Animal and human models to understand ageing
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Abstract

Human ageing is the gradual decline in organ and tissue function with increasing
chronological time, leading eventually to loss of function and death. To study the processes
involved over research-relevant timescales requires the use of accessible model systems
that share significant similarities with humans. In this review, we assess the usefulness of
various models including unicellular yeasts, invertebrate worms and flies, mice and primates
including humans, highlighting the benefits and possible drawbacks of each model system in
its ability to illuminate human ageing mechanisms. We describe the strong evolutionary
conservation of molecular pathways that govern cell responses to extracellular and
intracellular signals and which are strongly implicated in ageing. Such pathways centre
around insulin-like growth factor signalling and integration of stress and nutritional signals
through mTOR kinase. The process of cellular senescence is evaluated as a possible
underlying cause for many of the frailties and diseases of human ageing. Ageing arising from
systemic changes that cannot be modelled in lower organisms are also considered, as these
require studies either in small mammals or in primates including humans. We also touch
briefly on novel therapeutic options arising from a better understanding of the biology of

ageing.
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Introduction

Ageing can be biologically defined as a loss of cellular, tissue, organ and system function
with increasing chronological time, leading ultimately to death. It involves gradual and often
stochastic molecular changes leading to loss of homeostasis that predisposes to the diseases
and frailty characteristic of older age, such as sarcopenia, osteoporosis, lipodystrophy,
cardiovascular disease, diabetes, cancer and dementia. Aging thus carries a huge personal
cost of physical and often mental decline, coupled with emotional costs to the affected
individuals and their families, and financial pressures in providing suitable social and medical
care. Estimated age-related healthcare costs in the UK are currently 6.8% of GDP (in the
region of £100bn pa), and this is set to rise with an increasingly ageing population [1]. Thus
understanding ageing, with the promise of developing new ways to delay or prevent the
onset of age-related frailty and disease, or treat specific age-related conditions more

rationally and more successfully is now a major research focus in many developed countries.

Conserved hallmarks of ageing have recently been described [2]. These generally cover
either loss of function or dysregulation of normal cellular activities including: cell
communication, genome stability, telomere maintenance, protein homeostasis,
mitochondrial function, nutrient sensing and epigenetic control of gene expression. These
changes are likely to result in two additional hallmarks, stem cell exhaustion and cellular

senescence.

Senescence is a state of essentially irreversible cell division arrest, whilst retaining cell
viability [3]. Marked changes in morphology (enlarged size, irregular cell shape, prominent
and sometimes multiple nuclei, accumulation of mitochondrial and lysosomal mass,
increased granularity and highly prominent stress fibres (e.g. [4]) are accompanied by shifts
in metabolism, including a failure of autophagy [5]; detecting senescent cells in vitro and in
tissue and organs is possible using either chromogenic or fluorescent substrates of the
enzyme [ galactosidase, that is highly elevated and acts at relatively high pH (~6) in
senescent cells [6]. In addition, there is often a shift to glycolytic metabolism away from
oxidative phosphorylation [7], despite a marked increase in mitochondrial mass and markers

of mitochondrial activity [8]. Lysosomal pH may rise as a consequence of proton pump



failure, leading to an inability to rid the cell of damaged macromolecules — this may be a
cause of the failure of autophagy in senescent cells and the granularity observed
microscopically [9]. Molecular drivers of senescence and the impact of senescent cells on
ageing have been reviewed elsewhere [10] [11] [12] and are also considered briefly in

relevant sections below.

Studying ageing in humans is a challenging task, both because of the sheer time frames
involved in any longitudinal study, and also the ethical difficulties in testing hypotheses
experimentally. In order to understand how ageing occurs at the cellular and molecular
level, and to dissect the contribution of individual genes and epigenetic phenomena to
ageing, the use of model organisms has proven invaluable. In this review, we discuss the
various models that have been particularly informative in ageing studies, touching on yeast,
wormes, flies, mice, non-human primates and humans (both those undergoing ‘normal’
ageing and patients with premature ageing syndromes). We assess how recent technical
advances have allowed the lessons learned in model organisms to be compared with

findings in humans, for testing and refinement of possible anti-ageing therapies.

What constitutes a good ageing model?

Though ageing is a widespread phenomenon in biology, it is by no means universal: lobsters
[13] and hydra [14] show no loss of tissue integrity or reproductive capacity with increasing
chronological time, while the North Atlantic Quahog (a hard shelled clam) can live to at least
400 years with no obvious signs of ‘ageing’ [15]. Salamanders retain regenerative capacity
over long periods of chronological time [16] and acute cell senescence is required during
regeneration [17]; it is possible that senescence may initially have arisen as a developmental
and/or wound healing mechanism that has only recently in evolutionary time been co-opted
as a tumour suppressor mechanism with ageing as a side-effect [18]. A model to study
ageing must therefore fulfil the following criteria: it must have measureable phenotypes of
ageing and the underlying biochemical mechanisms of ageing must be conserved with
humans. Ideally, the chosen organism must be relatively easily manipulated under
laboratory conditions (e.g. small and cheap to grow in large numbers), and further ethical
consideration should be given to working with sentient higher organisms. Widely studied

model organisms in ageing research are therefore brewer’s yeast (Saccharomyces



cerevisiae), the nematode Caenorhabditis elegans, and the fruit fly Drosophila
melanogaster, though mice and non-human primates are also studied (Table 1).. In
addition, the utility of models lies not only in their genetic relevance to humans and their
ease of manipulation in the lab, but also the degree of curation of the resources that
support such analyses [19-21], including access to organisms of known genotype plus
relevant cDNA constructs via centralised resource centres (Yeast Genetic Resource Center
(YGRC); Caenorhabditis Genetics Center (CGC); Drosophila Genomics Resource Center
(DGRC)), which both saves experimental time and ensures consistency between different
laboratories. It is becoming increasingly clear for work on these models that there has been
very strong evolutionary conservation of key biochemical pathways that influence ageing. In
choosing an appropriate model, is important to bear in mind the key aspects of ageing to be
studied in order to decide whether the model has sufficient complexity in terms of tissue
and organ structures in order to correctly model chosen aspects of ageing such as

neurodegeneration or cardiovascular disease.

Yeast

The simplest organism used in studies of eukaryotic ageing is the brewer’s yeast,
Saccharomyces cerevisiae. This single-celled organism shares a significant number of
important genes with humans, such that lessons from yeast cell division have been vital in
underpinning our understanding of cell cycle control and have led to novel cancer therapies.
Because S. cerevisiae is haploid, genotype to phenotype analysis is straightforward, and
ageing can be assessed as either replicative life span (RLS, the number of cell divisions a
‘mother’ cell can undergo) or chronological life span (CLS, essentially how long a yeast cell
can remain viable in a post-mitotic state). The simplicity of the single yeast cell allows for
rapid phenotypic characterisation of the impact of mutations thought to be involved in
human ageing; for example, expression of mutant human genes encoding either a-synuclein
(in human Parkinson’s disease) or huntingtin (Huntington’s disease) results in yeast cell
killing, supporting the notion that toxicity due to protein aggregates contributes to human

neurodegeneration during ageing [22-24].

An unbiased screen testing over 500 single gene deletions for impact on RLS, [25] identified

two kinases, TOR1 and its downstream target Sch9, which when deleted increased yeast RLS



[26]. TOR kinase is so named as it is the mechanistic target of an antibiotic rapamycin
(mTOR); both mTOR and Sch9 are emerging as both highly conserved and critically
important in ageing across all eukaryotes so far analysed A potent modifier of lifespan is
caloric restriction: yeast cells grown in low nutrient conditions show elevated longevity, and
this appears to be mediated through the TOR1 signalling pathway [27]. Further molecular
analysis, such as determination of the yeast phosphoproteome with and without rapamycin
treatment has led to identification of critical downstream targets of mTOR that may also be
involved in regulating ageing — lower phosphorylation of GCN2 (elF2 kinase) and the RNA
binding protein LHP1 and increased phosphorylation of PKA-inhibitor BCY1 [28] together
suggest that nutrient sensing (leading to increased protein translation and cell growth) may
promote ageing. Integrating nutritional status with cellular stress requires additionally TOR
modulation of a forkhead transcription factor, FOXO. The lessons from yeast have proven
particularly valuable in understanding how stress and ageing may be linked in higher
organisms (see below). Other yeasts such as Schizosaccharomyces pombe have until
recently been less well studied in relation to ageing because their cell division is symmetrical
so the technique of counting bud scars from asymmetric division is simply not possible.
However, advances in micromanipulation and microfluidics have led to the development of

a replicative lifespan screening protocol applicable to S. pombe [29].

Overall, yeasts have the benefit of direct genotype to phenotype analysis, extremely rapid
generation time (3h), small genome, a large resource of characterised mutants, growth on
both solid and liquid media, and scalability such that cultures can contain billions of
individual cells. This is particularly valuable when considering high-throughput screening and
has recently been exploited to assess genetic interactions that may be important in ageing
[30]. However, the very features that make yeast amenable to rapid and straightforward
culture also pose significant drawbacks, particularly in attempting to study aspects of ageing
that are a consequence of complex intercellular interactions in metazoans. While yeast cell
ageing has been likened by some to human cellular senescence, yeast lack the inflammatory
intercellular signalling characteristic of senescent cells that is likely to cause deleterious

effects on neighbouring cells in humans.



Worms

Since C. elegans was first described as a model for studying ageing nearly 40 years ago [31],
research on genetic and environmental manipulations which can alter lifespan and ageing
has shown some remarkable insights into how single genes can have very marked impacts
on longevity and healthspan. The transparent ~1mm long C. elegans is easy and cheap to
grow, and exists primarily as self-fertilising hermaphrodites which lay around 300 eggs each,
allowing large numbers of genetically isogenic animals to be generated over a very short
time frame of three days. The short, largely invariant adult lifespan of C. elegans (average
~17 days at 20°C), coupled to the fact that the entire genome has been sequenced and
annotated [32] has allowed the identification of over 200 genes and regimes that affect
lifespan in the nematode. Furthermore, C. elegans provides an invaluable system for
comprehensive reverse and forward genetic screens, owing to the existence of an RNAi
library covering roughly 80% of the worm’s genes, and the ease of genetic manipulations
including the ability to generate transgenic strains, including using recent gene-targeting
approaches such as CRISPR. The marked evolutionary conservation of not only genes (the
genome of C. elegans contains homologues of approximately two-thirds of all human
disease genes [33]) but also biological pathways between worms and humans allows
findings in this relatively simple organism to be applied to the understanding of human

ageing.

A major breakthrough in field of the biology of ageing was made in C. elegans — namely, the
combined findings from Klass [34]) and then Johnson [35] demonstrating that individual
genes can modulate lifespan. These studies challenged the existing dogma that ageing was
an inevitable, fixed process of wear and tear. The first such gene to be identified was age-1,
which encodes a phosphatidyl inositol 3-kinase (PI3-kinase) [36]. Isolation of further
mutants demonstrated that insulin-like growth factor signalling (11S), which is conserved
across phyla, is a major regulator of organismal ageing [37] [38] . Functional DAF-16, the
worm FOXO transcription factor, has been demonstrated to be required for the longevity of
many of the lifespan enhancing mutations [39]; [40]. Interestingly, human population
studies have revealed an association between single nucleotide polymorphisms (SNPs) in
human FOXO03 and human lifespan extension [41]; [42] [43]; [44]) and the strength of the

association appears to increase with age [45]. Therefore, FOXO3 appears to be a candidate



longevity gene in humans and thus demonstrates how work in the humble nematode worm
can inform on the biology of human ageing. Subsequent work using C. elegans has shown
the importance of several other evolutionarily conserved pathways and processes in ageing,
namely caloric restriction, mitochondrial pathways, energy metabolism, endocrine signalling
and signal transduction, the stress response, protein translation and gene expression [46].
Despite their marked similarities to ageing pathways in so many ways, worms have not been
studied in the context of cellular senescence. It is likely that this is because they are
generally considered post-mitotic in the adult state, though both mitotic and meiotic cell
division occur in the adult gonad making them amenable to studies of factors that impact on

proliferative capacity and possibly senescence.

C. elegans can also be utilised to understand other aspects of ageing including population
and evolutionary studies, hormetic treatments and environmental manipulations including
more detailed studies on the effect of diet (encompassing the microbiome) and, excitingly,
models of age-related diseases [47]. Elegant examples of this are worm models of
Alzheimer’s and Parkinson’s disease [48-50]. Worms can be challenging to work with in
terms of drug interventions, requiring very high drug concentrations in order to penetrate
the cuticle though this can be overcome to some extent using cuticular bus mutants [51].
This combined knowledge is being used to establish drug screens for compounds which not

only extend lifespan, but importantly, health-span, by delaying the ageing process.

Flies

The fruit fly Drosophila melanogaster is widely used in ageing research, having a relatively
short lifespan of 40-50 days and a generation time of only 9 days (egg to adult) at a
temperature of 25°C. Having a fully sequenced and annotated genome simplifies genetic
analysis, as do the tools developed for genetic manipulation (such as P element and
piggyBac transposons) and phenotypic markers for analysis (e.g. eye colour and obvious
changes to adult wing hairs). It is also possible to directly assess fly homologues or
orthologues of genes implicated in human disease as these have been curated, originally in
the Homophila database [52] and now directly through Flybase. Isogenic fly lines can readily
be obtained through crossing. It is also relatively straightforward to breed flies in large
numbers and to manipulate them both genetically and via changing their environment (e.g.

food levels and composition, stressors such as temperature or ROS generators). Flies have



distinct developmental stages including embryonic, larval (with 3 distinct larval instars),
pupal (where major tissue reorganisation occurs) and adult stages. The timing of each stage
is well characterised for wild type flies under lab conditions, as is the lifespan and certain

traits that indicate ageing, such as distance climbed in a fixed time.

While anatomically very distinct from mammals, flies do have certain tissues that serve
similar functions — for example, the fat body functions in a role akin to the mammalian liver
in regulating energy metabolism. Because flies have a reasonably complex nervous system,
phenotypes that are relevant in humans can be usefully modelled e.g. the shaker phenotype
that occurs on mutation of the Sh gene (which encodes a voltage-sensitive potassium
channel in the nervous system) models defects in the homologous human KCNA3 gene
responsible for some forms of multiple sclerosis. Inflammation has been closely linked with
early ageing phenotypes in humans and this can be modelled to some extent as the fly has
innate immunity mediated through Toll-like receptors and NF kappa B signalling. While
cellular senescence per se has not been reported in flies, stem cell exhaustion in the ovary

has been characterised (reviewed by [53]).

Flies, like worms and yeast, are highly sensitive to nutritional status through insulin-like
growth factor signalling (1I1S) and mTOR-dependent signalling (involving mTORC1 and S6k,
the fly homologue of yeast Sch9). For example, severe dietary restriction in flies increases
lifespan; the importance of insulin signalling is emphasised by the finding that flies
homozygous mutant for the insulin receptor substrate, Chico, show lifespan increases of
nearly 50% [54]. Moreover, modification of the mTORC signalling pathway, through mTOR
mutation [55], rapamycin feeding [56] and S6K mutation [55], greatly extends fly lifespan.
Thus fly genetics can inform studies in higher organisms. However, factors identified in
other screens to identify genes that regulate longevity have revealed factors such as
Methuselah, a G-protein coupled receptor (GPCR) [57] which do not appear to have

mammalian homologues.

A major limitation in using flies is the difficulty in assessing phenotypes of ageing other than
lifespan, which is intensive to study in terms both of labour and time. One recent advance in
this regard is the demonstration of age-related increased gut leakiness detectable by uptake

of an inert blue due administered in the diet; because of the obvious blue colour of the aged
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flies, this has become known as the ‘Smurf assay’ [58]. A further limitation is the difficulty of
administering pharmacological or other agents to screen for improvements in longevity.
Dietary administration to larvae is possible [59], though drug doses are generally
significantly higher than those used in mammals (e.g. camptothecin at 500 nM has no
impact on viability of wild type flies [60] while the ICso in human cells is less than 50 nM).
Drugging early stages of development is even more challenging due to the impervious
chorion and waxy layers protecting the early embryo, though recent advances in embryo

permeabilisation look promising [61].

Rodents

While yeast, worms and flies have proven invaluable in studying aspects of ageing,
particularly those dependent upon single gene mutation or well defined biochemical
pathways, they have limitations in terms of modelling system-level changes on ageing. For
this, mammalian models have utility. Mice (Mus musculus) are widely used in ageing
research, though until recently inbred mouse strains were chosen because of genetic
homogeneity. These mice (e.g. C57BL/6) have a lifespan of about 2 years compared with
genetically heterogeneous wild type mice (maximum lifespan of ~4 years), and are less likely
to reflect the genetic diversity of human populations. Transgenic mice bearing specific
introduced genetic changes can be generated by manipulating the genome of embryonic
stem cells that are then implanted into the developing blastocyst. Genome editing originally
relied on low efficiency homologous recombination techniques but more recently, targeted
nucleases including zinc finger or TALENS nuclease, or the CRISPR-Cas9 gene editing systems
have proven of value. To overcome potential problems with knockouts that impact on
development, it has been possible to generate conditional knockouts using the Cre-Lox
system so that genes implicated in ageing but also essential for development can be
inactivated post-development to assess their function in adult life. Databases now exist
mapping changes in mouse tissues with age including the AGEMAP (Atlas of Gene
Expression in Mouse Aging Project) gene expression database [62], while ageing researchers
now collaboratively share tissues from aged mice through the ShARM resource [63], which
minimises the use of mice in ageing research while maximising the outputs from any studies

that have already taken place.



Metabolic regulation in rodent ageing

Some of the earliest studies on ageing were carried out in brown rats fed a very limited diet
[64]; such caloric restriction led to remarkable increases in lifespan. Follow-on studies then
included pharmacological interventions showing that the mTORC1 pathway and possibly
also the sirtuins are involved in the lifespan-boosting effects of caloric restriction (reviewed
in [65]). Consistent with studies in lower organisms suggesting a critical role for mTORC1 in
ageing, rapamycin fed to mice in late middle age led to increases of between 9-13% in
lifespan in a highly powered three-site study through the Interventions Testing Program

(ITP[66]); notably resveratrol under similar conditions did not impact on longevity [67].

Modelling neurodegeneration in mice

Mice show complex behaviours, so that neurological degeneration associated with ageing,
including Alzheimer’s and Parkinson’s disease, can be modelled at the genetic and
molecular level and also in terms of measuring changes in cognition. Tests of
pharmacological modifiers of dementia have highlighted rapamycin, the mTORC1 inhibitor,
as potentially beneficial in mice with Alzheimer’s and Parkinson’s disease [68-70]; such
studies provide compelling neuroanatomical and behavioural evidence that interventions
can work in complex nervous systems and should provide sufficient pre-clinical validation to

support future testing in humans showing early cognitive decline.

Mice also have both innate and adaptive immune systems highly similar to those in humans,
so the effects of immune senescence can be modelled. Interventions that may improve
immunological outcomes in ageing have been tested — for example, spermidine has been

shown to improve immunity in aged mice [71].

Differences in triggers of senescence between mice and humans

Rodents generally (but not universally— a marked exception is the naked mole rat) invest in
reproduction over maintenance of the soma, and this may not reflect the trade-off between
fecundity and longevity that occurs in primates including humans. Additionally, at the
molecular level mice show some significant differences in ageing mechanisms: mouse
telomeres are five to ten times longer than human telomeres though mice live for only 2-4
years compared with ~80 years for humans; mice die well before their telomeres have

reached critically short lengths even though this is a trigger of cellular senescence in human
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cells (see below). . The classic early ageing features of Werner syndrome in humans are not
recapitulated in mice mutant for the WRN gene, even though WRN is very highly conserved
between mice and men. However, if mice lacking telomerase activity (terc'/') are crossed
with WRN null mice, after 5-6 generations, they do now show classical Werner syndrome
phenotypes, suggesting that telomere shortening is required to unmask such ageing
phenotypes — or conversely that WRN loss per se does not cause aging if telomeres are
intact. Interestingly this hypothesis arising from mouse studies has been tested in human
cells by over-expressing telomerase in patient-derived WS cells; these no longer senesce
prematurely but continued to proliferate even though WRN activity was missing [72]. One
potential conclusion is therefore that the major role of WRN is to protect cells from the

impact of shortened or uncapped telomeres.

Cell senescence in mice

Mouse cells undergo cellular senescence in response to many of the triggers also known to
drive senescence in human cells, including DNA damage and high ROS. Induction of
senescence in mice relies heavily on the p16 cyclin kinase inhibitor CDKN2A, while p21
CDKN1A may be more important in some cell types in humans [73]. However, the role of the
tumour suppressor protein p53 appears conserved in mediating senescence, as mice

expressing a ‘super-p53’ that is highly active undergo premature ageing [74].

Cellular senescence can be conceptualized as a protective mechanism to prevent the
proliferation of damaged or dysfunctional cells. It has been suggested that it plays a role in
ageing: senescent cells accumulate with age in a range of tissues and organs and may
disrupt tissue function as well as causing inflammation [11]. However, direct evidence that
senescent cells drive ageing and the progression of age-related diseases was lacking until a
group of molecular biologists at the Mayo Clinic in Minnesota developed a sophisticated
transgene INK-ATTAC system whereby administration of a drug selectively eliminated cells
expressing pl6lnk4a in progeroid BubR1 mice. Elimination of senescent cells delayed the
onset of age-related pathologies such as hunchback (kyphosis) and cataracts. Further,
clearance of senescent cells late in life could even attenuate the progression of already-
established disorders [75]. This has recently been verified in wild type mice, where
senescent cell clearance led to lifespan extension and attenuation of age-related
deterioration [76]. These exciting results provide direct evidence for a causative role of

11



senescent cells in ageing and in the progression of age-related diseases, as well as

suggesting that their removal could be beneficial.

These genetic experiments provide proof-of-concept that senescent cell removal can be
beneficial, but achieving the same using small molecules would make removal of senescent
cells a viable therapeutic option for treating age-related diseases in humans. A potent
senolytic drug ABT263 that selectively kills senescent cells was identified in a screen by
Chang et al [77]. ABT263 is an inhibitor of BCL-2 and BCL-xL, two anti-apoptotic proteins;
oral treatment of old mice with ABT263, resulted both in depletion of senescent cells and in
tissue rejuvenation., while in an independent study, a combination of two different
senolytics (dasatinib and quercetin) depleted senescent cells of aged mice and rapidly

rejuvenated the mice [78].

While laboratory mice provide excellent models for some aspects of ageing, inbred strains
age very quickly, and additionally invest less than humans in somatic maintenance so they
have a much higher cancer incidence than in man. Since senescence is thought to have
evolved (at least in part) as a tumour suppressor mechanism, it is likely that studies of
senescence in mice may not fully mimic the process or its consequences in humans. Studies
on long lived rodents have therefore been initiated in naked mole rats, following the finding
that these social rodents have an extraordinarily long lifespan of ~30 years and an extremely
low cancer incidence [79]. Genome analysis suggest that a modified form of p16 CDKN2A
may be important in this context [80], as may very long chain hyaluronic acid [81]. Which
these two extremes of rodent longevity (lab mice and naked mole rats) most closely models
the process of ageing in humans is currently moot, though it may be that aspects of primate
ageing (especially higher cognitive functions) differ from those in rodents and therefore that

primates may be the best model to study primate ageing.

Dogs

Interventions developed through testing on lower organisms are not always successful when
applied to humans, possibly because of the failure to take into account anatomical and
organ system differences as well as genetic heterogeneity. A recent trial has been
established in pet dogs (of any breed) to test the effect of 10 weeks of rapamycin feeding on

ageing outcomes particularly cardiac function [82]. It is hoped that this small scale pilot
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study will be extended to a larger trial with power to determine if the drug reduces
neoplastic and kidney disease and cognitive decline with age. The value of this model lies
partly in the extensive health measures obtainable as pet dogs have access to veterinary
services as sophisticated as human medicine, and also that the dogs share the human

environment.

Non-human primates

A research gold-standard for interventions that impact on longevity and healthspan in
humans is testing on very closely related non-human primates. This is fraught with ethical
issues as well as the practical ones of extremely long lifespans requiring longitudinal studies.
While not widely used in ageing research per se (studies focus more on brain function and
vaccine trials), two landmark longitudinal studies in primates have assessed the impact of
caloric restriction on ageing over a period of nearly 35 years [83, 84]. Despite differences in
reported outcomes (that probably reflect initial health of the monkeys as well as differences
in their ‘ad lib’ diets), it appears that reduction in ad lib food intake by 30% over the lifetime
of an animal leads to highly significant gains in health measures including improved muscle
strength, cognitive function and overall lifespan ([83-85]. Caloric restriction, which shows
benefit to yeast cells, is therefore also relevant to wormes, flies, mice and monkeys (reviewed
in [65, 86]): there are currently human populations imposing caloric restriction regimes in
which surrogate markers of health (e.g. low inflammatory markers) suggest benefit [87].
However, even though non-human primates are genetically and anatomically extremely
closely related to humans, significant metabolic differences are emerging that may play a
role in rates of ageing. For example, humans burn more calories per unit body weight than
chimps, and consequently are more likely to have greater fat stores to cope with this
additional energy need [88]; since fat deposits are proinflammatory and inflammation

contributes to ageing, it may only be relevant to study such aspects in humans.

Humans

Human cells and cell senescence

Primary human cells grown in culture have proven to be extremely useful models for
analysis of ageing, since they undergo replicative senescence after multiple rounds of cell
division, which results in gradual loss of telomeric DNA until telomere attrition triggers a
DNA damage response. This phenomenon of finite lifespan in culture was first described by

13



Leonard Hayflick [89] and is now termed the Hayflick limit. Such senescence in vitro is likely
to mimic closely that occurring within human tissues, and occurs through conserved tumour
suppressor pathways mediated by p53, Rb, p16 and p21 (reviewed in [11]). While
telomerase reactivation can rejuvenate mouse tissues [90], it carries with an inherent
cancer risk [91]. Telomere attrition is by no means the only route to cellular senescence.
Other stresses can also trigger senescence, including oncogene activation, DNA damage, ER
stress and oxidative stress (reviewed [10]. It was by studying cell senescence in vitro that
the SASP was identified [92], and the ability of senescent cells to induce senescence in
surrounding cells [93], both through secreted SASP factors and potentially through direct

cell-cell contacts [94].

Premature ageing syndromes

Human premature ageing syndromes provide a system for studying the impact of individual
genes on human ageing. In particular, Hutchinson Gilford progeria syndrome (HGPS), a
severe early-onset premature ageing syndrome and adult onset Werner syndrome (WS)
have both provided insights into mechanisms of ageing (reviewed [95]). While caused by
single gene mutations (LMNA in HGPS and WRN in WS), these syndrome show many signs
and diseases of normal ageing. Children with HGPS suffer with arthritis and lipodystrophy,
with severe arterial intimal thickening resulting in often fatal cardiovascular events; all these
changes results from incorrect retention of a pre-lamin protein called progerin in the
nuclear envelope, which impacts on gene expression patterns and genome stability [96, 97].
WRN, by contrast, is a helicase/nuclease implicated in maintaining DNA stability during DNA
replication and recombination — it is also thought to be involved in some forms of DNA
repair. WS patients show a high incidence of sarcomas, while WRN gene promoter
inactivation by methylation is implicated in colorectal and other cancers [98]. Notably in
terms of ageing, one WRN polymorphism has been suggested to be more prevalent in
Finnish centenarians [99]. Recent studies in human induced pluripotent stem cells (iPSCs)
with mutant WRN have suggested that marked changed occur in chromatin organisation
once cells have undergone the epithelial to mesenchymal transition during differentiation,
which leads to differences in gene expression patterns predisposing to ageing [100].
Moreover, the DNA damage arising from WRN loss both in the global genome and at

telomeres, and through general nuclear instability in HGPS, is likely to trigger premature
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cellular senescence leading to a failure of tissue regeneration and premature stem cell
exhaustion [101]. Progerin-driven cardiovascular disease is not restricted to children with
HGPS but also observed with increasing age in the wider population [102]. Drugs such as
farnesyl transferase inhibitors that can help to treat aspects of HGPS [103] are therefore
likely to be useful in promoting cardiovascular health in later life. Hence monogenic

premature ageing disorders can be informative of processes likely to occur in normal ageing.

Longitudinal human studies

Studies of ‘normal’ ageing in humans through large scale longitudinal studies (e.g. the
Lothian birth cohort studies [104]; Framingham heart study [105]and the Newcastle 85+
project https://www.mrc.ac.uk/research/facilities/cohort-directory/newcastle-85-study) are now
yielding extremely informative data. The emergence of —omics techniques for analysis of the
entire genome (genomics), gene expression patterns (transcriptomics), protein complement
(proteomics) or metabolic activities of cells (metabolomics) from longitudinal study
participants, coupled with non-invasive imaging techniques such as white/grey matter brain
MRI [106] and other measures such as hand grip strength and chair rising time, together
with standard tests of cognitive function, permit genotype to phenotype correlations in
these populations (e.g. [107]). Additional even larger human population studies are
underway, such as the UK Biobank project [108] which promises to provide rich resources

for identifying biomarkers and other factors that correlate with healthy ageing [109].

Human genes that influence ageing - genome-wide association studies

Many genome-wide association studies have been carried out in an attempt to identify
genes that may promote human longevity. Analysis of a genetically homogeneous Ashkenazi
Jewish group of super-centenarians (aged 95-112) taking part in the Longevity Genes Project
highlighted four genes that predispose not only to extreme long life, but improved health.
The key genes identified in this study are listed in Table 2; perhaps unsurprisingly, several
are associated with lipid metabolism conferring cardiovascular and central nervous system,

protection.

Epigenetic modulators of ageing
While inheritance of specific alleles of a few key genes can promote longevity, it is likely that

there are multiple other modulators of ageing, each of which is likely to have small but
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additive effects and which may account for inherited longevity even in the absence of the

few known favourable longevity alleles (Table 2).

Epigenetic factors regulate gene expression patterns come into play and recent studies in C.
elegans have demonstrated that chromatin modifiers can have a highly significant impact on
lifespan, presumably through modulating expression of the key pathways implicated in
ageing [110]. Furthermore, premature ageing is associated with marked charges in the
chromatin landscape likely to impact on gene expression (see above): until we have a
complete map of the epigenome and an idea of levels of gene expression (MRNAs, miR, and
IncRNAs) together with functionality of protein products, we are unlikely to be able to
dissect all the features that contribute to ageing. Methylation of the DNA has been reported
to provide the best predictor of all-cause mortality [111] — hence we suggest that it is not
simply the DNA sequence that should be examined in GWAS studies, but the state of the
genome in terms of epigenetic modifications, particularly CpG methylation status, as

measured in the Lothian cohort studies [112].

Stress and human ageing

The role of stress on ageing has been the subject of intense study. Since telomere attrition is
linked with replicative senescence, it is notable that peripheral blood cells from mothers
caring for severely disabled children (hence experiencing chronic psychosocial stress) were
shorter than those without the caring stresses [113]. Furthermore, telomere shortening can
be detected in children exposed to domestic violence [114] and longitudinal studies suggest
that children from deprived backgrounds age less well than their peers of higher
socioeconomic status (though no link between telomere length and ageing has been
reported in the cohort studies [115]). Levels of immunomodulatory stress hormones cortisol
and DHEA alter on ageing; circadian rhythm changes in hormone levels have recently been
exploited clinically to maximise immune responsiveness to flu vaccination in the elderly
[116]. Human emotions can also impact on rates of ageing, and various studies have shown
that optimistic personality traits predispose to greater longevity [117], while depression
increases the risk of death e.g. after falls in the elderly [118]. Such studies are impossible to
conduct in animal models, requiring as they do questionnaires of mood and personality

traits. Thus any anti-ageing agents developed in the lab must be administered in the context
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of a complex human comprising not only the physical but also the emotional person. It will
also be critical to consider the interplay between clinical interventions (especially with drugs
or dietary supplements) and the microbiome, constituting as it does ~90% of the cells of an

adult human and influencing inflammation, gut permeability and even cancer risks.

Conclusions

Though human ageing manifests through apparently disparate diseases currently treated as
separate entities, it is likely that there is a common underlying cause of age-related disease
and frailty that can be traced back to the way in which cells deal with environmental and
endogenous insult over time by entering the state of cellular senescence [12]. The study of
ageing has recently been accelerated by the development of new tools that permit analysis
of the genome, epigenome, transcriptome, proteome and metabolome of old cells and
tissues, and that have highlighted major changes in senescent cells that are now being
exploited for development of possible therapies aiming either to modify deleterious aspects
of senescent cells (seno-therapeutics) or kill senescent cells outright (senolytics). That
senescent cells are a causative feature of ageing is becoming clear from experiments using
senolytic drugs in mice. Model systems have contributed hugely to our understanding of key
biochemical pathways of ageing and highlighted novel targets for drug development.
However, such studies cannot take into account the cross-talk between emotional and
social state and physical ageing — social isolation, for example, is a known contributor to
unhealthy ageing (e.g. [119]). Hence we propose that an interdisciplinary approach
integrating biochemistry, model organism studies and human trials are needed in order to
best assess which interventions have greatest promise in alleviating diseases and frailties to

promote healthier ageing in human populations.

One such human trial in progress is TAME, (targeting aging with metformin) with mixed
endpoints of delay in onset of various different age-related pathologies’. In a single
endpoint trial on ageing immunity, Mannick and colleagues showed that short-term
treatment with RAD0O1 (also known as everolimus, a rapamycin-like mTORC1 inhibitor)
prior to flu vaccination was beneficial in increasing not only anti-flu antibody titres but also

in reducing expression of the PD death receptor in B and T cells, thus alleviating immune

' http://www.afar.org/natgeos
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senescence [120]. Hence small-scale trials of drugs already approved by the FDA are
currently taking place for indications of ageing such as immune senescence or delayed
disease onset; this is likely to establish a precedent allowing novel agents identified by
screening in model organisms to progress to human trials as possible therapies for age-

related indications.
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