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INTRODUCTORY LECTURE:
SOME INSIGHTS ABOUT AGEING FROM A SHARK AND AN OYSTER

MICHAEL ZASLOFF

MedStar Georgetown Transplant Institute,
Georgetown University School of Medicine, Washington, DC 20007, USA

The subject of the 32" Old Herborn
Seminar is on the impact of ageing on
the microbiome. In this brief introduc-
tory lecture I would like to explore the
subject of ageing. What underlies the
ageing process? In general, ageing is a
process that occurs as the regenerative
potential of the organism diminishes.
As a consequence, the functions of
vital organs gradually fail. Why does
this happen? Is there an ageing “clock”
in the human body? Are we composed
of cells that are genetically pro-
grammed to count the hours until their
senescence is reached? Or is the rate of
ageing controlled by a “master clock”?
Can we slow down the ageing clock?

Perhaps if we examine some long-
lived animals we might discern some
hints about the ageing mechanism. One
of the oldest known animals is a clam
collected off the coast of Iceland
(Scourse et al., 2006). Based on the
“rings” of the shell of this animal, it
was estimated to be about 500 years
old, and called the “Ming Clam” to
highlight that it began its life during the
Chinese Ming dynasty. Other clams
caught in that area were similar in age,
suggesting that the Ming was not an
unusual outlier. Clearly these individu-
als survived predation. As extraordi-
nary they survived infection and ma-
lignancy, despite (or because of?) the
absence of an adaptive immune system.
This animal teaches us that a robust
adaptive immune system is not neces-
sarily required for longevity.

The Greenland shark was recently

discovered to be the oldest living ver-
tebrate, with the maximum age esti-
mated to be 600 yrs. (Nielsen et al.,
2016). The ages of the animals were
determined by radiocarbon dating of
the lens of the eye, which is formed
during embryogenesis. Prior studies
had shown that the Greenland shark
reached sexual maturity at about 200
years. The ageing clock of this animal
appears to run about 10-fold more
slowly than the human’s. This animal
teaches us that tissue renewal and
organ regeneration, including reproduc-
tive capacity, can be sustained in a ver-
tebrate for hundreds of years.

In 1961 Hayflick and Moorehead
proposed that an animal’s longevity
had its basis at the cellular level (Hay-
flick and Moorehead, 1961). They
demonstrated that the fibroblasts from
short lived animals would undergo
fewer divisions in cell culture before
reaching senescence compared with the
cells of longer-lived animals. It was
later suggested that the number of cel-
lular divisions a cell was capable of
sustaining was dependent upon the
integrity of the chromosomal telo-
meres, and the expression of telomer-
ase. With each successive division, the
telomeres of the stem cells shortened,
until chromosomal replication was
compromised.

Subsequent studies failed to validate
the relationship between the longevity
of a species and the number of divi-
sions to senescence. A rather telling
study asked whether the fibroblasts



grown from a biopsy taken from a 90+
year old human would undergo senes-
cence after fewer divisions in vitro than
those from younger individuals (Maier
et al., 2007). The results demonstrated
that the fibroblasts from the nonage-
narians behaved very much like young
cells with respect to the maximal num-
ber of replications. These observations
suggest that the replicative capacity of
a stem cell is influenced by factors con-
tributed by the in vivo setting. What
anti-senescence factors are present in
vivo, but absent in vitro? Might a grad-
ual decrease in ““anti-senescence ‘“hor-
mones” be responsible for ageing?

Caloric restriction has been shown
to increase longevity in flies, worms,
fish and mice (Balasubramanian et al.,
2017), so better understanding of the
physiological consequences of caloric
restriction could provide some insight
into the processes influencing longevi-
ty: IGF-1, insulin, and growth hormone
concentrations fall in serum (Bartke
and Westbrook, 2012; Cady and
Sadagurski, 2017); plasma ketone bod-
ies increase, providing the brain with a
highly efficient source of energy, re-
ducing its dependence on glucose; and
most curious, reduced inflammation
within the hypothalamus (Cady and
Sadagurski, 2017).

A recent study

suggests that

progressive hypothalamic inflammation
might be a key factor in systemic age-
ing (Zhang et al., 2013). In this study, a
lentivirus expressing GFP driven by an
NF-kB response element was injected
to either the hypothalamus or the cortex
of mice. As the animals aged, the in-
tensity of GFP+ cells increased in the
hypothalamus, but not in the cortex,
demonstrating that the hypothalamus
experiences an inflammatory milieu in
contrast to the cortex. The hypothala-
mus has a central role in homeostatic
regulation of metabolism, vital func-
tions (temperature, blood pressure, etc),
and growth, so inflammation could im-
pact negatively on function. Indeed, in
this study numerous hypothalamic pep-
tides were examined to determine
which, if any, changed in the older
animals, and GnRH, which decreased,
was identified as a candidate. Surpris-
ingly, treatment of the older animals
with parenteral GnRH stimulated
neurogenesis in the brain. Most surpris-
ing GnRH treatment increased muscle
strength, skin thickness, and cognitive
functions, in a sense, restoring a more
youthful phenotype.

So what controls ageing? Does
inflammation within the hypothalamus
drive generalized ageing of our bodies?
Is it all that simple?

LITERATURE
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PHYSIOLOGY OF HUMAN AGEING
ROBERT J. PIGNOLO

Department of Medicine, Division of Geriatric Medicine and Gerontology,
Mayo Clinic College of Medicine, Rochester, MN, USA

SUMMARY

The study of human ageing physiology is limited by confounders such as
concomitant disease, as well as the role of environmental factors and inter-
actions with the physical world. The objective of this chapter is to review
human physiological ageing through primarily a systems-based approach,
with consideration for the geriatric syndromes (multifactorial pathophysiol-
ogy), resiliency, and common ageing mechanisms that may underlie de-
clines in multiple physiologic systems. Each system has its own trajectory
for age-related dysfunction with accompanying system-specific declines.
There are a growing number of examples of factors that regulate the resilient
responses to stressors and mitigate potential adverse physiological conse-
quences. Common mechanisms that contribute to human age-related physi-
ology include chronic, low-grade, non-microbial inflammation, cellular
senescence, accumulation of damaged macromolecules (DNA, proteins,
carbohydrates, lipids), and stem and progenitor cell dysfunction. Ageing
physiology in humans is heterogeneous and almost always interdependent
with other systems and extrinsic influences.

INTRODUCTION

The study of human ageing physiology
is confounded by chronic diseases not
easily distinguished from primary age-
ing processes and for which ageing is
the major risk factor. Nevertheless, and
to the extent possible, ageing physiol-
ogy will be reviewed as a systems-
based approach, highlighting the major
or key ageing features seen in healthy
individuals. For many system-based
ageing changes, the aetiologies are
multifactorial or syndromic, and the
geriatric syndromes such as pressure
ulcers, incontinence, falls, dementia,
and osteoporosis are good examples of
the clinical consequences due predomi-
nately to ageing physiology in skin, the
genitourinary system, muscle, central
nervous system, and bone, respectively,

but also secondary to contributions
from physiologic ageing in other sys-

tems and extrinsic factors (e.g.,
polypharmacy, amount of daily activ-
ity, etc.).

Human ageing physiology is hetero-
geneous among individuals, lending
itself to the descriptors of “normal” and
“successful” ageing and supporting the
concept of resiliency in the case of the
latter. Resilience to physiologic ageing
has been demonstrated across several
systems, although its description in hu-
mans, outside of psychological and be-
havioural studies, is relatively limited
(Hadley et al., 2017). Common mecha-
nisms contribute to ageing physiology
in animal models, and control of these
mechanisms likely mediate resistance



effects. In humans, early evidence sug-
gests that the same common ageing

mechanisms are at play (Kirkland,
2016).

LIMITATIONS TO STUDYING HUMAN AGEING PHYSIOLOGY

Declines with age in physiological sys-
tems are commonly due to the effects
of disease superimposed on fundamen-
tal ageing processes. A major challenge
therefore is to distinguish the effects of
ageing from disease. In humans, this
can only be approximated by studying
healthy individuals, tissue donors,
those who experience non-disease re-
lated sudden death, or probably less
helpful, autopsied individuals where
the circumstances of death can be ob-
tained. With this caveat, the physiology
of system-specific human ageing is of-
ten considered to reflect primary pro-
cess(es).

Superimposed on primary ageing
processes, are environmental factors
and interactions with the physical
world that may regulate the degree and
pace of these processes. For example,
barrier facilities for animal models
limit understanding of ageing processes
influenced by the microbiome and im-
munological responses to environmen-
tal pathogens, which are applicable to
animals in the wild and to humans. Be-
havioural factors, which rely on inter-
actions with individuals, are also rele-
vant since purposeful living, social net-
works and support systems influence
health outcomes and mortality risk
(Boyle et al., 2010a,b; Holt-Lunstad et
al., 2010; Park et al., 2014).

Death is a poor endpoint to study
ageing. Mortality is tightly linked to
disease state and accidental death
where ageing physiology is obscured
by disease pathology and events unre-
lated to ageing, respectively. Further-
more, in the wild most animals will
never achieve longevity close to their
maximum life span because of death
due to accidental reasons and to preda-
tion.

Finally, a specific physiological sys-
tem may be dependent on multi-system
interactions, and so dysfunction in one
system may be related to dysfunctional
processes in another or multiple sys-
tems. This relationship is true in dis-
ease states such as cardiopulmonary,
cardiorenal, and hepatorenal syn-
dromes, where dysfunction due to dis-
ease in one system contributes to the
progression of disease in another sys-
tem. The geriatric syndromes represent
the equivalent dysfunctional outcomes
due to ageing in one system being in-
fluenced by ageing in other systems
and/or multiple age-related aetiologies
that may be intrinsic or extrinsic to the
individual. Therefore, examination of
age-related changes in a single physio-
logical system in isolation is con-
founded by the contributions of ageing
in interacting systems.

DISRUPTION OF PHYSIOLOGIC RHYTHMS WITH AGEING

With ageing, disruption of circadian
patterns cause phase advances (1-2
hours earlier) such as in the 24-hour
body temperature trough and sleep on-
set. Suprachiasmatic nucleus neuronal
loss in the hypothalamus results in
attenuated pulsatile secretions and

decreases in gonadotropins, growth
hormone (GH), thyrotropin, melatonin,
and  adrenocorticotropic  hormone
(ACTH) (Veldhuis, 1997). There is also
a delayed reset to a new photoperiod
with ageing (Hofman and Swaab,
2006).



AGE-RELATED CHANGES IN THE GASTROINTESTINAL SYSTEM

Oropharynx

With ageing, there is a decrease in aci-
nar cells and saliva production that is
accompanied by thinning of the oral
mucosa (Smith et al., 2013). These
changes contribute to dry mouth com-
plaints, recession of gums over time,
and the increased risk of root carries.
Loss of teeth promotes less effective
mastication. Abnormal transfer of the
food bolus to the pharynx (due to de-
creased oesophageal muscle compli-
ance) is a major cause of inadequate
nutritional intake in edentate individu-
als and places them at increased aspira-
tion risk (Fulp et al., 1990; Frederick et
al., 1996).

Oesophagus

There are four pathophysiological pro-
cesses that occur in the oesophagus
during ageing, including hypertrophy,
nerve loss, decreased contraction/tone,
and decreased sensation. Skeletal mus-
cle hypertrophy of the upper one-third
of the oesophagus carries no functional
consequences (Hall et al., 2005). There
is loss of myenteric ganglion cells
which cause a decline in the amplitude
of oesophageal contractions during
peristalsis, but this does not substan-
tially cause impairment of food move-
ment (Hall et al., 2005). However, ma-
jor deficits in secondary oesophageal
contractions and a decrease in lower
oesophageal sphincter tone causes in-
creased gastric acid exposure (Kekki et
al., 1982; Feldman et al., 1996; Hur-
witz et al., 1997; Haruma et al., 2000,).
Impaired sensation of distension at the
distal oesophagus contributes to loss of
symptomatology from injury (Lasch et
al., 1997).

Stomach

Acidification of gastric contents with
ageing is intact in the basal unstimu-
lated state; however, there is an

increased prevalence of H. pylori infec-
tion (Marshall, 1994; Haruma et al.,
2000). Higher rates of gastritis, de-
creased production of prostaglandins,
bicarbonate, and non-parietal fluid in
the setting of decreased gastric empty-
ing and microcirculation lead to im-
paired mucosal defences (Guslandi et
al., 1999; Tarnawski et al., 2014).
There is also a greater susceptibility to
injury, with impaired healing and re-
duced efficacy of ulcer-healing drugs
(Tarnawski et al., 2014).

Small intestine

Moderate villus atrophy and decreased
absorption of micronutrients (e.g., cal-
cium, folic acid, vitamin B12) with
ageing are accompanied by an increase
in bacterial overgrowth (Parlesak et al.,
2003; Salles, 2007). Loss of innerva-
tion, especially of sensory and myen-
teric nerves, result in a higher inci-
dence of painless ulcers (Hilton et al.,
2001).

Large intestine

Mucosal atrophy, atrophy of the mus-
cularis externus and altered coordina-
tion of contraction contribute to de-
creased colonic motility and the much
higher rates of constipation with ageing
(Bitar and Patil, 2004). Loss of myen-
teric plexus and intrinsic sensory neu-
rons and concomitant lower anal
sphincter tone lead to faecal inconti-
nence (Wade and Hornby, 2005).
Hypertrophy of mucularis mucosa with
atrophy of the muscularis externus pre-
dispose to diverticuli (Comparato et
al., 2007, Commane et al., 2009). Bar-
rier function of colonic epithelium is
compromised with ageing (7ran and
Greenwood-Van Meerveld, 2013).

Hepatobiliary system
Liver mass and perfusion decline with
ageing (Schmucker, 2005). There is



impairment in synthetic function, with
a slight decrease in albumen levels,
lower LDL and LDL receptor levels,
lower cytochrome P450 content and
lower vitamin K-dependent -clotting
factors (Sotaniemi et al., 1997; Fu and
Nair, 1998; Schmucker, 2005). The re-
generative response to injury decreases
and the bile lithogenic index increases
with ageing (Valdivieso et al., 1978;

Schmucker, 2005).

Exocrine pancreas

There are minor atrophic fibrotic
changes in the ageing pancreas with an
increased number of cysts and side
branching of ducts (Bulow et al., 2014).
Although there is a decline in stimu-
lated pancreatic flow, this does not im-
pact exocrine function.

CARDIOVASCULAR AGEING

Heart weight increases as a function of
ageing, with enlargement of the left
atrium and enlargement and hypertro-
phy of the left ventricle (Kitzman et al.,
1988). A decrease in cardiomyocyte
number is accompanied by an increase
in cardiomyocyte size (Olivetti et al.,
1991). The aortic valve and mitral
annulus thickens with development of
calcific deposits. Mitral annular calci-
fication predisposes to conduction ab-
normalities. Increased atrial and ven-
tricular premature beats become more
common with age (Fleg and Kennedy,
1992).

Due mostly through compensatory
mechanisms, ejection fraction, stroke
volume, and cardiac output do not
change substantially with ageing

(Ferrari et al., 2003). There is an in-
crease in early diastolic filling, and an
increase in end-diastolic filling due to a
compensatory  greater  contribution
from atrial systole (marked by a normal
S4 in older individuals). There is a rela-
tive loss of chronotropic and inotropic
responsiveness to [-adrenergic stim-
uli/catecholamines as well as inotropic
response to digitalis glycosides. Peak
cardiac output to maximal exercise is
decreased.

In the vasculature, arterial wall
thickness (intima-media) increases with
advancing age, as does pulse wave ve-
locity and total peripheral resistance
(Mitchell, 2008). Endothelial nitric ox-
ide release and B-adrenergic-mediated
vasodilation decreases (Mitchell, 2008).

AGEING OF THE RESPIRATORY SYSTEM

Three hallmark features describe age-
ing in the respiratory system: change in
lung volumes, increased alveolar-arte-
rial oxygen gradient, and ventilation-
perfusion mismatch (Chan and Welsh,
1998). Due to decreased elastic recoil,
increased chest wall rigidity, and a loss
of force-generating capacity of respira-
tory muscles, forced vital capacity,
forced expiratory volume at 1 second,
and vital capacity decrease and func-
tional residual capacity increases
(Janssens, 2005). Diminished lung dif-

fusion capacity results in an increase in
the alveolar-arterial oxygen gradient,
measured as the diffusion capacity of
carbon monoxide which drops by 2-3
ml/min/mmHg per decade (Stam et al.,
1994). Secondary to decreased elastic
recoil, the intrapleural pressure be-
comes less negative causing areas of
the lung base to close. With this clo-
sure, there is a redistribution of in-
spired air to underperfused apical areas.
The resultant increase in physiological
dead space and underventilation of



dependent lung areas is responsible for
ventilation-perfusion mismatches typi-

cal of the ageing lung (Stam et al.,
1994).

AGEING OF THE IMMUNE SYSTEM

Ageing of the immune system is re-
flected by diminished immune respon-
siveness, so-called ‘“immunosenes-
cence”, altered immune system physi-
ology, and impaired immune regula-
tion. Due to immunosenescence
(Agarwal and Busse, 2010), there is a
decreased response to new anti-
gens/elevated susceptibility to infection
and cancer, decreased vaccine effi-
ciency (e.g., influenza), reactivation of
latent infections (e.g., herpes simplex
virus, tuberculosis), and perhaps com-
promised immune surveillance.
Important changes in immune sys-
tem physiology with ageing include
decreased production and maturation of
B- and T-cells (e.g., marrow decline,
thymic involution), inversion in pro-

portional representation of memory vs
naive cells (T memory cells increase
and T naive cells decrease with age),
decreased isotype switching and affin-
ity maturation of B cells, accumulation
of CD28-negative T-cells, and im-
paired formation of the T-cell — Anti-
gen Presenting Cell “immune synapse”
(Panda et al., 2009).

Altered immunoregulation can be
seen as an increase in autoimmune syn-
dromes (systemic lupus erythematosus,
rheumatoid arthritis, and systemic scle-
rosis, others), oligoclonal expansion of
T- and B-cells (decrease in diversity
with age), monoclonal gammopathies,
and increased inflammation (Ramos-
Casals et al., 2004; Arai et al., 2015;
Ray and Yung, 2018).

CHANGES IN THE AGEING KIDNEY

Kidney weight and volume remain un-
changed with ageing in individuals
who experienced sudden death and in
healthy  individuals,  respectively
(Glassock and Rule, 2012). Nephro-
sclerosis increases progressively with
age (Glassock and Rule, 2012). A scle-
rosis score is the total number of histo-
logical abnormalities (global glomeru-
lar sclerosis, any tubular atrophy, inter-
stitial fibrosis > 5%, any arteriosclero-
sis). Among living kidney donors with
less than 10% glomerulosclerosis, glo-
merular density declines with age but
the size of glomeruli and tubules in-
crease; in those with greater than 10%
glomerulosclerosis, glomerular density
increases with age with a rise in the
number of small sclerotic glomeruli
and tubular atrophy. The number of
functional glomeruli decreases with age

in both live kidney donors and in indi-
viduals at autopsy. There is compensa-
tion by functional nephrons in older
healthy individuals. Glomerular filtra-
tion rate (GFR) is mostly reported to
decline with age, but is variable and
may be unchanged in as much as one-
third in healthy cohorts (Lindeman et
al., 1985; Esposito et al., 2007). Esti-
mated GFR tends to vary based on the
formula employed, and can be under-
estimated in healthy older adults when
age is used as a surrogate for muscle
mass. Changes in renal function with
age may in part be driven by a vascular
process whereby vasoconstrictive re-
sponses to angiotensin are intact but the
vasodilatory responses to acetylcholine
or to an acute sodium load are impaired
(Hollenberg et al., 1974).



Table 1: Changes in the haematopoietic system with age

Parameter Change with age  Response to challenges with age

Red cell life span

Iron turnover

Blood volume

Bone marrow mass/cellularity
Bone marrow fat

Donor suitability for haematpoietic
cell transplantation

Tolerance of chemotherapy

Compenstory response to:
Phlebotomy
Hypoxia

Colony size of stimulated erythroid
progenitor cells

Production of BM stimulatory
hormones (e.g. SCF, GM-CSF, IL-3)*

Total WBC

Clonal expansion of specific white
blood cells

Platelets (total number)
Platelet responsiveness
Bleeding time

Procoagulant state ({fibrinogen,
1Factors V, VII, VIII, IX,
Tkininogen, Tprekalikrein

Fibrin degradation products (D-dimers)

Plasminogen activator inhibitor-1
(major inhibitor of fibrinolysis)

Deep vein thrombosis

— Il

—

— —

1: Increase; |: Decrease; =: Unchanged.

*SCF: Stem cell factor; GM-CGF: Granulocyte-Macrophage-Colony-stimulating factor;

IL-3: Interleukin-3.

AGEING IN THE HAEMATOPOIETIC SYSTEM

Changes in the haematopoietic system
with age are shown in Table 1. Major
changes outside of the immune system
(see above) include decreased bone
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marrow, marrow cellularity, and com-
pensatory responses to phlebotomy and
hypoxia as well as increased compo-
nents related to the procoagulant state



Table 2: Endocrine changes with ageing

Hormone

Change with ageing

Growth hormone
Insulin-like growth factor I
ACTH

Cortisol

DHEA

Renin

Aldosterone

TSH

Ta

T3

PTH

Calcitonin

1,25 (OH): D

LH

FSH

Testosterone

Free testosterone
Atrial natriuretic factor
Insulin

Glucagon

N in males; | in females

e P e e 72—
]
3

1 or N in males; 1 in females
1 or N in males; 1 in females
| or N in males; 1 in females

— = > —

1: Increase; |: Decrease; N: Normal.

DHEA: dehydroepiandrosterone; TSH: thyroid stimulating hormone; T: thyroxine;
PTH: parathyroid hormone; LH: luteinizing hormone; FSH: follicle stimulating hormone.

(Lipschitz et al., 1984; Pinto et al.,
2003; Franchini, 2006). In a young
adult, haematopoietic marrow (red) re-
sides in skull, vertebra, flat bones, and
proximal femoral and humeral meta-

physes. Fatty marrow (yellow) predom-
inates in remainder of skeleton, and
gradually replaces red marrow with age
(Custer and Ahlfeldt, 1932; Kricun,
1985).

ENDOCRINE CHANGES WITH AGEING

Table 2 summarizes the endocrine
changes with ageing (Lamberts et al.,
1997). In healthy individuals, levels of
some hormones are not altered with age
(e.g., thyroid hormone). In older indi-
viduals without disease, the homeo-
static setpoint for a given hormone may
be the same as in youth, at expense of
alteration in another (e.g., ‘“normal”
testosterone with elevated LH), differ-
ent from youth (e.g., DHEA, IGF-1

levels decline with age) or the same as
in youth, except with a stressor (e.g.,
cortisol response).

There is an increase in frequency of
endocrine disease with ageing (e.g.,
hypothyroidism, post-menopausal oste-
oporosis) and often older individuals
have different presentations of endo-
crine disease (e.g., hypothyroidism,
hyperthyroidism) (Gambert  and
Escher, 1988). Different presentations
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Figure 1: Changes in adipose tissue with ageing.

of non-endocrine disease are also com-
mon when coexistent with endocrine
disease (e.g., angina in the setting of
hyperthyroidism). In addition, there are
alterations in hormones secondary to
medications frequently prescribed in
the elderly (e.g., hyperprolactinemia
from phenothiazines).

Although not as abrupt as the de-

cline in oestrogen levels during men-
opause, there are inexorable declines in
testosterone (“andropause”), DHEA
(“adrenopause”), and GH/IGF-I
(“somatopause”). These changes, medi-
ated by declines in LH/FSH, ACTH,
and GH, respectively, are controlled at
the level of the hypothalamus-pituitary
complex (Jones and Boelaert, 2015).

AGE-RELATED CHANGES IN ADIPOSE TISSUE

Two major changes in adipose tissue
that occur with ageing are the re-distri-
bution of fat and the decrease in lean
body mass (Figure 1). Adipose tissue
redistributes from subcutaneous to vis-
ceral depots (Kuk et al., 2009). This re-
distribution is accompanied by an in-
crease in circulating fatty acids and

inflammatory cytokines as well as insu-
lin resistance and impaired glucose me-
tabolism (Stout et al., 2017). When
older individuals are compared to
younger ones, even after controlling for
waist circumference, visceral fat in-
creases and subcutaneous fat decreases
(Kuk et al., 2009).

MUSCLE AGEING

The hallmark of muscle aging, sarcope-
nia, is operationally defined by thresh-
olds of muscle loss, decreased muscle
strength, and lower physical perfor-
mance (Locquet et al., 2018). Risk of
sarcopenia is very well predicted by the
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combination of age, grip strength, and
calf circumference (Locquet et al.,
2018). Loss of muscle mass as a
proportion of body weight is almost
universal with ageing and muscle loss
in the lower extremities is greater than
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Figure 2: Contributing factors to muscle ageing (left) and consequences of sarcopenia (right).

that in the upper extremities. The loss
of muscle mass is attributed to the de-
crease in motor unit number and size,
lower physical activity common in
older individuals, elevated inflamma-
tory cytokines, diminished testosterone,
oestrogen, and GH/IGF-I levels, eleva-
tions in myostatin and activin A, as
well as nutritional deficits and genetic
predisposition (Figure 2) (Narici and
Maffulli, 2010). Histomorphologically,
aged muscle shows increased fatty
infiltration, fibrosis, decreased fast
twitch > slow twitch fibers, smaller

myofibril size, and fewer myofibrils
(Faulkner et al., 2007).

Functional and clinical consequences
of muscle ageing include decreased
strength, increased fatigability, shorter
time to peak tension and time to relaxa-
tion, decreased regenerative capacity,
greater insulin  resistance, lower
volume of distribution for water-
soluble drugs and decreased levels of
glycolytic enzymes (Narici and Maf-
fulli, 2010). Increased mortality is asso-
ciated with sarcopenia (Reinders et al.,
2015).

SKIN AGEING

Primary changes that occur with skin
ageing include epidermal thinning, de-
creased vascularity, and the loss of rete
pegs which project downward from the
epidermis between the dermal papillae
(Montagna and Carlisle, 1990). The
elastin network of the skin is dimin-
ished, there is a loss of subcutancous
fat, and epidermal turnover is slowed
(Uitto, 2008). Histologically, there is a

loss of melanocytes, Langerhans’ cells,
sweat and sebaceous glands, as well as
Meissner’s and Pacinian corpuscles
(Yaar and Gilchrest, 2001). Micro-
architectural changes lead to poor nu-
trient transfer, a loss of protective li-
pids, and decreased area for heat trans-
fer. Bleeding can more easily occur
into dermal-epidermal space. Clini-
cally, the ageing skin demonstrates an
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Figure 3: Ageing in the central nervous system by major anatomic, pathophysiologic, as well as

cognitive and behavioural changes.

increased fragility to shear stress,
slower wound healing, xerosis, reduced
barrier function, compromised

thermoregulation,  wrinkling  and
sagging, decreased sensory perception,
and purpura.

CENTRAL NERVOUS SYSTEM (CNS) AGEING

Key features of ageing in the CNS are
outlined in Figure 3. Anatomically, the
brain volume decreases, with predomi-
nant losses in the frontal and temporal
lobes and with greater loss of white
versus grey matter. Cerebral blood flow
declines. Apoptotic neuronal loss be-
comes prominent in the cerebellum and
cerebral cortex (Dorszewska, 2013).
There is a reduction of the dendritic
tree, loss of neuronal processes, and
diminution of synapses (van der Zee,
2015).

Despite compensatory repatterning
due to neuronal loss, the rate of neu-
ronal loss exceeds that of neuronal for-

mation. Pathological findings such as
increased neurofibrillary tangles and
senile plaques become more evident,
although are not present to the extent
that would be found in Alzheimer’s
disease (Fjell et al., 2014). There is re-
duced acetylcholine availability due to
loss of cholinergic and muscarinic neu-
rons, as well as lower synthesis and
release of acetylcholine. Diminished
levels of dopamine are found in the
striatum  and  substantia  nigra
(Klostermann et al., 2012).

Cognitively, episodic and working
memory declines (Wilson et al., 2002).
There is a loss of specific skills and



knowledge with reduced processing
speed and language ability. Executive
function declines, as doses attention
span, problem solvmg, as well as pro-
cessing and learning new information.

Procedural, primary, and semantic
memories are unchanged with age.
Recognition of familiar objects and
faces and visual perception remain
unaffected in healthy older adults.

SENSORY CHANGES WITH AGE

Vision
Periorbital tissues atrophy and lacrimal
gland function, tear production, and
goblet cell function are reduced with
ageing (Van Haeringen, 1997). Despite
decreased tear production, watery eyes
are a common phenomenon since tissue
atrophy leads to less effective drainage.
With ageing, the lens increases in
thickness and hardness and the ciliary
muscle decreases in strength; together,
presbyopia or farsightedness results
(Strenk et al., 2005). The lens also
yellows and becomes more opaque
with age, lessening colour discrimina-
tion. Increased light scatter due to lens
alterations also reduces contrast. The
resting pupil size and responsiveness
decreases. In older individuals, the cor-
nea yellows, undergoes focal and
generalized thickening, and is more
likely to have Hasall-Henle warts and
especially arcus senilis (Salvi et al.,
2006). There is a decrease in the
production and drainage of the aqueous
humour in the ageing eye, reduced
speed and accuracy of pursuit and sac-
cadic eye movements, and accumula-
tion of scleral calcifications (Cogan’s
plaques) (Salvi et al., 2006) . There is a
loss of retinal pigment epithelial cells
which contributes to the decreases in
number, size, and function of rods in
the retina (Liem et al., 1991). Although
the number of cones in the fovea is
unchanged with age, their function is
reduced. Vitreous floaters due to colla-
gen condensations increase with age.
Blood flow to the visual cortex is de-

creased.

Hearing

In the ageing ear, there is a loss of hair
cells in the organ of Corti, decreased
innervation of cochlear and auditory
centres in the brain, stiffness and calci-
fication of the basilar membrane of the
sensory apparatus, thickening of the
stria vascularis capillaries (source of
endolymph), and degeneration of the
spiral ligament (Howarth and Shone,
2006). Hearing loss due to these
changes are usually of high frequency
sound (presbycusis) and result in re-
duced speech discrimination, poor lo-
calization of the sound source, and de-
creased ability to discriminate between
target sound and background noise
(Howarth and Shone, 2000).

Taste and smell
There is a reduction in papillae on
tongue and decreased taste sensitivity
with ageing. Uneven gustatory defi-
ciencies across the tongue exist, but the
loss of taste in older individuals is due
mostly to an impaired sense of olfac-
tion (Boyce and Shone, 2006).
Detection thresholds for smelling
are altered with age owing in part to a
decrease in the number of sensing neu-
rons (Boyce and Shone, 2006). This
results in an underappreciated reduc-
tion in appetite, the extremes of which
can be best appreciated in the observa-
tion that people with anosmia forget to
eat.

15



AGEING OF THE GENITOURINARY SYSTEM

Bladder

Decreased innervation of the detrusor
muscle and CNS changes lead to di-
minished detrusor contractility, lower
maximum bladder capacity and flow
rate, reduced ability to withhold void-
ing, and an increased post-void residual
volume (Elbadawi et al., 1998). The
constellation of these age-related alter-
ations greatly increases the risk for
urinary incontinence. The decline in
oestrogen in women leads to a shorter
urethral length, a reduced maximum
urethral closure pressure, and less ef-
fective  urethral barrier function
(Capobianco et al., 2012); together,
these factors predispose women to an
increased risk of urinary tract infection.

Male reproductive system

Age-related neurologic, vascular, and
endocrine changes in men lead to the
greater stimulation required for erec-
tion, decreased spontaneous erections,
diminished firmness of erections, lower
force of ejaculation, smaller ejaculate
volumes, and increased refractory
times between erections (Seftel, 2005).
Despite these changes, reports of lower
sexual activity in older men are varia-
ble (Lindau and Gavrilova, 2010).

However, an objective decline in male
reproductive ability with advanced age
is likely due to lower Leydig cell num-
ber, degeneration of the seminiferous
tubules leading to diminished sperm
production, an increase in sperm
chromosomal abnormalities, reduced
sperm motility, and a reduced ability of
sperm to fertilize eggs (Harris et al.,
2011). Enlargement of the prostate
gland with ageing is common.

Female reproductive system

The loss of oocytes and ovarian dys-
function in older women is primarily
responsible for the decline in oestrogen
during the perimenopausal period and
the reduction in implantation -effi-
ciency, decreased likelihood for preg-
nancy, lower number of live births, and
poor success of in vitro fertilization
(Tarlatzis and Zepiridis, 2003). Oestro-
gen deficiency causes diminished vagi-
nal elasticity, reduced clitoral engorge-
ment after stimulation, increased vagi-
nal dryness and atrophy, as well as de-
creased  cervicovaginal  secretions
(Kingsberg, 2002). Oestrogen defi-
ciency is responsible for an increase in
vaginal pH, which predisposes to colo-
nization by enteric flora.

SYNDROMIC APPROACH

For many if not all system-specific age-
ing changes, multiple aetiologies are at
play, including the influence of ageing
changes in other physiologic systems.
While characterlzmg ageing in a single
system in isolation serves to simplify
the task, it also minimizes the true na-
ture of its complex regulation. The
geriatric syndromes serve as examples
of the complexity involved to fully ex-
plain common age-related changes.
Geriatric syndromes have been opera-
tionally defined as multi-factorial, hav-
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ing multi-system involvement, and
sharing risk factors such as older age,
functional impairment, and impaired
mobility (/nouye et al., 2007). Common
geriatric syndromes include pressure
ulcers, incontinence, falls, delirium,
dementia, and osteoporosis.
Osteoporosis is the hallmark of bone
ageing (Chandra et al., 2018) and will
be used here as an illustration of the
syndromic approach to describing
physiologic ageing in the skeleton
(Figure 4). Bone loss is ultimately the
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Figure 4: Osteoporosis as an example of a geriatric syndrome with multifactorial aetiologies for

bone ageing.

result of a remodelling imbalance,
where an uncoupling of bone formation
to bone resorption causes a net loss of
bone tissue. There are at least three ma-
jor contributions to age-related bone
loss: secondary hyperparathyroidism
due to vitamin D deficiency and de-
creased renal calcium absorption, im-
paired bone formation and osteocyte
function and, in both women and men,
lower oestrogen levels.

Cell senescence in the bone mi-
cro-environment, declines in IGF-I
levels, and decreased physical activity
and response to mechanical loading

contribute to poor bone formation. In
the setting of unimpaired osteoclast
function, there is a relative increase in
bone resorption. With the decline in
oestrogen, two key phenomena occur
which contributes to bone loss; there is
an increase in the activation frequency
of osteoclasts (i.c., initiation of local
resorption events) and there are al-
terations in local growth factors and
cytokines favouring an inflammatory
milieu with inhibitory effects on bone
formation. There are also random re-
modelling errors that may increase with
ageing.

RESILIENCE TO PHYSIOLOGIC AGEING

It is well established that psychosocial
factors influence resilience to age-
related social and behavioural stressors,
but there is a limited understanding of
human resilience in responses to physi-
ologic or pathologic stressors (Hadley
et al., 2017). It is clear, however, that

low levels of resilience confer vulnera-
bility to stressors (Figure 5). Specific
physiologic resilient responses differ
depending on both the stressor being
exerted and the clinical or physiologic
property to be maintained or restored.
There are growing examples of
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Figure 5: Relationships among stressors, aging, and resilience to adverse physiologic conse-

quences.

resilient responses that are mediated by
regulatory factors, which mitigate po-
tential adverse consequences. Falls are
common stressors in older individuals
and can result in fractures, especially of
the hip or wrist. Bone mineral density
remains a very strong predictor of hip
fracture up to 25 years after the meas-
urement and preservation of femoral
neck bone mass, even in individuals
greater than age 75, does occur and
minimizes the likelihood of fracture
(Black et al., 2018).

Neuropathologic changes of Alz-
heimer disease (AD) uncommonly exist
in isolation in the brains of older indi-
viduals, but are more often variably
combined, or comorbid, with other

lesions that underlie the dementia syn-
drome including vascular brain injury
(VBI), Lewy body disease (LBD), and
hippocampal sclerosis (HS). The fre-
quency and severity of these neuro-
pathologic changes in cognitively intact
older individuals wvaries, with some
showing a lesion burden considered
sufficient evidence for dementia, a sit-
uation commonly referred to as appar-
ent cognitive resilience. Here resilience
to neuropathological stressors appears
to be dependent on the presence of HS
only, since cognitively intact individu-
als can have evidence for high lesion
burden consistent with AD, VBI,
and/or LBD at brain autopsy (Latimer
et al., 2017).

COMMON MECHANISTIC APPROACH

There are common mechanisms
thought to underlie physiologic ageing
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based on evidence in lower animal
models which are now being confirmed



in non-human primates and in humans.
These include chronic, low-grade, non-
microbial inflammation, cellular senes-
cence, accumulation of damaged
macromolecules  (DNA,  proteins,
carbohydrates, lipids), as well as stem
and progenitor cell dysfunction
(Kirkland, 2016).

In animal studies, targeting senes-
cent cells using genetic or pharmaco-
logical approaches delays, prevents, or
alleviates multiple age-related pheno-
types associated with chronic diseases,

geriatric syndromes, and loss of
physiological resilience. In preclinical
studies, reduction of senescent cell bur-
den has successfully ameliorated
frailty, cardiac dysfunction, vascular
hyporeactivity and calcification, diabe-
tes mellitus, liver steatosis, osteoporo-
sis, vertebral disk degeneration, pulmo-
nary fibrosis, and radiation-induced
damage. Senolytic agents are being
tested in proof-of-concept clinical trials
based on these findings (Kirkland et al.,
2017).
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SUMMARY

Progress in ageing research has been impressive in recent years, leading to
an increased understanding of the biological determinants of ageing and the
identification of a number of interventions that might slow ageing in
humans. Given that ageing is the largest risk factor for the chronic diseases
that are increasing in prevalence globally, this raises the possibility that
through the use of these interventions it will be feasible to slow ageing and
prevent the onset of many diseases simultaneously. However, ageing is not
generally considered as a disease and any intervention to slow ageing will
necessitate a high safety profile to be used in healthy individuals. For this
reason, it is important to consider non-pharmaceutical interventions, and
modification of the microbiome is a promising avenue for exploration. Here
I discuss how manipulation of the microbiome may impact ageing,
highlighting data from animal models and human studies.

INTRODUCTION

Demographics are rapidly changing,
leading to an increasing percentage of
the population over the age of 65. In
some countries that percentage will ap-
proach 40% in the near future. With
ageing comes functional decline and
disease onset. Most individuals over
the age of 65 have one or more chronic
diseases (e.g. neurologic, cardiovascu-
lar and metabolic syndromes, as well as
cancers). While each of these diseases
have identified risk factors, they pale in
comparison to the risks associated with
ageing itself (Kennedy et al., 2014).
Targeting risks factors has proven ef-
fective in disease prevention; lowering
cholesterol and glucose reduces onset
and progression of cardiovascular and

metabolic disease, respectively. What
would happen if the biggest risk factor,
ageing, was targeted?

Efforts to understand the molecular
determinants of ageing have been un-
derway for nearly a century and great
progress has been made in the last few
decades, largely through the use of
non-vertebrate models such as yeast,
worms and flies. Prior to these studies,
many researchers proposed that ageing,
due to its complexity, was highly diffi-
cult to modulate. Working with these
organisms, however, researchers identi-
fied hundreds of genes that impact age-
ing and proposed several mechanisms
to explain their action (Longo et al.,
2012; Uno and Nishida, 2016; Piper

25



and Partridge, 2018). A surprising
finding was that ageing pathways and
mechanisms are likely conserved be-
tween these organisms, even though
they are often quite divergent from an
evolutionary perspective (Smith et al.,
2008). Further extending this observa-
tion, more recent reports indicate that
many of these same genes impact
mammalian, and even possibly human,
ageing (7ian et al., 2017).

Calorie (or dietary) restriction was
shown to slow ageing in mice and rats
over eight decades ago, and remains a
hot topic for research today (Balasub-
ramanian et al., 2017). The pathways
modulated by nutrient limitation, in-
cluding insulin/IGF and mTOR signal-
ling, also modulate ageing and recent
evidence has suggested that reducing
mTOR activity may impact aspects of
human ageing (Mannick et al., 2014).
Interestingly, these interventions have

been shown to alter the microbiome as
well, raising the question as to whether
their effects are modulated through the
gut microbiota.

Here links between the microbiome
and ageing are discussed using three
short perspectives, with a focus on the
gut. First, I detail changes in the gut
microbiome that occur with human
ageing, findings that might point to tar-
geted modulation. Second, I outline the
links between known interventions af-
fecting ageing and alterations in the
microbiome. Finally, I discuss the pro-
spects of using targeted interventions to
modulate microbiome composition as a
means of slowing ageing. The intersec-
tion of two major fields of study, mi-
crobiome and ageing, offers great
promise for novel discoveries and more
importantly an avenue toward extend-
ing human healthspan, the disease free
and highly functional period of life.

MICROBIOME ALTERATIONS DURING AGEING

Perhaps not surprisingly, there are ex-
tensive microbiome changes during the
ageing process (Kundu et al., 2017).
Diversity between individuals also in-
creases with ageing (Claesson et al.,
2011). One surprising finding was that
the microbiome of residential dwelling
elders was significantly different from
those in long-term residential care
(Claesson et al., 2011). Community
dwelling elders have a more diverse
microbiome, correlated with a diet
higher in fibre and reduced levels of
age-associated inflammatory factors,
such as IL-6, TNF-a and C-reactive
protein. Metagenomic analysis further
indicated higher metabolism of butyr-
ate and short-chain fatty acids in
community dwellers, who were also
healthier by several parameters. Micro-
biome changes are also associated with
several diseases of ageing, including
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neurodegenerative conditions (Kundu
et al.,, 2017). Finally, a recent study
suggests that semi-supercentenarians
(105-109 years) have a microbiome
associated with health promotion, for
instance enriched for taxa such as
Bifidobacterium, Christensenellaceae,
and Akkermansia (Biagi et al., 2010).
None of these studies demonstrate a
causal role for the microbiome in me-
diating ageing, they certainly raise that
possibility. How easy it will be to mod-
ify the microbiome of elders, however,
remains unclear.

Microbiome-related changes are al-
so evident in ageing mice, with notable
similarities and differences. One genus
that declines in both human and mice is
Akkermansia, which is associated with
protection from a range of diseases
(Langille et al., 2014). Germ-free mice
are also a major tool for research and a



recent study suggests that these mice
have enhanced lifespan (Thevaranjan
et al., 2017), similar in some respects to
that of C. elegans exposed to dead bac-
teria as a food source (Thevaranjan et
al., 2017) or adult worms on plates
deprived  of  bacteria  entirely
(Kaeberlein et al., 2006). Germ-free
mice also experienced lower inflamma-
tion, which was increased when these
mice were co-housed with old

conventional animals (7hevaranjan et
al., 2017). Numerous other changes
have been detected, although some dis-
crepancies exist between different
mouse studies. By continuing to exploit
the mouse model to understand the re-
lationship between microbiome com-
position, ageing, and disease, it is al-
most certain that insights will be gained
regarding human ageing and interven-
tional strategies developed.

AGEING INTERVENTIONS AND THE MICROBIOME

A major step forward in ageing re-
search has been the identification of
dietary and small molecule-based in-
terventions that slow ageing and extend
healthspan in animal models. Among
the most prominent of these are calorie
restriction, metformin and rapamycin,
all of which have been linked to chang-
es in the microbiome. An advantage of
the animal models is that it is easier to
study the relationship between inter-
ventions that extend lifespan and mi-
crobiome changes. For instance, calorie
restriction as expected is associated
with significant changes in the micro-
biome, including an increase in bacteri-
al species associated longer lifespan.
Interestingly, both calorie restriction
and intermittent fasting, which mimics
the effects of calorie restriction, have
been reported to extend lifespan in flies
and this is associated with a reduced
gut bacterial load (Regan et al., 2016;
Catterson et al., 2018). The effect is
more prominent in females, which are
more prone to gut deterioration with
age. Further analysis of the effects of
calorie restriction and fasting will be
important as these interventions en-
hance longevity and promote health-
span across a wide range of species.
Metformin is a widely used drug
used to treat hyperglycaemia in the
context of a range of metabolic

conditions and has also been reported
to extend lifespan in several animal
models (Barzilai et al., 2016). Intri-
guingly, retrospective studies in hu-
mans suggest that diabetic patients tak-
ing metformin have a lower-than-
expected mortality rate and moreover
metformin may be protective for a
range of other chronic conditions
(Bannister et al., 2014). These findings
together have suggested that metformin
may deserve even more widespread use
to extend human healthspan. A surpris-
ing finding regarding metformin’s age-
ing effects came from C. elegans,
where it was shown that lifespan exten-
sion by the drug required live bacteria
as a food source (Cabreiro et al., 2013;
Heintz and Mair, 2014). Axenic worms
or those grown on dead bacteria do not
respond to the drug. The mode of ac-
tion was reported to be an inhibition of
folate metabolism in E. coli, leading to
reduced methionine. This is consistent
with lifespan extension by methionine
reduction in a variety of animal mod-
els, including worms. Several studies
suggest that metformin affects the
mammalian microbiome (Forslund et
al., 2015; Wu et al., 2017; Bauer et al.,
2018), but this relates to lifespan exten-
sion in mammals remains unknown.
Inhibition of the mTOR pathway is
associated with lifespan and healthspan
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extension in a range of animal models
(Kennedy and Lamming, 2016), and
preliminary data using rapalogs [a class
of very specific mTOR inhibitors in
which rapamycin is the founder (Lam-
ming et al., 2013)] suggests similar ef-
fects may be possible in humans (Man-
nick et al., 2014, 2018). Acute rapamy-
cin treatment in old mice impacts the
faecal microbiome, with a notable in-
crease in segmented filamentous bacte-
ria. An earlier study in middle-aged
mice reported modest effects of ra-
pamycin on gut bacterial composition

(Hurez et al., 2015). Whether these
changes are important for the longevity
effects of rapamycin remains unknown.
A number of other drugs have been re-
ported to extend lifespan in mice and
they may have affected microbiome
composition as well. For instance,
acarbose, an a-glucosidase inhibitor
that extends lifespan in male mice
(Strong et al., 2016), alters microbiome
and in turn its efficacy as an antidiabet-
ic treatment may be dependent on mi-
crobiome composition (Su et al., 2015;
Gu et al., 2017).

MICROBIOME INTERVENTIONS AND AGEING

Drugs are promising interventions for
targeting ageing, but as stated this ap-
proach is fraught with regulatory hur-
dles. By contrast, microbiome-
mediated interventions are likely less
subject to regulatory concerns but re-
search must be performed to determine
to optimize the efficacy of any such
approach (Kundu et al., 2017). Faecal
microbiota transplants (FMTs) are per-
haps the most promising to date, alt-
hough the long-term effects of this ap-
proach remain controversial. At first
blush, it would seem that to delay age-
ing, any intervention must be durable,
or administered relatively frequently.
Other approaches, including postbiotics
and dietary approaches to modify bac-
terial populations, are probably even
more primitive to date.

In particular, metagenomic studies
that identify metabolite deficiencies in
the gut of ageing people and corre-
sponding changes in systemic metabo-
lism offer great promise as it may be

possible to correct these deficiencies
with supplements or other approaches.
For instance, healthier community
dwelling elders were found to have en-
riched bacterial species for short chain
fatty acid production, which may pro-
mote more youthful metabolism
(Claesson et al., 2012). It should be
noted that molecular changes associat-
ed with ageing are not always detri-
mental, and in some cases might be
compensatory. A good example is tes-
tosterone, which declines with ageing
in the male population. Testosterone
supplementation to restore the hormone
to youthful levels is not necessarily
beneficial, and in fact is associated
with increased risk of disease in some
contexts (Sansone et al., 2017). To-
gether, these observations call for more
intensive studies in animal models and
humans to (1) identify candidate mi-
crobiome-associated interventions that
might extend healthspan and (2) test
them effectively.

CONCLUSION

The possibility to slow human ageing
and extend healthspan is a relatively

28

recent occurrence, as this has only been
relatively recently achieved in animal



models. The potential benefits of pre-
venting multiple chronic diseases sim-
ultaneously and improving function
later in age demand that this approach
be explored. Meanwhile, the im-
portance of gut bacterial species in hu-
man health and disease has emerged
almost concurrently. To what extent do

our residents age us, or keep us young?
Merging these two concepts, ageing
and microbiome research, offers great
promise and requires intense investiga-
tion. Possibly we can live longer and
healthier by training our residents to
behave, or perhaps helping them train
us to adopt healthier lifestyles?
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SUMMARY

Host-associated microbial communities take part to several fundamental as-
pects of host biology, including development, nutrient absorption, immunity
and pathogenesis. Throughout host life, microbes associated with external
body surfaces vary in composition and function and can shift from commen-
sal to pathogenic. However, whether these microbial communities can di-
rectly influence host ageing has remained elusive for a long time. Recent
work in laboratory model organisms has revealed for the first time that com-
mensal microbes can actively modulate host ageing and that microbial
communities associated with young hosts can have a health-promoting ac-
tion in middle-age individuals that leads to significant life span extension.
These findings suggest new opportunities to identify systemic ageing-modu-
lating mechanisms via the gut microbiota and will help design innovative
anti-ageing interventions that could impact human health and ageing-associ-
ated diseases.

AGEING AND HOMEOSTASIS

Ageing is associated with pervasive
functional decline and overall decrease
in physiological fitness that lead to a
progressive increase in the risk of dis-
ease and death. During ageing, homeo-
static processes fail at multiple levels
of biological complexity. DNA repair
mechanisms become less efficient
(Vaidya et al., 2014) and protein
homeostasis, which ensures proteome
stability, functionally declines at older
age (Morimoto and Cuervo, 2009).
Membrane and organelle composition,
as well as cell physiology, undergoes
dramatic changes during ageing. Age-
ing is typically associated with in-
creased risk of uncontrolled cellular
proliferation — leading to cancer
(Finkel et al., 2007) — and to protective
proliferation arrest — called cellular se-
nescence (Childs et al., 2015). If on the
one hand cellular senescence acutely
reduces the risk of cancer, on the other

hand it leads to inflammation and
higher risk for disease and frailty
(Tchkonia et al., 2013). Changes in the
extracellular ~ matrix ~ composition,
which is importantly involved in
wound healing, stem cell functionality
and longevity in experimental animal
models (Ewald et al., 2015), addi-
tionally contribute to the age-dependent
decline in organ and organism perfor-
mance.

A combination of genetic and non-
genetic factors affects the rate at which
different organisms age and tune life
expectancy in  different  species.
Research done in model organisms has
revealed key conserved molecular path-
ways, including the insulin-IGF1, the
mTOR and AMPK pathways, which
regulate ageing and life span across
several species, from yeast to mammals
(Kenyon et al., 1993; Kapahi et al.,
2010; Lapierre and Hansen, 2012;
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Weir et al., 2017). Environmental
manipulations, including temperature
changes, different diets and various
forms of stress, also significantly im-
pact ageing in several model organisms
(Liu and Walford, 1966; Weindruch et
al., 1986; Libert et al.,, 2007;
Ermolaeva et al., 2013). Overall, age-

ing and life span are complex physio-
logical outcomes of the genetically-
encoded strategies that organisms
evolved to maintain homeostasis
throughout their lifetime in response to
the continuous exposure to internal and
external stimuli.

GUT MICROBIOTA CONTRIBUTE TO HOST PHYSIOLOGY

Complex microbial communities cov-
ering host surfaces occupy the interface
between organisms and the external
environment, from roots and leaves in
plants to skin and mucosal surface in-
cluding lungs and gut in animals. These
microbial communities participate in a
wide range of key biological processes,
including  nutrition,  development
(Sommer and Backhed, 2013; Hill et
al., 2016), essential vitamin synthesis,
metabolism (Nicholson et al., 2012),
immune modulation (Geva-Zatorsky et
al., 2017), defence against pathogens
and disease. Host-associated microbi-
ota constitute highly diverse and dy-
namic communities, able to modulate
and buffer host physiology by promptly

reacting to internal (e.g. hormonal and
metabolic) and external (e.g. tempera-
ture, toxins, pathogens) stimuli. A large
amount of circulating host metabolites
in the host serum are synthesized by
gut microbes (Wikoff et al., 2009), fur-
ther supporting that host-associated mi-
crobiota are not passive passengers on
host surfaces, but rather an integrative
physiological partner that contributes to
host homeostasis. Due to their essential
contribution to virtually all host bio-
logical functions, it is reasonable to hy-
pothesise that commensal microbes
could be essential players during host
ageing and could be targeted to design
interventions aimed at modulating age-
ing and age-associated conditions.

GUT MICROBIOTA AND IMMUNE FUNCTION:
A RECIPROCAL INFLUENCE

Mounting evidence indicates that the
gut microbiota play a prominent role in
shaping the immune system during
development. In humans, new-borns
acquire their initial resident gut micro-
biota from several sources, most promi-
nently from the birth canal and from
maternal skin during breast-feeding.
These early-acquired bacterial consor-
tia shape the structure of mature gut
microbiota (Dominguez-Bello et al.,
2010) and play an essential role for im-
munological development (Round and
Mazmanian, 2009). Caesarean sections
and formula feeding dramatically affect
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the gut microbial composition, and
consequently impact proper immune
system development, with potentially
long-lasting effects for individual
health (Bokulich et al., 2016). Gut bac-
teria interact with cells of both the in-
nate and adaptive immune system in
the gut mucosa and different metabo-
lites synthesized by gut bacteria can
induce pro or anti-inflammatory host
responses (Arpaia and Rudensky,
2014). Epitopes derived from gut bac-
teria, both commensal and pathogenic,
significantly shape the evolution of
lymphocyte antibody and receptor



repertoires (Zhao and Elson, 2018).
Consistently,  specific-pathogen-free
(SFP) raised mice have a much higher
immunoglobulin (IgA) diversity com-
pared to mono-colonized mice (Lindner
et al., 2015).

While bacteria shape immune cells
development and function, immune
cells, in turn, play a key role in deter-
mining and controlling the composition
and abundance of gut microbial com-
munities. Pharmacologically immuno-
suppressed rats undergo a loss of com-
mensal gut microbe diversity, which
are generally associated with a healthy
status (Bhat et al., 2017). Specific anti-
bodies, i.e. IgAs, synthesized by

intestinal plasma cells, are majorly se-
creted in the intestinal lumen and bind
to a broad subset of bacteria to help
maintain a healthy barrier function
(Bunker et al., 2017). Under normal
physiological conditions, IgAs target
bacterial taxa that otherwise would
contribute to pathogenesis (Planer et
al., 2016). Conversely, specific patho-
gens, including influenza virus, suc-
ceed in infecting the host by precisely
degrading human IgAs.

While bacteria influence immune
system evolution, on the other hand the
immune system acts as a selective force
to shape the composition and function
of gut microbes.

GUT MICROBIOTA IN AGEING AND DISEASE

Diet and lifestyle importantly affect
differences in microbiota composition
among individuals (Rothschild et al.,
2018). The composition of host-associ-
ated gut microbiota undergoes dramatic
changes in humans after birth, becomes
stable during adulthood in non-patho-
logical conditions, varies during preg-
nancy and then goes through drastic
changes during ageing (Kostic et al.,
2013). Although stable in composition
during adulthood, microbiota has rapid
functional metabolic oscillations during
the day (Thaiss et al.,, 2016). Across
many organisms, including laboratory
flies, mice and humans, ageing is
characterized by dramatic changes in
the composition of the commensal gut
microbiota, which could lead to dysbio-
sis and ultimately host demise
(Claesson et al., 2012; Guo et al., 2014;
Clark et al., 2015). While gut microbi-
ota associated with healthy hosts are
typically characterized by large bacte-
rial taxonomic diversity, frailty and
ageing are associated with loss of
diversity and expansion of more patho-
genic bacterial species. Studies across
different human age cohorts have

shown that large changes in the abun-
dance of subdominant bacterial taxa in
the gut are a hallmark of ageing. More-
over, exceptionally long-lived individu-
als, including supercentenarians, are
characterized by the persistence of bac-
terial taxa associated with health (Biagi
et al., 2016). While diversity-associated
microbial taxa often decline during age,
specific bacterial taxa, such as Clos-
tridiales, are associated with malnutri-
tion and increased frailty (O'Toole and
Jeffery, 2015). In flies, reducing gut
microbial dysbiosis by improving im-
mune homeostasis promotes longer life
span (Guo et al., 2015). In humans, af-
ter antibiotic treatment, pathogenic
bacterial species, such as Clostridium
difficile and Enterococcus faecalis, can
restructure the gut microbial composi-
tion and cause severe chronic condi-
tions that pose a major threat for public
health (Backhed et al., 2012; Milani et
al., 2016). In humans, faecal material
transfer from healthy donors is success-
fully used in the clinic to resolve acute
Clostridium difficile infections (Lee et
al., 2016). Remarkably, transplanting
microbes from obese individuals into
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Figure 1: Ageing in the turquoise killifish. Reaching maturity as soon as 3-4 weeks post hatching,
killifish display several ageing-related phenotypes by 16 weeks.

germ-free-raised mice leads to dramatic
effects, including elevated adiposity
and changes in fatty acid and amino
acid metabolism, associated with sys-
temic health (Ridaura et al., 2013).
Overall, microbiota composition and
function dramatically change during

ageing and disease and manipulating
the composition of the gut microbial
communities via microbiota transplants
has the opportunity to be a novel
powerful intervention to impact the
ageing process and improve systemic
health.

GUT MICROBIOTA PLAY A CAUSAL ROLE IN MODULATING
HOST AGEING AND LIFE SPAN

Despite evidence that the gut microbi-
ota could dramatically modulate host
metabolism and physiology, until re-
cently it was not clear whether gut mi-
crobes could causally modulate host
ageing and longevity. Recent work
done in nematode worms, flies, fish
and mice has shown that gut microbes
can beneficially influence host ageing
and life span, proving that specific
components of this microbial consor-
tium can de facto improve overall
physiological fitness of the host (Seidel
and Valenzano, 2018).

Work done in nematodes (Caeno-
rhabditis elegans) has shown that
worms feeding on different bacterial
species and on varieties of E. coli
strains different from the standard
laboratory OP50 E. coli strain (Girard
et al., 2007) live longer than standard-
fed worms (Sanchez-Blanco et al.,
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2016; Han et al., 2017). A recent study
in a short-lived fish has further shown
in vertebrates that the gut microbiota is
causally involved in modulating host
ageing and life span, and that young-
associated gut microbiota, transplanted
to middle-age individuals, could lead to
life span and health benefits (Smith et
al., 2017). This study used the naturally
short-lived turquoise Kkillifish (Notho-
branchius furzeri), which is the short-
est-lived vertebrate raised in a labora-
tory setting (Figure 1), which includes
captive strains with a median life span
of about 4 months (Cellerino et al.
2016, Valenzano et al., 2017). For com-
parison, laboratory mice live 2.5-3
years and zebrafish can live until five
years (Kim et al., 2016). Despite their
short life span, turquoise killifish also
display a wide range of age-related
changes, including an increased occur-



rence of cancer, reduced regenerative
capacity, increased cellular senescence,
neurodegeneration and cognitive de-
cline, making it a powerful new verte-
brate model system to study ageing and
age-related diseases (Valenzano et al.,
2017). Turquoise killifish have com-
plex gut microbiota, both in the wild
and in captivity, similar in taxonomic
diversity to mammals. During ageing,
the overall microbial diversity of the
resident gut microbiota decreases,
while potentially pathogenic Proteo-
bacteria become more prevalent, possi-

bly contributing to host demise (Smith
et al., 2017). After acute re-colonisa-
tion of the intestine of middle age indi-
viduals with gut microbiota from
young donors, fish lived significantly
longer, remained more active at old
age, and kept highly diverse microbi-
ota. Whether this gut microbial transfer
influences immune function and
whether its effect is sufficient to im-
prove host health and therefore delay
the ageing process is still an open ques-
tion.

TURQUOISE KILLIFISH AS A MODEL TO STUDY
VERTEBRATE IMMUNOSENESCENCE

Unlike invertebrate model organisms
such as laboratory flies (Drosophila)
and nematode worms (Caenorhabditis
elegans), fish are equipped with an
adaptive immune system consisting of
both T and B-lymphocytes. B-lympho-
cytes undergo s