently, Mair, et al.231 swapped flies between dietary 
restriction (DR) and AL and found mortality profiles that matched closely to those produced by 
the FEM (see their Figure 1B for comparison). These profiles suggested that CR was primarily 
risk-preventative, affecting only the ultimate inducer of atherosclerosis by reducing LB, but not 
affecting the underlying cause of slow LB accumulation (ie. selective destruction and metabolic 
slowdown).  

When the same lab tested swapping between CR and AL in mice, they observed some memory 
effect361, suggesting CR may have gero-protective properties in mice, if not flies. Notably, 
multiple studies and meta-analyses indicate the beneficial effects of exercise on dislipidemia 
and mortality, and the benefits are not limited to the exact times the individuals are 
exercising653,654, but are limited to healthspan and mean lifespan with no maximum lifespan 
extension233-235. These long-lasting benefits may thus still be primarily risk preventative rather 
than gero-protective. In asking whether the FEM could also predict this, we considered a more 
realistic risk assessment (than LB alone) would reflect the levels of atherosclerotic plaques 
from excess LB. While LB can change quickly, plaques are both formed and degraded more 
slowly, low LB allowing net degradation, with higher LB shifting the parameters so plaque 
formation is faster than degradation (see equation S3.11). From this we modelled regimens of 
CR (low meal) and exercise (temporary increases in AHCM), demonstrating that both regimens 
could induce long-lasting benefits on plaque levels while still being entirely risk preventative 
(Figure 26B). However, these results do not rule out additional gero-protective effects.  
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Figure 26 | Effects of anti-ageing interventions on energy homeostasis. (A) Effects of reduced Meal (mimicing CR) on 
LB. (B) Combined effects of CR and exercise regimens on mortality as a function of plaque number and size. 
Abbreviations, see Table 6. 

9.2.4.2 | Metformin 
Metformin is primarily regarded as an AMPK activator, but its mechanisms are not well 
understood398. To model the impact of metformin we altered several parameters, firstly, kka and 
kkd which determine the rates of AMPK activation and deactivation respectively. We simulated 
two doses of metformin, introduced between t = 2500 and t = 5000 au and then between t = 
7500 and t = 10000 au, either by increasing kka*1.5 or reducing kkd/1.5 to represent increased 
rate of activation and decreased rate of deactivation, respectively. The results were identical for 
changes in kka and kkd (latter not shown). Increasing kka and its effects on LB, plaques, AMPK 
activity, ATP, inflammation, AHCM, and APMM are shown in Figure 27A-D. 
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Figure 27 | Effects of anti-ageing interventions on FEM variables and processes. (A-M) Treatments were two doses 
introduced between t = 2500 and t = 5000 au and then between t = 7500 and t = 10000 au. (A-D) Metformin modelled 
as a change in kka for AMPK activation (or kkd for deactivation). (A) AMPK activity. (B) LB. (C) Plaques. (D) ATP. (E-G) 
Metformin modelled as a change in parameters affecting AMPK regulation of IMC. (E) ATP. (F) AMPK activity. (G) LB 
and plaques (bottom right). Abbreviations, see Table 6.  

Increasing the rate of AMPK activation (or decreasing rate of deactivation) had little impact on 
the FEM. Most variables and processes spiked (up or down) at the point kka (and kkd) changed, 
but quickly returned to control levels, such as LB (Figure 27B), while the number and size of 
associated plaques showed little change (Figure 27C), despite shifting the equilibrium level of 
ATP (Figure 27D). Adding a variable for ATP-independent AMPK activation, kin (value 0 in control 
and 0.5 for metformin), as in equation S10, had the same lack of effect (data not shown).  

𝑑𝐾

𝑑𝑡
= 𝑘𝑘𝑎

𝐴𝑀𝑃

𝐴𝑇𝑃
− 𝑘𝑘𝑑 ∙ 𝐾 → 𝑘𝑖𝑛 + 𝑘𝑘𝑎

𝐴𝑀𝑃

𝐴𝑇𝑃
− 𝑘𝑘𝑑 ∙ 𝐾(𝑆10) 

The results reflect that AMPK activity is not primarily affected by the rates of activation and 
deactivation (dependent or independent of ATP). AMPK activity is determined by the ratio of 
ATP:AMP, activating and deactivating when levels are out of equilibrium and returning to basal 
levels when equilibrium returns.   

We therefore modelled changes in the parameters μ3 and μ4, λ3 and λ4, and ε3 and ε4, 
determining how AMPK regulates IMC (altering the impact on IMC for a given activity of AMPK). 
We multiplied or divided all parameter values by 1.5 so that each change either increased the 
AMPK-activated IMC or prevented the inhibition, as shown in Table 5. Results for ATP, AMPK 
activity, LB, and plaques are shown in Figure 27E-G. 
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Parameter (code version) FEM FEM + Metformin 
μ3 (mu3) 0.021 0.0315 
μ4 (mu4) 0.025 0.01667 
λ3 (lam3) 10.892 7.26133 
λ4 (lam4) 5.6 3.7333 
ε3 (eta3) 1.7 1.1333 
ε4 (eta4) 8.5 12.75 

Table 5 |IMC parameters and value changes representing metformin. Abbreviations see Table 6.  

Thus, as all parameters for the impact of K on IMC produced similar curves, and λ4 produced 
the greatest effect, we modelled metformin using λ4, as shown in Figure 28A-C, predicting 
transient effects on LB and inflammation during the regimen. However, as indicated in Figure 
27G, while effects on LB might be transient, they produced extended reduction of risk from 
plaque formation (as modelled by equation S3.11).  

Notably, there is little evidence that metformin extends maximum lifespan in mice404, flies405, or 
worms406. The results suggest that if metformin acts by the mechanisms suggested here that it 
is not gero-protective, but risk-preventative.  

 

a          b           c 

Figure 28 |Effects of metformin (as represented by a reduction in λ4 on: (A) ATP; (B) LB; (C) inflammation. 
Abbreviations, see Table 6. 

9.2.4.3 | Rapamycin 
Rapamycin is probably the most consistent longevity drug yet documented, enhancing 
maximum lifespan in mice371,372 and flies373, including long-lasting effects after the regimen 
ceases374. It has multiple effects on cell and molecular phenotype, including reducing cell 
division rate, but these are all (at least at low dose) thought to result from the inhibition of 
mTORC1375,376, which is a central driver of cell growth and metabolism377, essentially driving 
AHCM. Fascinatingly, this is essentially mimicking metabolic slowdown, which the FEM 
predicts should accelerate ageing, the increase of LI, basal inflammation, and atherosclerosis. 
Notably, rapamycin has been shown to induce IR, glucose intolerance, and diabetes, while still 
being associated with robust increases in lifespan380,381, suggesting it can have the negative 
effects predicted by the FEM, but may be having other compensatory effects, such as reducing 
the rate of selective destruction.  

By slowing the rate of cell growth/division, rapamycin may reduce either mutation rate or 
increase the growth similarity between fast and slow cells by reducing the rate of fast cell 
growth toward the level of slower cells (Figure 29A), and therefore reducing the rate of selective 
destruction. To demonstrate this, we modelled rapamycin to both cause a reduction in AHCM 
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and decelerate the rate of metabolic slowdown (Figure 29B), which would be the primary effect 
of reduced selective destruction. We modelled rapamycin as both an initial drop (0.15∙ kCM) in 
kCM, but also a reduction in the rate of kCM decline (0.25 times). We chose large effect values to 
most clearly demonstrate the effects.  

We compared rapamycin to untreated controls, and consistent with the literature374, rapamycin 
had long lasting beneficial effects on LB and inflammation (Figure 29C-D), as well as many other 
parameters (Figure 29E-J). However, it also showed that taking rapamycin at the wrong time 
could cause LB to spike (Figure 29B) and exacerbate inflammation temporarily (Figure 29C), 
suggesting the drop in AHCM could have detrimental consequences in the short term. 
Consistently, rapamycin has transient (paradoxical382 negative effects on weight gain and 
fasting glucose levels at the start of treatment383. Schindler, et al.384 found that key factors 
affecting metabolic impairment from rapamycin included the dose and the age of treatment, 
consistent with the benefit-cost ratio shown in Figure 29B-J.  
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Figure 29 | Impact of CR and rapamycin on metabolism. (A) Impact of CR and rapamycin on mTOR signalling and 
selective destruction (B-J) Effects of rapamycin (represented by changing kCM) on: (B) AHCM; (C) LB; (D) Inflammation; 
(E) APMM; (F) ATP; (G) AMPK activity; (H) LI; (I) β-cell mass; (J) si. Image created with BioRender.com. Abbreviations, 
see Table 6. 

It should be noted that the FEM was not built to include targets of anti-ageing interventions. The 
fact that these can be input so easily, and the model responds so realistically, is evidence that 
the suggested mechanisms are relevant to ageing.  

9.3 | Model discussion 
All models are simplifications of reality, and biological models in particular cannot hope to 
capture the full complexity of the systems they represent. However, here we have tried to 
demonstrate that homeostatic systems designed to maintain key metabolites at equilibrium 
will necessarily have knock-on effects leading to increases in either metabolites such as LI or 
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processes such as inflammation (and their molecular constituents). We have not calibrated the 
model against any specific biological systems, instead validating the model where possible by 
its consistency with age-related outcomes and interventions. However, in the absence of 
experimentally derived parameter and variable values this validation is limited to an abstract 
assessment of model behaviour. We can infer from the model whether components are at 
equilibrium, increasing, or decreasing, but little more. Fortunately, the purpose of this model 
was designed to demonstrate which metabolites retain and lose homeostasis under conditions 
of metabolic slowdown, in the presence or absence of longevity interventions. Further work 
should include adding organism-specific detail to the model so that it can be properly 
calibrated to specific systems, but even without these additional steps the FEM indicates that a 
network designed to maintain equilibrium ATP will have consequences for multiple aspects of 
fat and energy homeostasis in response to metabolic slowdown.  

We suggest that based on the biological evidence available, metabolic slowdown should lead 
to increasing LI, LB, basal inflammation, insulin resistance, and mitochondrial dysfunction, 
likely reflecting the underlying cause of age-related dysfunction and disease. However, the 
crucial question of whether this outcome is a peculiarity of the model and under what 
conditions we could expect these outcomes to persist has not been fully addressed. Could 
organisms with different FEMs escape the consequences of metabolic slowdown, and to what 
extent need the model be changed to make ageing look radically different?  

The central assumption of the model is that the metabolites have systems to maintain 
equilibrium, ensuring the organism always has the right amount of its key sources of energy to 
fuel its metabolism/AHCM. To produce this, we borrowed the concept of dynamic 
compensation. 

9.3.1 | Metabolite equilibria and dynamic compensation 
In the FEM, LB, ACoA, and ATP are all maintained at equilibrium despite changes in multiple 
parameters and variables (see Figure 16). Changing Meal and kCM caused spikes followed by 
swift return to equilibrium (as long as fuel (LI) remained in the adipose). This robustness to 
changing parameters was termed dynamical compensation by Karin, et al.195, who modelled 
blood glucose. They observed that in the β-cell, insulin, glucose (BIG) model first described by 
Topp, et al.134, changes in blood glucose caused corresponding changes in βM via alterations in 
the rates of apoptosis and proliferation. By altering the number of insulin producing cells, and 
the resultant concentration of insulin in the blood, changes in βM could return blood glucose 
precisely to equilibrium. 

As described in the main article, LB is regulated by insulin in a similar way to blood glucose, so 
we replicated the βM equation195 for LB (S3.4). We used the same equation for IMC (S1.9) and its 
regulation by AMPK, which helped create the robustness of the FEM to maintain LB and ATP at 
equilibrium despite changes in Meal values or kCM (and most other parameters, as shown in 
Figure 16). Only the μ, λ, and ε parameters influencing βM and IMC influence the equilibria for LB 
and ATP respectively.  

However, in both cases, the equations S1.9 and S3.4 are unlikely to reflect the real dynamics of 
LB and ATP as accurately as the equation for βM governing glucose in the BIG model. Glucose is 
a single, soluble molecule which is carried free in the blood; FFAs include multiple molecules 
and are not soluble in water, so only a tiny percentage (<0.01%) are carried free in the plasma, 
with most stored as esters transported on lipoproteins. Thus, while changes in blood glucose 
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are a result of additional molecules entering or leaving the blood and must be counteracted by 
the opposite change, FFAs can be replenished from sources within the blood such as 
lipoprotein-bound triglycerides, and different FFAs may be regulated in different ways.  

Importantly, the levels of lipoproteins such as LDL also increase with age, as do serum 
triglycerides, cholesterol, and various markers of LB

655,656, suggesting that it does not have 
dynamic compensation, at least to the same level as blood glucose which only shows 
significant changes in the event of diabetes132,134. Thus, the regulation of LB is perhaps more 
similar to the regulation of LI, where negative feedback shifts the equilibrium rather than 
maintains it (Figure 22E).  

However, there is also good evidence that at the fundamental level described in the FEM, 
glucose and LB are regulated in a similar way: glucose increases β-cell survival657 and 
proliferation658, as do FFAs at least as far as proliferation618-620, although the effect may be more 
complicated659, and some FFAs can inhibit glucose-induced insulin secretion660. Whether FFAs 
protect against β-cell apoptosis is more controversial, with several studies suggesting that 
FFAs induce β-cell apoptosis661,662; however, this (lipo)toxicity effect is also observed for 
glucose (glucotoxicity), with low levels of glucose protecting β-cells from apoptosis while high 
levels induce apoptosis663, so further investigation is required.   

Notably, both glucose and FFAs have been implicated in diabetes and it is also clear that much 
of the inhibitory effects of FFAs on insulin production reflect prolonged exposure under 
diabetogenic and obesogenic conditions662,664. It is likely that low levels of FFAs protect β-cells 
from apoptosis, while high levels induce it (just as for glucose), but again it may be complicated 
by the various types of FFAs. The dynamic compensation for LB may therefore be reduced or 
removed by factors outside the FEM, or LB may have different effects on insulin production to 
blood glucose even at the fundamental level, but the question remains of the relevance of 
dynamic compensation for the conclusions drawn here. We therefore modelled the FEM with 
constant βM (at different values), as shown in equation S10 and Figure 30A. 

𝑑[𝛽𝑀]

𝑑𝑡
= 𝛽𝑀 (

𝜇1

1 + (𝜆1
𝐿𝐵

)𝜀1
−

𝜇2

1 + (𝐿𝐵
𝜆2

)𝜀2
) → 0   (𝑆10) 
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Figure 30 |Impact of constant βM on FEM. (A) βM input. (B) Insulin. (C) LB. (D) LI. (E) Plaques. Abbreviations, see Table 
6. 

Changes in insulin are shown in Figure 30B. Regardless of the starting value of βM, only a 
variable βM that adjusted according to insulin requirement allowed dynamic compensation for 
LB (Figure 30C). However, losing dynamic compensation for LB only accelerated the outcomes 
predicted by the FEM in response to metabolic slowdown, particularly the rise of LB (Figure 30C) 
and formation of atherosclerotic plaques (Figure 30E), without affecting LI or basal 
inflammation (Figure 30D and data not shown). Thus, the ageing phenotype produced by the 
FEM is not likely to be a peculiarity of a particular model, but a robust effect of the co-
regulation of fuel and energy pathways in response to the continuing unidirectional change 
of metabolic slowdown.  
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Atherosclerosis does appear to occur in young obese individuals665, but this may still reflect 
factors outside the FEM prohibiting the dynamic compensation. Organisms lacking dynamic 
compensation for LB could expect increasing vascular problems with age – as rising LB would 
accelerate plaque formation in the blood vessel walls – without much benefit, as LI and its 
resultant inflammation were largely unaffected (Figure 30D).  

Equally, we showed that removal of intrinsic mitochondrial capacity (IMC) from the β-oxidation 
equation prevented the FEM from maintaining stable levels of ACoA and reduced the stability of 
ATP (Figure 25A and D), but had no effect on LI or LB (Figure 25B-C). Of course, if IMC does not 
fluctuate according to ATP and ACoA, then metabolic slowdown will not have detrimental 
effects on IMC (ie. will not induce mitochondrial dysfunction), but the rest of the age-related 
phenotypes will happen at the same rate. Essentially, the dynamic compensation for ATP, 
ACoA, and LB are highly protective behaviours that retard the effects of ageing, and their 
removal has no positive effects on energy homeostasis that would undermine the conclusions 
drawn here.  

The one case where we did not add dynamic compensation was for LI, which could have been 
done by modelling inflammation as a product of immune cells (IC) and TNF-α using similar 
equations as βM and insulin, as shown in equations S11 and S12, where IC can expand and 
contract like βM and IMC (for simplicity we used the existing parameter values for βM in 
equation S12).  

𝑑𝑇

𝑑𝑡
=

𝐼𝐶 ∙ 𝐿𝐼
𝐻

𝛼1
𝐻 +  𝐿𝐼

𝐻 − 𝛾𝑡 ∙ 𝑇 (𝑆11) 

𝑑𝐼𝐶

𝑑𝑡
= 𝐼𝐶 (

𝜇1

1 + (𝜆1
𝐿𝐼

)𝜀1
−

𝜇2

1 + (𝐿𝐼
𝜆2

)𝜀2
)   (𝑆12) 

When we altered the FEM with these equations to produce the complete dynamic 
compensation model (CDC FEM), the results demonstrated that while ATP and ACoA 
maintained their equilibria (not shown), the equilibrium for LB was lost even in the absence of 
metabolic slowdown, shown as ‘NegSen’ for negligible senescence in Figure 31. Crucially, 
while metabolic slowdown (MetSlow) caused the same reduction in AHCM (Figure 31A), β-cell 
mass (Figure 31B) and insulin (Figure 31C) levels no longer showed the same increase, while 
insulin sensitivity no longer decreased (Figure 31D). Whereas in the FEM where LI demonstrated 
a robust rise with age, dependent on metabolic slowdown, in the CDC FEM it was relatively 
unaffected (Figure 31E), gradually decreasing over time in both NegSen and MetSlow groups. 
Conversely, LB showed a reciprocal gradual rise also independent of metabolic slowdown 
(Figure 31F). Whereas inflammation (Figure 31G) and inflammatory immune cells (ICs, Figure 
31H) demonstrated significant increases dependent on metabolic slowdown, but also rose 
more gradually without it. 
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Figure 31 | Simulation of the CDC FEM with and without metabolic slowdown (MetSlow and NegSen, respectively). (A) 
AHCM; (B) β-cell mass; (C) Insulin; (D) insulin sensitivity; (E) LI; (F) LB; (G) Inflammation; (H) immune cells (I) risk of 
atherosclerosis. Abbreviations, see Table 6. 

With additional features, the CDC FEM could perhaps return equilibrium to some of the FEM 
components, but the loss of homeostasis demonstrates the complexity of maintaining 
equilibrium for every metabolite. By adding an additional control mechanism designed to 
produce dynamic compensation for LI, we have disturbed the equilibrium for LB without gaining 
it for LI. This is good evidence that in the face of a continuous unidirectional change such as 
metabolic slowdown homeostasis of at least one system must be broken, and LI is surely the 
least detrimental to bodily function.  

While the CDC FEM indicates that weight gain and insulin resistance can be avoided by 
additional controls for LI, the rise in inflammation with age would be substantially higher. 
Although our current equation for risk, which includes only the level of LI for plaque formation, 
suggests that risk of death would be lower in the new model (Figure 31), atherosclerosis likely 
also includes an inflammatory component666. Cardiovascular disease would more likely 
increase than decrease in organisms adopting the CDC FEM to prevent rising body weight. 
Indeed, far from producing healthier individuals, the CDC FEM creates organisms that could 
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expect (at least without additional controls) to lose weight over time, even without metabolic 
slowdown. Their fat reserves would deplete as their adipose tissues became excessively 
inflamed. Even beyond diseases induced by such changes, these organisms would be at 
greater risk of energy depletion during times of famine, and would have much more difficulty 
regulating their key metabolites.  

Perhaps this is why there is no evidence for dynamic compensation for LI. There is little 
evidence that the body increases energy expenditure through exercise (see below for heat) to 
compensate for overfeeding667, or for the ‘set-point hypothesis’ that maximum weight is 
controlled neurologically by the hypothalamus668, although it has been suggested that the set-
point might be camouflaged by Western diets197, specifically refined sugar669. Likely, the truth is 
more complex, reflecting increased fuel burning as LI increases without a set equilibrium, but 
this additional burning is blunted by Western diets.  

Studies examining overfeeding indicate with equal clarity that one excess calorie absorbed 
does not equal one excess calorie stored198,670. In a recent systematic review of 19 studies, Bray 
and Bouchard198 indicated an essentially linear relationship between excess calories in and 
additional energy stored (energy gain = 3,731 + 0.56 ∙ overfed kcal). At the lower end of excess 
calories (~10,000 kcal), 1 excess kcal = 0.93 kcal stored, whereas at higher excesses (~80,000 
kcal), 1 excess kcal = 0.61 kcal stored. While LI is clearly not regulated with the same stringency 
as ATP and LB, these results indicate there are mechanisms to restrain LI increase during 
positive energy balance, and these mechanisms become increasingly active the higher the 
excess energy. Notably, it is unlikely to reflect a simple storage incapacity, as extra LI is stored 
at all intake values.  

Another mechanism by which organisms could attempt to thwart the consequences of 
metabolic slowdown is by regulating LI as is seen in brown adipose tissue (BAT), where 
mitochondrial uncoupling allows the futile cycling of electrons across the mitochondrial 
membrane, burning FFAs to produce heat without converting ADP to ATP. Indeed, there is 
evidence that uncoupling proteins are present in the mitochondria of many cell types, with 
UCP2 potentially involved in metabolic syndrome, though its significance in regulating weight is 
unclear 671. To consider the effects of uncoupling, we constructed the UC FEM, where 
uncoupling reduced intrinsic mitochondrial capacity (IMC), which we therefore split into its 
mass-dependent (MM) and independent parts, the latter now being uncoupling dependent 
(ignoring other components such as ROS and mitochondrial DNA plasmid quality), determined 
by the variable UC. MM dynamics could mirror the old IMC in equation S1.9, as shown in 
equation S13, as the rationale for equation S1.9 was the involvement of mitochondrial mass 
expanding and contracting in the same way as β-cell mass did in the BIG model.  

We modelled UC to mirror equation S3.10 for insulin sensitivity but with LI instead of LB, as 
shown in equation S14, where UC∙MM would be substituted for IMC in equation S1 for ATP, as 
shown in equation S15. However, the APMM in equation S16 would now diverge from the APMM 
in equation S15 for ATP, as in the latter it reflects OXPHOS (producing ATP) and in the former it 
is converting ACoA to NADH + H+ and FADH2, which is Kreb’s cycle. Only the efficiency of 
OXPHOS is affected by uncoupling, so instead of substituting IMC for MM∙UC in equation S2, 
IMC would be replaced by MM only (which is the same as IMC from before), as shown in 
equation S16.  
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In the UC FEM, the degree of coupling (Figure 32A) determines the amount of productive 
OXPHOS, which in Figure 32B is the same as total APMM in the FEM. As shown in Figure 32B, 
the total APMM in the UC FEM exceeds that in the FEM. This ‘total APMM’ refers to the maximal 
rate of both unproductive and productive OXPHOS, which in the UC FEM is also the rate of 
Kreb’s cycle. The differences between the rate of Kreb’s and productive OXPHOS reflects the 
rate that LI is burned to remove excess LI rather than create ATP, the level of which is unaffected 
by uncoupling (Figure 32C). Uncoupling clearly offers several advantages for LI regulation as it 
decelerates the rise in LI during metabolic slowdown (Figure 32D), the degree of coupling rising 
as LI increases (Figure 32A), which slows the increase in chronic inflammation (Figure 32E) and 
the decline in insulin sensitivity (Figure 32F). However, the UC FEM does not undermine the 
fundamental conclusions of the FEM as it can only slow but not prevent the phenotypes of 
weight gain, insulin resistance, and chronic inflammation that induce age-related decline and 
disease. 

 

Figure 32 | Comparison of key variables between UC FEM and FEM. (A) Fraction of coupled mitochondrial 
metabolism in UC FEM. (B) Total APMM as defined by the rate of productive and unproductive OXPHOS, also the rate 
of Kreb’s cycle. In the FEM there is no unproductive OXPHOS, and the rate of OXPHOS is equal to the rate of 
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productive APMM in the UC FEM (as indicated in blue). (C-F) key variables compared between UC FEM and FEM: (C) 
ATP; (D) LI; (E) inflammation; (F) insulin sensitivity. Abbreviations, see Table 6. 

Notably, the main purpose of uncoupling appears to be heat generation rather than burning 
excess calories, as it rises during cold stimulation dependent on the presence of BAT201, was 
higher under ambiently colder conditions200, and most importantly was blunted by obesity202, 
which is the opposite to what you would expect if it was a major pathway for the removal of 
excess fat. Equally, clinical studies examining why excess calories led to smaller gains in 
energy and fat mass than expected (metabolic inefficiency), found little evidence for an 
increase in basal metabolic rate (or physical activity) expected by an increase in 
thermogenesis672. Although others suggest “thermogenic activity offers tremendous potential to 
combat obesity”673, increasing in response to high calorie diets to provide obesity 
resistance674,675. Why evolution would not naturally produce this mechanism of slowing the 
effects of ageing could be a direct trade-off of the kind predicted by disposable soma theory, as 
any attempt to regulate uncoupling to control LI would lead to increased fat wastage. It is 
possible that organisms with the fitness of advantage of reduced risk age-related death would 
have a greater fitness cost in terms of risk of starvation.  

Whether or not our bodies naturally regulate uncoupling for the purpose of reducing stored fat, 
the UC FEM suggests that while uncoupling will not prevent ageing, therapies designed to waste 
ATP will reduce the effects of metabolic slowdown at all levels, greatly retarding the effects of 
ageing on mitochondrial function, weight gain, insulin sensitivity and inflammation. As the 
evidence suggests, the UC FEM predicts that uncouplers should also be highly effective weight 
loss drugs and effective therapies for metabolic syndrome671,676.  

The other crucial system the body employs to remove fat  is reverse cholesterol transport (RCT), 
where both cholesterol and FFAs are secreted into the bile and removed via the colon. 
However, as the UC FEM demonstrates, the body could have multiple such pathways, but 
unless they have dynamic compensation, they will only delay the effects of metabolic 
slowdown. The problem arises because one metabolite must be allowed to vary in response 
metabolic slowdown, as shown in the CDC FEM. If the body is to keep ATP, ACoA, LB, and LI at 
equilibrium, it would require a further metabolite to change. For example, the body could 
convert the excess FFAs to other lipids, such as cholesterol or ceramides. Indeed, the rise in 
these problematic lipids with age677 may well reflect this shift. 

Contrary to LI, there is good evidence for a robust ATP equilibrium that does not change with 
age, as discussed in the model construction. In the FEM, this is maintained by the regulation of 
IMC by AMPK as in equation S1.9. As AMPK is a function of ATP:AMP ratio, this maintains 
equilibrium ATP via the same mechanism as the βM equation S3.4 does for LB: when ATP 
decreases, IMC increases to elevate ATP production and restore ATP; and when ATP increases, 
the IMC decreases reducing ATP production and restoring ATP. However, it should be noted 
that while the ATP levels remain constant, the size of the adenosine phosphate (AP) pool 
increases with age (and ratio to AMP decreases)173, suggesting that our equations S1.5-1.7 are 
oversimplifications.  

The main oversimplification for ATP dynamics is grouping all the factors affecting intrinsic 
mitochondrial capacity together into a single variable, intrinsic mitochondrial capacity (IMC). 
Although the UC FEM splits IMC into mitochondrial mass and the degree of uncoupling, there 
are multiple other factors which regulate the rate of OXPHOS, Kreb’s, and glycolysis to ensure 
metabolites remain at equilibrium. Glycolysis and its regulation by hypoxia-inducible factor 1 
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alpha (HIF1α) may be highly significant in ageing and cancer678, but is not considered here as we 
have focussed on lipid dynamics. 

9.3.2 | Additional model limitations 
A key function of the adipose tissue is exporting lipid back into the blood during negative energy 
balance, allowing non-adipose tissues to maintain ATP production via β-oxidation. In equation 
S3.5, export is regulated entirely via insulin inhibition, but in reality there are many additional 
regulating factors. Adipose tissue is one of the few tissues along with the liver that responds to 
glucagon, stimulating lipolysis in rats679 and the release of FFAs and glycerol into the blood680 in 
a mechanism that is inhibited by insulin681,682. However, the relationship is likely more 
complicated in human adipose than rodents683, and some studies indicate glucagon may 
actually reduce blood lipid684,685. Clinical studies showed no effect of glucagon on adipose 
lipolysis in people with and without diabetes686, and expression of white adipose tissue (WAT) 
glucagon receptor did not affect lipolysis or hepatic lipid accumulation in mice687. Hence, given 
the uncertainty, we did not include glucagon, but the implications of a second major regulatory 
hormone are worth further consideration. If glucose and lipid levels already have dynamic 
compensation with only insulin, what is the purpose of its direct counter-regulator? Is it merely 
fine tuning, speed, or redundancy, or are there additional dynamic considerations? There is 
also evidence for roles of somatostatin and adrenaline in regulating lipolysis and export, but 
due to the complexities of these regulatory systems, and the likelihood that they regulate export 
in response to conditions outside the FEM, such as stress, we chose not to include them. 
However, understanding the significance of glucagon and other hormones in adipose 
homeostasis may help ameliorate the impact of metabolic slowdown on lipid accumulation.  

Another simplification of the FEM regarding LI was described in equations S3.6-3.8. As we 
reduced the model to include only the adipose and the blood, the model did not respond to 
metabolic slowdown with compensatory changes to import and export (Figure 22L-N) as it did 
to changes in Meal value (Figure 22Z-iii). Metabolic slowdown affected only the adipose rate of 
lipid β-oxidation without impacting additional tissues. The latter would have altered rates of 
non-adipose import, necessitating compensatory changes in adipose import and export to 
maintain LB. Further development of the model should include a multi-tissue system.  

Probably the greatest oversimplification employed in the FEM is the simulation of inflammation 
as a single cytokine, TNF-α, which is produced only by hypertrophic adipocytes. It would be 
impossible to include a realistic model of the immune system without it dominating all other 
components. However, further work should include factors such as hypertrophic adipocytes 
secreting monocyte chemoattractant protein-1 (MCP-1) and granulocyte colony stimulating 
factor (G-CSF)688, both of which attract immune cells, and the latter mobilizes haematopoietic 
stem cells for the production and release of neutrophils from the bone marrow689,690, expanding 
the pool of monocytes and macrophages, and enhancing their phagocytic function691,692. The 
incorporation of immune cells and their relationship with adipocytes would provide further 
understanding of the role of inflammation in adipose homeostasis, but unlike many other 
studies which interpret inflammation as largely destructive or of unknown function, the FEM 
suggests a clear function for inflammation in removal of excess fat, insulin sensitization, and 
the resultant maintenance of lipid homeostasis.  

The danger with any model of inflammation is that it spirals out of control, creating a vicious 
cycle that is purely destructive. This is frequently how inflammation is viewed in gerontology, 
but inflammation has a series of robust negative feedback mechanisms that largely prevent 
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these vicious cycles. The FEM suggests that rising basal inflammation reflects a mixture of 
mitochondrial dysfunction and lipid dysfunction, and need not result from damage 
accumulation or allostatic load49,693. However, these causes are not exclusive with each other. 

One seemingly vicious cycle we did not include in the FEM is the link between inflammation and 
insulin resistance, which is so strong that there is great uncertainty as to which is cause and 
which is effect. A role for IR in inducing inflammation is consistent with inflammation as a 
mechanism of removal of insulin resistant hypertrophic cells as predicted by the FEM. Thus, 
evidence such as the inhibition of mTORC2 and resultant IR inducing increased polarisation to 
inflammatory M1 macrophages through MCP-1111 is not surprising. However, that inflammation 
induces IR is counterintuitive to the mechanisms proposed here. 

Macrophage infiltration and activation has been shown to induce insulin resistance in adipose 
tissue and in vitro adipocytes694,695. Equally, knockout of IκB kinase-beta (IKK-β) or c-Jun N-
terminal kinase 1 (JNK1) involved in macrophage signalling protected mice from diet-induced 
insulin resistance110,696,697. Importantly, in many of these studies, genetic changes in the 
macrophages were capable of inducing IR in adipocytes, suggesting the IR was not just a 
byproduct of obesity which also induced inflammation; the inflammation caused the IR.  

It should be noted that many of the conditions demonstrating inflammation induces IR were 
heavily biased against the insulin-sensitizing effects of inflammation, such as obesity or in vitro 
conditions with high numbers of immune cells. It is likely that if the macrophages were in a 
healthy, non-obese tissue where resolution of the excess LI could occur, they would deactivate 
and exfiltrate, promoting the anti-inflammatory polarisation we have discussed above where 
dead adipocytes are replaced by new insulin sensitive ones. However, in obesity and in vitro, 
resolution can be prevented by multiple conditions including immune cells at 
supraphysiological levels or constitutive activity due to mutation, or the absence of the stem 
cells to replace insulin resistant adipocytes with new insulin sensitive ones. Under such 
conditions several factors may raise the level of immune activation so that it is more resembling 
of an immune response to infection rather than basal inflammation to remove hypertrophic 
cells.  

Crucially, just as the body benefits from reducing ATP production in infected cells, by 
prohibiting pathogen replication, it also benefits from reducing import of fuel into infected cells, 
which could instead be absorbed by the immune cells combatting the infection, rather than 
feeding pathogen infected cells that may aid pathogenic replication. It therefore makes 
evolutionary sense that higher levels of inflammation consistent with infection – which may 
occur in obese individuals where the mounting immune response is insufficient to clear the 
excess LI (and thus deactivate) – induce IR.  

9.3.3 | Dependency of conclusions on model dynamics 
In several equations we employed non-linear dynamics because we believed this was a better 
reflection of the biology. To demonstrate whether these affected the conclusions drawn, we 
replaced all the non-linear model functions to produce the linear FEM (LFEM). We did not alter 
the equations of IMC and βM as we have already addressed the significance of dynamic 
compensation above. All exponent parameters were removed from the equations, and the 
sigmoid functions in the equations for si and T were removed and replaced with the simplified 
versions shown in equations S17 and S18.  
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𝑑𝑠𝑖

𝑑𝑡
= 𝑘𝑠 −

𝑠𝑖 ∙ 𝑘𝑟 ∙ 𝐿𝐼
𝑛2

1 + 𝐿𝐼
𝑛2

    →      𝑘𝑠 − 𝑠𝑖 ∙ 𝑘𝑟 ∙ 𝐿𝐼    (𝑆17) 

𝑑𝑇

𝑑𝑡
=

𝐿𝐼
𝐻

𝛼1
𝐻 +  𝐿𝐼

𝐻 − 𝛾𝑡 ∙ 𝑇     →      𝐿𝐼 − 𝛾𝑡 ∙ 𝑇         (𝑆18) 

No parameter values needed to be changed for the LFEM to produce the same results as the 
FEM. Although the metabolites and processes had very different values, their homeostatic 
profiles remained the same. As AHCM declined (Figure 33A), so did APMM and IMC (Figure 33B 
and C). ATP remained constant (Figure 33D), LB slowly returned to equilibrium (Figure 33E), 
maintained by increasing βM (Figure 33F) and insulin (not shown). Insulin sensitivity declined 
(Figure 33G), and LI slowly rose over time (Figure 33H), as did compensatory inflammation 
(Figure 33I). The only metabolite that showed significant difference between the LFEM and FEM 
was ACoA, which slowly declined across the time course (Figure 33I). As it was unclear whether 
this reflected a slower return to equilibrium, we extended the time course from 20,000 au to 
1,000,000 au. However, the results suggested that the LFEM did not maintain ACoA at 
equilibrium (Figure 33J), levels continually decreasing across the extended timecourse below 
the level of ACoA when metabolic slowdown began (Figure 33K). We predicted that this 
reflected the loss of strong negative feedback created by the exponents in equation S2 for 
ACoA. We therefore readded these exponents (as well as the same ones in equation S4 for LI) to 
the LFEM and replotted ACoA. As predicted, the strong negative feedback restored the ACoA 
equilibrium (Figure 33L).   
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Figure 33 |Simulations of key variables in the LFEM demonstrating metabolic slowdown induces the same effects as 
in the main model (FEM). (A) AHCM; (B) APMM; (C) IMC; (D) ATP; (E) LB; (F) β-cell mass; (G) insulin sensitivity; (H) LI; (I) 
Inflammation; (J) ACoA; (K) ACoA over extended time course; (L) ACoA from LFEM with FEM equation S2 for ACoA. 
Abbreviations, see Table 6. 

The LFEM suggests the robustness of the FEM to maintain important metabolites at equilibrium, 
and suggests the results are not a peculiarity of non-linear dynamics or specific formulations of 
the equations. To invalidate the conclusions drawn from the FEM would require demonstration 
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that the relationship between the processes and molecules is fundamentally different to the 
formulations created here by (non-systematic) literature review, or the addition of more 
components capable of reversing the relationships produced here in the context of additional 
complexity. This is strong evidence that metabolic slowdown alone could be sufficient to 
explain much of the ageing phenotype, age-related disease, and the central anti-ageing 
therapies as we understand them. If AHCM declines with age, the resulting metabolic cascade 
may be unavoidable, resulting in dysfunction, disease, and death.  

Model abbreviations table 
Abbreviation Full term Abbreviation Full term 
ACC1 Acetyl-CoA carboxylase 1 kCM Intrinsic capacity for cellular 

metabolism 
ACC2 Acetyl-CoA carboxylase 2 LB Blood lipid 
ACoA Acetyl-coenzyme A LD Lipid droplet 
AHCM ATP hydrolysing cellular 

metabolism 
LDL Low density lipoprotein 

AL Ad libitum LDL-R LDL-receptor 
AMP Adenosine monophosphate LFEM Linear FEM 
AMPK AMP-activated protein 

kinase 
LI Intracellular lipid 

APMM ATP producing mitochondrial 
metabolism 

M Mitochondria 

ATP Adenosine triphosphate MM  Mitochondrial mass 
au Arbitrary units MAPK Mitogen-activated protein 

kinase 
βM β-cell mass MD Mitochondrial dysfunction 
BMI Body mass index mTOR Mammalian target of 

rapamycin 
CD36 Cluster of differentiation 36 mTORC1 mTOR complex 1 
CDC FEM Complete dynamic 

compensation FEM 
OXPHOS Oxidative phosphorylation 

CLS Crown-like structure PGC1α Peroxisome proliferator-
activated receptor-γ 
coactivator-1α 

CR Calorie restriction RCT Reverse cholesterol transport 
DR Dietary restriction ROS Reactive oxygen species 
DST Disposable soma theory SENS Strategies for Engineered 

Negligible Senescence 
ECM Extracellular matrix SDT Selective destruction theory 
FEM Fuel and Energy Model si Insulin sensitivity 
FFA Free fatty acid TFEB Transcription factor EB 
GH Growth hormone TLR4 Toll-like receptor 4 
IC Immune cell TNF-α Tumour necrosis factor-α 
IGF-1 Insulin-like growth factor-1 UC Degree of coupling 
IMC Intrinsic mitochondrial 

capacity 
UC FEM Uncoupling FEM 

IR Insulin resistance UPR Unfolded protein response 
Table 6 | Table of abbreviations. 
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Glossary 
In this paper we have invented several terms that are not defined elsewhere. We have also used 
some standard words in non-standard ways to avoid having to invent further words. All such 
terms are described below.  

Anabolism – All processes requiring the use of bioavailable energy to carry out cell functions. 

Antagonistic pleiotropy – The dual effects inducing both benefit and detriment to organisms. 
Initially Williams defined it to refer only to genes; however, it is now widely used to refer to any 
effects from genes, molecules, processes or pathways that are both beneficial and detrimental 
in different contexts.  

Bioavailable energy – energy stored in molecules such as ATP which are immediately available 
for cell functions without first requiring to be broken down by catabolism.  

Catabolism – all processes which break down sugar, lipid, or protein molecules toward 
producing acetyl-CoA or ATP.  

Celerisis – the outcome of the natural course of tissue-level selection which results in the 
spread of faster cells to cause hyperfunction and associated diseases.   

Cell senescence – this term has undergone significant concept creep, but here we define it as 
the state of permanent arrest induced by damage or dysfunction (either autonomously or 
otherwise).  

Disposable soma theory (DST) – the theory put forward by Tom Kirkwood that organisms 
evolve to accumulate damage by reducing energy invested in somatic maintenance. As the 
energy could be invested in other processes such as growth and reproduction, ageing via 
damage accumulation would provide a selective advantage over negligible senescence when it 
produced more (viable and robust) offspring.  

Extrinsic ageing – The shift in energy homeostasis resulting from metabolic slowdown which 
induces mitochondrial dysfunction, metabolic syndrome, inflammageing, and the associated 
diseases.  

Fast/slow cell – cells with altered metabolic rate. 

Hyperfunction – overactivity with detrimental effects.  

Hypofunction – underactivity with detrimental effects.  

Inflammageing – any process by which inflammation contributes to the development of age-
related disease.  

Inflammageing hypothesis/model – the specific hypothesis or group of hypotheses by which 
DNA damage accumulation leads to cycles of positive feedback with inflammation which lead 
to age-related disease. 

Intrinsic ageing – the induction of hypofunction and associated processes and diseases that 
results from selective destruction and metabolic slowdown. 

Juxtacrine – between neighbouring and connected cells.  
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Longevity module – the collection of energy regulating pathways and processes containing the 
molecular components which regulate ageing and longevity.  

Metabolic slowdown – the gradual reduction in metabolic rate of cells and tissues with ageing. 

Mitopenia – The spread of low ROS, depolarised mitochondria resulting from the process of 
mitochondrial selection.  

Natural course of selection – the likely or even unavoidable outcome of selection within 
tissues or cells that results from mutants which have a selective advantage under normal 
tissue conditions in the absence of specifically evolved processes to induce counterselection 
and prevent their spread. 

Selective destruction – any process of communication which either kills, removes, or 
otherwise neutralises the advantage of agents that prevents or reverses the natural course of 
selection.  

TOR-centric quasiprogramme (TCQP) – The programme proposed by Mikhail Blagosklonny, 
regulated by mTOR, which defined ageing as the continuation of the developmental process 
once development was complete, inducing unwanted and detrimental growth, or 
hyperfunction. The functional programme thus becomes a functionless and even detrimental 
quasi-programme.   
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