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Abstract

Understanding how active and healthy ageing can be achieved is one of the most relevant global problems. In this review, I
use the “Four questions” framework of Tinbergen to investigate how ageing works, how it might contribute to the survival
of species, how it develops during the lifetime of (human) individuals and how it evolved. The focus of ageing research is
usually on losses, although trajectories in later life show heterogeneity and many individuals experience healthy ageing. In
humans, mild changes in cognition might be a typical part of ageing, but deficits are a sign of pathology. The ageing of the
world's populations, and relatedly, the growing number of pathologically ageing people, is one of the major global problems.
Animal models can help to understand the intrinsic and extrinsic factors contributing to ageing.
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Introduction

Biological ageing is an age-related decline in physiologi-
cal function, leading to decreased survival and reproduc-
tive rate. Biological ageing affects almost all organisms,
although in significantly different forms. Phylogenetically,
it is an ancient process (Bonduriansky et al. 2008), already
present in the single-cell bacteria Escherichia coli (Nystrom,
2007). In humans, population ageing is the most impor-
tant medical and social demographic problem worldwide,
according to the World Health Organization (2020). This
problem is relatively new. In 70 years, especially in the most
developed countries, the proportion of people over 65 has
risen from 11 to 18%, and by 2050, it could be as high as
38%. Scientific research is a crucial element to maximise the
number of people who achieve healthy trajectories of age-
ing. The “four questions” framework (Tinbergen 1963) helps
to obtain a complete understanding of the costs, the poten-
tial benefits and constraints that might have shaped ageing
throughout the evolution of species. Below I summarise
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some hypotheses and results on the mechanism of ageing,
how it contributes to the survival of species, how it devel-
ops during the lifetime of (human) individuals and how it
evolved (Fig. 1).

Causation: What is the cause of ageing?

Hallmarks of ageing form three main groups: (1) damage
to cellular functions: genomic instability, telomere attrition,
epigenetic alterations, and loss of proteostasis; (2) antago-
nistic responses: deregulated nutrient sensing, altered mito-
chondrial function, and cellular senescence; (3) integrative
hallmarks: stem cell exhaustion and altered intercellular
communication (Lépez-Otin et al. 2013; Aunan et al. 2016;
Séndor and Kubinyi 2019). Stem cells avoid apoptosis, i.e.
they are immortal (Dunham et al. 2000). Less abundant stem
cells mean that an organism’s renewal capacity is limited.
Differentiated cells of more complex animals age and die,
eventually leading to the animal’s death. Cancer cells that
express a telomere-lengthening enzyme are also immortal
(Dunham et al. 2000). In a way, cancer is related to embryo-
genesis, just like stem cells. The main mammalian tumour-
suppressor mechanisms evolved from ancient mechanisms
that regulate embryogenesis/developmental maintenance but
now contribute to ageing (i.e. inducing cell death (Campisi
2003).
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Fig.1 Applying Tinbergen’s four questions (1963) to understand age-
ing

The conserved role of signalling pathways is well-estab-
lished. For example, activation of the nutrient-sensing TOR
(Target of Rapamycin) drives growth, and when growth is
completed, TOR enhances the ageing process (Blagosklonny
2010). This is probably the reason, on a cellular level, why
women outlive men. Men are larger and stronger. Hyperac-
tive mTOR contributes to the physical robustness of young
males at the cost of accelerated ageing (Blagosklonny 2010).

During ageing, cells cease to divide, and the number
of senescent cells in tissues rises, impairing renewal and
homeostasis as well as decreasing organ function. Old cells
are usually characterised by bigger size, more diverse mor-
photypes, increased lysosomal beta-galactosidase activity,
more chromosomes (i.e. three or more in humans instead of
two), shortened telomeres (non-coding regions at the tips
of chromosomes), and changes in several genes’ expression
levels (Rodier and Campisi 2011). Biological mechanisms
ultimately contribute to the clinical effects of ageing, as
seen in organ decline and therefore reduced function. In
humans, the mechanisms behind the decline of brain func-
tions include a decrease in grey matter volume (after the age
of 20 years), especially in the frontal cortex. White matter
volume also decreases, and its function declines (Harada
et al. 2013). The rate of such physiological changes can often
be accounted for by certain genetic variants. For example,
the beta-2-adrenergic receptor (ADRB2) gene was shown to
affect white matter integrity and cognitive ability in old age
(Penke et al. 2010).

Survival value: Is ageing an adaptive process?
“If organisms can function well in youth, why can they not
continue to do so in old age?” — asks Partridge and Bar-

ton in their influential review (Partridge and Barton 1993).
Several theories propose answers (Milewski 2010). The key
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conceptual insight of all theories is that the old count less
than the young: with age, even immortal organisms have
impaired fertility and die from random injuries and disease.
By the time genes supporting later life would take effect,
most of the carriers are already dead or infertile and harmful
mutations already have been passed on to the offspring of
the individuals bearing them. Therefore, natural selection
becomes less efficient in old age, i.e. there could be only a
weak selection against ageing.

According to the antagonistic pleiotropy hypothesis (Wil-
liams 1957; Williams and Day 2003), a gene with a benefit
in early life but a detrimental effect later has a net positive
impact and will be favoured by natural selection. Many find-
ings support antagonistic pleiotropy. For example, a moder-
ate level of radical oxidative species (ROS) is beneficial at a
young age, but a high level of ROS is detrimental at old age
(Dai et al. 2017). In humans, cardiovascular diseases and
diabetes are examples of antagonistic pleiotropy, meaning
that specific gene variants contribute to female reproductive
advantages but later increase the risk of diseases (Byars &
Voskarides 2020).

Therefore, the ageing process can be a genetically pro-
grammed, adaptive trait because it prevents overcrowding,
accelerates generations’ turnover, and may even favour
closely related individuals (Longo et al. 2005). For example,
the popular grandmother-hypothesis claims that menopause
evolved in social species because old females with a long
post-fertility lifespan (PFSL) increase their inclusive fitness
by investing in their grand offspring. Indeed, in addition to
humans, in killer whales (Orcinus orca), the presence of
post-fertile grandmothers increases the reproductive suc-
cess of daughters (Brent et al. 2015). Note, however, that
young, fertile Asian elephant grandmothers also increase
the survival of grand calves and decrease their daughters’
inter-birth intervals in contrast to the hypothesis predic-
tion (Lahdenperi et al. 2016). The positive effect of grand-
mothers is irrespective of their reproductive status. There-
fore, menopause, when the oocyte number falls below the
threshold required for ovarian function, is most probably an
age-related decline and is not beneficial.

Another influential hypothesis, the disposable soma
theory, proposes that organisms adjust their investments
into either maintenance or reproduction to maximise fit-
ness (Kirkwood 1977; Abrams and Ludwig 1995). Age-
ing emerges when an organism allocates resources from
anti-ageing repairs to other needs. Thus, ageing is due to
an energy-saving strategy, i.e. an evolutionary trade-off
between gains during early life (growth, reproduction) and
maintenance. The rate of ageing depends on the allocation
of resources.

The competing mutation accumulation theory rejects
that ageing could be adaptive. Instead, it assumes that age-
ing is purely maladaptive due to the build-up of random



Biologia Futura (2022) 73:385-391

387

deleterious mutations that are only expressed beyond a cer-
tain age. Natural selection cannot eliminate these deleteri-
ous genes because organisms usually die due to unavoid-
able environmental risks before reaching the age these genes
would be expressed (see above). Therefore, ageing-related
genes can accumulate over successive generations, even in
potentially immortal populations, because selection does not
oppose the spread of deleterious mutations in the relative
lack of old individuals.

The hyperfunction theory of ageing assumes that ageing
is a continuation of development driven by, for example,
the inappropriate activation of growth-promoting pathways
(Blagosklonny 2013). Specifically, signalling pathways that
are essential in early life (such as the insulin and TOR path-
ways), also drive cellular senescence. However, this obvious
link does not mean that ageing is programmed. It is just the
aimless continuation of the programme. From an evolution-
ary viewpoint, the death of an individual with the “best fit-
ting” genome in a certain environment cannot be considered
adaptive. If adaptation is regarded as a phenotypic trait with
a functional role in each individual, we find that the ageing
process does not support the survival of an individual, on the
contrary. Thus, programmed theories are based on circular
reasoning: they claim that ageing eliminates the less valu-
able old animals for the benefit of the species and groups.
However, old animals are less valuable precisely because of
ageing. The most plausible explanation and the only way out
of the circle is that ageing has no function; it is simply the
by-product of development (Kowald and Kirkwood 2016).

Ontogeny: The process of becoming older

The focus of ageing research is usually on losses. However,
not every old individual shows a deficit in functioning. Rowe
and Kahn were the first to popularise the heterogeneity of
health trajectories in later life (Rowe and Kahn 1987). They
differentiated between “usual” or typical ageing, i.e. func-
tioning well but with a high risk for disease and disabil-
ity, and “successful” or healthy ageing, i.e. demonstrating
a high level of functioning across several domains. Since
then, most definitions have included physiological constructs
(e.g. physical functioning), engagement constructs (e.g. par-
ticipation in volunteer work), and well-being constructs (e.g.
life satisfaction). Based on the definitions, the prevalence
of healthy agers highly varies from less than 1% up to 90%
in different publications (Cosco et al. 2014). For example,
in a longitudinal study in Taiwan, based on multidimen-
sional indicators on a representative sample, 29.1% of the
population belonged to the successful ageing group, 36.3%
to the usual ageing group, 23.2% to the health declining
group and 11.4% demanded care (Hsu and Jones 2012). In
the USA, community-living persons aged at least 70 years
were followed for 9 years. 31.7% showed no decline in the

Mini-Mental State Examination scores, 43.5% minimal
decline, 14.9% moderate decline, 7.4% progressive decline,
and 2.5% rapid decline (Han et al. 2016).

Cognitive health is an inherent part of healthy ageing
in humans, characterised by social activity and independ-
ent life until death. In healthy, educated humans, the age-
related cognitive decline begins in the mid-twenties (Salt-
house 2009). Human cognitive abilities can be divided into
several domains, and they may change differently with age.
For example, vocabulary and general knowledge (‘crystal-
lised abilities’) remain stable or gradually improve up to
60-70 years of age. In contrast, attentional abilities, memory
functions, performance on verbal tasks, problem-solving,
processing and learning new information, and attending to
the environment (‘fluid abilities’) peak in the third decade
of life and then decline steadily. Mild changes in cognition
might be a typical part of ageing, but deficits are a sign of
pathology, which impairs daily functioning and results in an
inability to lead an independent life. In addition, a reduced
schedule of brain activity due to behavioural change and/
or loss due to ageing of brain function can create a self-
reinforcing downward spiral in impaired brain function in
older adults.

Evolution: How does ageing change across species?

The rate and onset of ageing show large variation between
species (Nussey et al. 2013). Mortality may increase, is con-
stant or decrease with age, linked to energy allocation char-
acteristic of a species, but little is known about what con-
straints favour a life trajectory (Baudisch and Vaupel 2012).

In some species, the mortality rate from ageing is sta-
ble, i.e. older individuals have no higher chance to die than
young ones; in other words, the species is “immortal”.
A jellyfish species (Turritopsis dohrnii) and a planarian
flatworm (Schmidtea mediterranea), are well-known exam-
ples. Throughout animal evolution, there is a gradual decline
in the abundance of cardinal stem cells for regeneration.
Higher bilaterians, including humans, “opted for” greater
complexity but less abundant stem cells and consequently
lost immortality (Petralia et al. 2014).

Among species with a pattern of ageing with increas-
ing mortality and decreasing fertility, lifespan is generally
inversely correlated with metabolic rates. If ageing is due to
a gradual accumulation of damage from metabolic by-prod-
ucts, species with slower metabolisms and higher weight
live longer. However, there are several exceptions. Birds
outlive mammals of comparable size, which clearly shows
that organisms vary in the extent to which they combat the
proximate causes of ageing. Mice and rats have a 2-3 years
lifespan, but the naked mole rat (Heterocephalus glaber)
lives up to 30 years due to several factors such as enhanced
antioxidant defence, lower insulin levels, and fewer aberrant
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proteins (Kim et al. 2011). The evolutionary theory of age-
ing predicts delayed ageing in species with reduced vulner-
ability to environmental hazards. For example, flying may
have a protective effect against predators, explaining why
birds and bats live considerably longer than expected based
on their metabolic rate (Austad and Fischer 1991).

Model organisms of ageing

Human lifespan is expected to increase by 4.4 years by 2040,
exceeding 85 years for both sexes in some countries (Fore-
man et al. 2018) due to better nutrition, health care, sani-
tation, and economic well-being. The growing number of
older people with age-related diseases poses an increased
burden on health care and pension systems. Therefore, age-
ing research focuses on increasing the health span, i.e. the
length of time the person is healthy. Animal models can help
to understand the intrinsic and extrinsic factors contributing
to ageing.

By examining animal species with extreme longevity or
immortality, such as the Hydra genus (Martinez and Bridge
2012), the bivalve (Arctica islandica, > 500 years, (Ung-
vari et al. 2013), and the bowhead whale (Balaena mysti-
cetus, > 200 years, (Keane et al. 2015)), researchers might
uncover the genetic elements behind a long (and healthy)
life. However, these animals are usually challenging to study
in the laboratory. Short-lived organisms are more efficient
experimental models. Nematode worms (Caenorhabditis
elegans), fruit fly (Drosophila melanogaster), mice (Mus
musculus), turquoise killifish (Nothobranchius furzeri), and
the unicellular yeast (Saccharomyces cerevisiae), with a
lifespan from a few days to a few years, have shed light on
many regulatory mechanisms behind ageing (e.g. Fabrizio
et al. 2001; Juhasz et al. 2003; Vellai et al. 2003; Kovacs-
Valasek et al. 2017; Hu and Brunet 2018). Based on these
studies, it was found that genes related to ageing are compo-
nents of essential metabolic and signalling pathways, such
as autophagic activity and cellular metabolism (Sandor and
Kubinyi 2019). Although these laboratory model animals
help to uncover evolutionarily conserved mechanisms, they
do not necessarily reflect the variance found in natural popu-
lations, nor the interaction between the cellular mechanisms
of ageing and complex extrinsic factors. Therefore, even
valid findings in model laboratory animals might not directly
correspond to genetic polymorphisms linked to health- and
lifespan in humans living in a very different environment
compared to laboratories. Moreover, some genes linked to
the central nervous system development are unique to the
primate lineage or can be found only in humans (Bitar and
Barry 2017).
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Where many animal models fail: cognitive ageing

Cognitive ageing refers to an age-related decline in cognitive
functioning experienced by almost all older people in several
cognitive abilities such as memory, processing speed, and
conceptual reasoning. In humans, together with age-related
neurodegenerative diseases, non-pathological variation in
cognitive ageing has also been well documented in the sci-
entific literature (Cosco et al. 2014). Although normal cogni-
tive ageing can influence the day-to-day life of the elderly,
the most common health issues posing a great burden on
the healthcare systems of developed countries are related to
pathological cognitive ageing. Over 85 years of age, 25-45%
of individuals have dementia, a severe cognitive decline
(Bird 2008). Identifying the genetic and environmental fac-
tors that influence the development of impaired cognition
among the elderly has been a major quest for gerontology
research. As it seems, the genetic background of age-related
cognitive decline, even that of specific neurodegenerative
states, is very complex, and further research is needed to
reveal the interactions between genetic variants, with each
having subtle effects.

However, the most traditional animal models, rodents and
non-mammalian animals do not develop age-related neuro-
degenerative disorders by nature. Although this limitation
of worms, flies, mice and other organisms has been over-
come by different techniques used to induce neurodegen-
erative processes in the central nervous system, the findings
of such studies may not be easily implemented in humans.
The causes of neurodegeneration can be many and are influ-
enced by cognitive and environmental factors that cannot
be assessed in laboratory animals because of their limited
cognitive and social capacities. Dementia can result from
multiple small strokes in the brain, certain diseases (AIDS,
Huntington’s disease), and Alzheimer’s disease (AD). AD
is characterised by amyloid beta and tau protein pathology
inside the brain (Khan and Bloom 2016). Although trans-
genic mouse models have amyloid beta plaque formation
in the brain, they naturally have resistance to amyloid beta
pathology and therefore do not show an extensive neuronal
loss. Notably, the brain of rodents is lissencephalic, i.e. lack-
ing surface convolutions. Unsurprisingly, the findings from
AD people were not consistent with those in transgenic AD
mouse models (Ambrosini et al. 2019). This may be one of
the reasons why the 40-year search for effective therapeutics
to treat AD has resulted in a clinical failure rate of 100%
(Mullane and Williams 2019). Dogs can provide a solution
to this problem because individuals with more severe symp-
toms of cognitive dysfunction have higher levels of amyloid
beta in their brains (Urfer et al. 2020).

As mentioned above, humans are also unique with their
highly extended post-fertility lifespan. Some researchers
argue that the high prevalence of Alzheimer’s disease (AD)
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is linked to PFLS (Gunn-Moore et al. 2018). The mean
PFLS is 45, while the maximum lifespan is 110 years. Thus,
PFLS as a percentage of maximum lifespan is 40.9%. Organ-
isms with a similarly long post-fertility lifespan are at a high
risk of AD because of links with longevity and the malfunc-
tion of the insulin signalling pathway. The killer whale has
a similarly long PFLS (48.7%) to humans. Although orcas
with dementia have not been reported, studies found evi-
dence of both amyloid deposits and tau pathology in related
cetaceans and three species of dolphins (Gunn-Moore et al.
2018). The PFLS of chimpanzees (Pan troglodytes) is 18.8,
the domestic dog (beagle breed, Canis familiaris) 23.3,
and the domestic cat (Felis silvestris catus) is 38.0. Thus,
humans, sea mammals, cats and maybe some dog breeds
with especially long PFLS might have AD-like neurode-
generation (Gunn-Moore et al. 2018). However, there are
serious ethical reasons against keeping these animals in
large numbers for research purposes and especially against
invasive experimental interventions. Besides, characteris-
ing longevity phenotypes would be almost as challenging in
long-living primates and orcas as in humans. The limitation
that traditional laboratory animals do not develop dementia
has been overcome by transgenic and gene-edited animals.
However, the long history of failed AD trials challenges the
validity of these models (Gotz et al. 2018). Consequently,
there are still many unanswered questions about the biology
of cognitive ageing which cannot be addressed adequately
in current laboratory animal models.

According to several authors (e.g. Ambrosini et al. 2019;
Chapagain et al. 2018; Creevy et al. 2022; Zakosek Pipan
et al. 2021), dogs provide a good model for human cognitive
ageing with unprecedented advantages in terms of general
validity. Companion or pet dogs share our environment more
than any other species. The same environmental factors
affect them as people (chemicals, air pollution, noise pollu-
tion, lack of exercise, etc.), which are suspected risk factors
of cognitive decline in humans but cannot be appropriately
modelled in the laboratory. Individuals, like humans, vary
in life expectancy and have multiple diseases treated in an
advanced healthcare system. They allow for longitudinal and
interventional studies because they age 4-11 times faster
than humans. Pet dogs also excel in displaying socio-cogni-
tive skills in interaction with humans compared to other ani-
mals (Mikl6si and Kubinyi 2016) and consequently develop
homologues of age-related human diseases, such as demen-
tia-like canine cognitive dysfunction (Madari et al. 2015)
and functional declines (Szabd et al. 2018). Canine research
can help us to identify suitable biomarkers, for example,
allowing early detection and predictions of AD in humans;
study the interplay of genetic and environmental effects and
the unique ageing trajectories, which can be the basis of
appropriate interventions. Recent research in our group at
ELTE supports these assumptions. Since the establishment

of the Canine Brain and Tissue Bank (CBTB) in 2017 (San-
dor et al. 2021a), we obtained brains and other tissue sam-
ples from 171 donated pet dogs representing various breeds.
Based on these samples, it was found that a conserved ageing
biomarker, CDKN2A, had similar tissue-specific age-related
gene expression patterns to that of humans (Sandor et al.
2021b); the levels of amyloid beta peptide 42 (Abeta42) in
three brain regions positively correlated with age and cogni-
tive decline (Urfer et al. 2021); and the list of 3,436 differen-
tially expressed genes detected by poly-A RNA sequencing
from the frontal cortex of young and old dogs corresponded
with human data to a greater extent than with rodent data
(Sandor et al. 2022). Moreover, in a pilot study, a negative
association was reported between the memory performance
of old dogs and the levels of Actinobacteria in the gut, mim-
icking observations in people with AD (Kubinyi et al. 2020).
These results support that the dog model of human cognitive
(dys)function reflects the phenotypes of human age-related
neurodegenerations such as dementia.

Conclusion for future biology

Both the number and proportion of older people are expected
to increase at an accelerating rate in the future. Therefore,
the study of ageing and longevity is of great importance. It
enables us to better understand the ageing process, which
allows the promotion of a healthy lifestyle among the gen-
eral population and provides humankind to successfully
cope with the long-term socioeconomic consequences of an
ageing population. Most research on human ageing looks
at older adults, many of whom have chronic illnesses, and
we know little about the ageing of healthy young people.
However, to prevent age-related diseases and declines, inter-
ventions to slow ageing and prolong healthspan should be
applied to people while they are young and healthy.

Ageing is a conservative phenomenon. Therefore, find-
ings on simple model organisms are generally translatable
to humans. However, features related to the unique human
cognition have no counterparts in these organisms. Animals
prone to developing human-like neurodegenerative disor-
ders and age-related cognitive abnormalities, such as dogs,
have grown to be a precious model species for researchers
who aim to understand the biological background of ageing.
Research should focus on the mechanisms and phenotype
of ageing in these animals. Data from companion dogs rep-
resenting a broader spectrum of genetic and environmental
variability would be most beneficial for modelling human
populations. However, obtaining biological samples, such
as muscle or brain tissue, is a more significant challenge for
molecular and histological research than for laboratory ani-
mals; therefore, large-scale medical databases and biobank-
ing services must be established and maintained.
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