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Understanding aging and how it affects an organism’s
lifespan is a fundamental problem in biology. A hallmark of
aging is stem cell senescence, the decline of functionality,
and number of somatic stem cells, resulting in an impaired
regenerative capacity and reduced tissue function. In
addition, aging is characterized by profound remodeling of
the immune system and a quantitative decline of adequate
immune responses, a phenomenon referred to as immune-
senescence. Yet, what is causing stem cell and immune-
senescence? This review discusses experimental studies
of potentially immortal Hydra which have made contribu-
tions to answering this question. Hydra transcription factor
FoxO has been shown to modulate both stem cell
proliferation and innate immunity, lending strong support to
arole of FoxO as critical rate-of-aging regulator from Hydra
to human. Constructing a model of how FoxO responds to
diverse environmental factors provides a framework for
how stem cell factors might contribute to aging.
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It would not be unexpected if such anti-senescence processes
are controlled in a coordinated fashion and are genetically
determined by a few master genes.

(Richard C. Cutler) [1]

Introduction - the two routes to aging

Aging is a universal phenomenon that affects nearly all
animal species and causally influences an organism’s

DOI 10.1002/bies.201300075

R Zoological Institute, Christian-Albrechts-Universitat zu Kiel, Kiel, Germany
2 IKMB, University Hospital Schleswig-Holstein, Kiel, Germany
*Corresponding author:

Thomas C. G. Bosch
E-mail: tbosch@zoologie.uni-kiel.de

994 www.bioessays-journal.com

lifespan [2]. The biological nature of the aging processes
and the genetic biochemical complexity of processes that
govern the aging rate are incompletely understood. Is aging
controlled by a special set of genes? Aging is the gradual
change in an organism that leads to increased risk of
weakness, disease, and death [3] (Box 1). Recent data obtained
from twin studies show that only 20-30% of the overall
variation in lifespan can be attributed to genetic factors [4-8].
Thus, it is very unlikely that there is a single gene or even a few
genes that alone induce senescence and lead to mortality. It
seems much more likely that an intimate interplay between
two major factors controls senescence and lifespan: genetic
determinants on one hand and environmental conditions on
the other hand, with an astonishingly high environmental
contribution [4-8] (Fig. 1).

Although the genetic contribution to aging with 20-30%
seems relatively small [5-8] two genes have been shown in
genome-wide association studies (GWAS) of different human
cohorts to have a strong and direct association with aging and
longevity: Apolipoprotein E (Apo-E) and forkhead box O
(Fox0) [9, 10] (Fig. 1). APO-E, a major cholesterol carrier
that supports lipid transport and injury repair in the brain,
is negatively associated with aging and therefore may
be considered a mortality factor [9, 10]. In contrast, the
transcription factor Fox0O3a can be termed a longevity factor
since a special variant of the foxO3a gene containing three
specific single-nucleotide polymorphisms (SNPs) has been
demonstrated in independent GWAS from different human
populations throughout the world to be a crucial component
of the genetic signature of centenarians [11-15]. Because in
numerous model organisms (mice, Drosophila melanogaster
and Caenorhabditis elegans) the corresponding FoxO homo-
logue is a major factor capable to delay aging and regulate
lifespan [16-19], FoxO function is ancient and well conserved.
It, therefore, appears that FoxO makes up a major part of the
genetic contribution to aging.

Epidemiological data indicate an increased predisposition
of the elderly to infections, caused by profound changes in
the immune system and a quantitative decline of adequate
immune responses [20]. This gradual deterioration of the
immune system, also termed immune-senescence [21] is
characterized by a breakdown of the epithelial barriers of
the skin, lungs, and gastrointestinal tract [22] as well as by
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Gradual change in an organism that leads to increased risk
of weakness, disease, and death [118, 119]. Aging can also
be defined as a progressive functional decline, or a gradual
deterioration of physiological function with age, including a
decrease in fecundity, or the intrinsic, inevitable, and
irreversible age-related process of loss of viability and
increase in vulnerability. Aging is thought to have arisen
serendipitously in evolutionary history as a result of a trade-
off between the germ line and somatic cells in the
distribution of resources. This trade-off has been devel-
oped into a formal theory by Thomas Kirkwood and is
known as the Disposable Soma Theory of Aging [56].

Longevity

Total lifespan. Both multiple environmental (~70%)
and genetic (~30%) factors play a role in attaining
longevity [4, 6].

Senescence

The process of becoming old [120].

changes in both the adaptive [23-27] and the innate immune
system [28-36]. Advanced age is associated with decrease of
components of the adaptive immunity including immuno-
globulin secretion and effectiveness and numbers of T
cells [23-27]. Aging is also accompanied by activation of
components of the innate immunity such as pro-inflammatory
cytokines and the key immune transcriptional activator
Nuclear Factor-kappaB (NF-kB) [28-36], generating a pro-
inflammatory profile often referred to as inflammaging [24,
25]. Other innate immune components such as Toll-like
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Figure 1. Genetic and environmental contribution to aging. Twin
studies have indicated that an intimate interplay between both
multiple environmental (~70%) and genetic (~30%) factors controls
aging and longevity [4-8]. So far, only a few genes have been
consistently reported to be associated with human longevity: the ¢4
allele of the apolipoprotein E (APOE) gene, a mortality factor [9, 10]
and markers in the forkhead box O3A gene (FOXOSA) that show

a modest beneficial effect upon survival in nonagenarians and
centenarians [11-15].
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receptors (TLRs) and nucleotide-binding and oligomerization
domain-like receptors (NLRs) are down-regulated during the
aging process [32]. Such profound remodeling of the immune
system increases the susceptibility to bacterial, viral, and
fungal pathogens [2, 32] and causes typical age-related
diseases such as atherosclerosis, arthritis, osteoporosis, as
well as auto-immune diseases [25, 37]. It also contributes to
age-associated frailty, morbidity, and mortality [2]. But, as
exemplified by centenarians, some elderly obviously reach old
age despite this continuous remodeling process. How?

We are as old as our stem cells

A hallmark of aging is the decline of cellular and organic
functionality over time [38], caused by the accumulation of
cellular damages and increasing genetic instability [39]. In
young age, when stem cells are highly active, damaged, and
worn out cells get regularly replaced. However, with
increasing age, functionality and number of somatic stem
cells appears to decline [38] (Fig. 2A) as has been shown in
several different stem cell systems including the skin [40],
hematopoietic [41], neural [42, 43], and muscular stem
cells [44]. As seen either in progenitor cell number and/or
differentiation potential, the human skin experiences an age-
dependent, functional depletion of the stem cells pool [40]
(Fig. 2B). Observations in aging humans supported by studies
in aging mice show that there is also a significant decrease in
the number of functionally competent hematopoietic stem
cells (HSCs) [41]. Similarly, old mice experience a twofold
reduction in the number of neural stem cells (NSCs) relative to
young mice [42, 43]. Moreover, the activity of myogenic stem
cells, called satellite cells, is age-dependent and responsible
for deterioration of muscle function and muscle regenerative
responses in both old human and old mice [44]. Together,
this phenomenon termed “stem cell senescence” results in
impaired regenerative capacity and reduced tissue function
and consequently is leading to organismal aging (Fig. 2).
Progress into an understanding of the accelerated aging
condition called Hutchinson-Gilford progeria syndrome
(HGPS) supports the view that aging is a consequence of
stem cell dysfunction. HGPS is caused by a truncated and
farnesylated form of Lamin A called progerin [45-47]. HGPS
affects mesenchymal lineages, including the skeletal system,
dermis, and vascular smooth muscle (VSMC) [48, 49]. The cell
type-specific pathologies in HGPS have been attributed to a
variety of causes, including progerin-mediated stem cell pool
exhaustion [50] and mesenchymal lineage differentiation
defects [51]. Recent experiments with induced pluripotent
stem cells (iPSCs) from HGPS dermal fibroblasts [49] support
the hypothesis that in HGPS patients the mesenchymal stem
cell (MSC) pool becomes exhausted [50].

In the aging process, many cellular activities are
compromised. One important parameter at the cellular level
is the ability of cells to protect themselves against proteome
damage due to oxidation (carbonylation) of their amino
acids causing loss of protein function and/or decreased
precision of interactions among proteins [52]. Intriguingly,
the resilience of some rare species (e.g. Deinococcus radio-
durans bacteria and small aquatic animals such as Rotifers
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Figure 2. Organismal aging is a consequence of stem cell senes-
cence. A: In young age, stem cells are numerous and active.
Decline of stem cell number and functionality with time leads to
aging. B: Age-dependent decline of dermosphere-forming precur-
sors derived from skin (modified from [40Q]).

and Tardigrada) to stresses such as extreme radiation, toxic
chemicals, and years of desiccation appears to be due to the
evolved prevention of the oxidative damage to the cellular
proteome [53, 54].

Different animal species show different
aging patterns and different maximum
lifespans

Senescence, defined as progressive declines of physiological
functions, leading to an increase in the mortality rate as a
function of time, has been found in all metazoans where
careful studies have been carried out. Aging and death are
integral and intrinsic to the evolution of life [55, 56]. However,
both the patterns of aging as well as the maximum lifespans
differ widely across the animal kingdom. Comparative studies
currently are focused on understanding why some animal
species live longer than others [57]. Long-lived animals such
as some oysters, clams, and even some species of whales can
reach 200 years old. First observations indicate that cultured
cells from such long-lived animals are more resistant to stress
than those of short-lived species [58]. Most research, however,
is still done with model organisms such as yeast [59, 60], fruit
flies [61-63], worms [64-66], and mice [67-69], all of which
have a short lifespan and mature quickly. With regard to
understanding the factors contributing to longevity, probably
the most important outcome of numerous elegant genetic
studies in these short-lived model organisms was the
discovery of the significance of the nutrient-signaling path-
ways and the impact of environmental growth conditions in
longevity [60].

Beside differences in the maximum lifespan there are
also great differences in the aging pattern in different
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animals. For example, in some species including human
mortality increases with age while in many reptiles,
amphibians, and fish mortality decreases throughout adult
life [70]. Unfortunately, research on the evolution of aging so
far has brought little light into the factors favoring a pattern of
aging with increasing mortality versus alternative patterns
with constant or declining mortality [70]. The chemistry of
this species-specific biological clock is not yet known
although there is good reason to assume that it is DNA
chemistry [71]. “Fundamental understanding of why humans
deteriorate so sharply compared with other species, why
human mortality has fallen so dramatically, and whether
aging can be further delayed or even slowed, depends on
knowledge of why some species senesce and others do not”
(cited from [70]).

Hydra preserves longevity and escapes
senescence by having adopted a life
cycle in which reproduction can occur
asexually by budding

The fresh water polyp Hydra (Fig. 3A) seems one of few
organisms who escape from aging, are long-lived, and at
least in the laboratory may be considered as potentially
immortal [57, 70, 72]. The animal was discovered as model
organism in the summer of 1740 when a Swiss naturalist
and private scholar, Abraham Trembley, used Hydra’s
extensive regenerative capacity to demonstrate to his
disciples [73] that this creature can regenerate itself again
and again and therefore — against prevailing belief — not
everything in nature is “preformed” but that living creatures
and structures can form de novo simply following nature’s
laws.

The biological reason behind that seemingly unique
potential to escape mortality and senescence is simple: the
animals have adopted a life cycle in which proliferation and
population growth occur exclusively asexually by budding
(Fig. 3B). This asexual mode of reproduction demands that
each individual polyp maintains continuously proliferating
cells [74, 75]. If it would not, the species would lose in number
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Figure 3. Hydra does not undergo aging and is potentially immortal.
A: Different organisms have different maximum lifespans, which are
however always limited. In contrast, the fresh water polyp Hydra
could never be observed to have a limited lifespan and thus can be
considered potentially immortal (figure taken from [57]). B: The fresh
water polyp Hydra. C: Life cycle of the fresh water polyp Hydra.
Hydra reproduces predominantly asexually by budding.

of offspring and would, sooner or later, be outcompeted by
other species. It is generally assumed [57, 76] that Hydra
polyps achieve this indefinite lifespan only if they reproduce
asexually and that they deteriorate if they begin to produce
gametes. However, since a number of Hydra species such as
Hydra viridis and H. vulgaris produce gametes (either eggs or
sperm) and simultaneously reproduce asexually by budding
off daughters (Bosch, pers. observation), we question this
assumption and take the view that extreme longevity may not
be directly linked to an asexual mode of reproduction. Fact is
that in Hydra there is strong selective constraint to equip
the adult polyp’s tissue with cells which are capable of
continuous proliferation and differentiation. In vivo tracking
of individual GFP-expressing cells showed unquestionably
that epithelial cells [77] as well as interstitial cells [78] in
Hydra are continuously proliferating and differentiating.
Offspring of individual cells were tracked for several years
without obtaining evidence for apparent signs of decline in

Bioessays 35: 994-1003, © 2013 WILEY Periodicals, Inc.

S

"1
400

A

asexual
reproduction

sexual
reproduction

proliferation rates. These findings added support to an
earlier study [72] analyzing the mortality patterns and
reproductive rates of four groups of individuals of Hydra
for a period of four years. The apparent lack of cellular
senescence results in an adult polyp which has an indefinite
proliferative lifespan. In sum, the key to Hydra’s longevity
and developmental youth lies in its asexual mode of
reproduction and strong evolutionary constraint to continu-
ously maintain the self-renewal capacity of its three somatic
stem cell lineages (Fig. 4A). But what drives this continuous
stemness in Hydra’s cells?

Factors implicated in Hydra’s stem cell
homeostasis and longevity

Several recent reviews cover different aspects of a still rather
limited knowledge of molecular factors acting in stemness
regulation in Hydra [75, 79-82]. Wnt signaling is among the
best studied signaling systems due to its relevance in
embryonic development and cancer. In Hydra, canonical
Wnt/b-Catenin signaling is a central player in the head
organizer and in pattern formation along the oral-aboral body
axis [83-86]. Noncanonical Wnt signaling, by comparison,
acts in tissue movement and evagination during tentacle
and bud formation, providing evidence for an ancestral
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Figure 4. Hydra stem cells are continuously maintained. A: The
stem cell system of Hydra consists of three independent stem cell
lineages: ectodermal and endodermal epithelial stem cells and
interstitial stem cells. Ectodermal and endodermal epithelial stem
cells are unipotent, interstitial stem cells are multipotent. All stem
cells posses a continous self-renewal capacity. B: An unbiased
transcriptome approach revealed FoxO being expressed by all three
stem cell lineages [94]. C: The transcription factor FoxO regulates
stem cell and immune genes in Hydra (modified from [99]).

complexity of the Wnt signaling network [87]. The Wnt/b-
Catenin pathway also plays a role in the maintenance and in
cell fate decisions of stem cells, and activated Wnt signaling is
tightly linked to stemness [88]. Transcription factors of the
Myc family may also play a decisive role in the control of
proliferation and in the maintenance of stem cells [81, 89, 90].
Moreover, to ensure an error-free genome in continuously
proliferating cells, high expression of DNA repair genes such
as XPF might be crucial [91]. Screening the collection of genes
in a number of early emerging metazoans [92] including the
H. magnipapillata genome sequence shows that some of the
classical stem-cell-specific genes such as Oct3/4 are missing
in Hydra; also Nanog as well as REST, LIN28, Kif4, and FGF4
appear to be absent in the basal metazoan taxa [93]. Thus,
despite a striking conservation of signaling and transcription-
al mechanisms utilized in diverse stem-cell differentiation
processes across the animal kingdom, not all of the stem-cell
regulators are conserved.

This realization motivated us to search for previously
unknown stem-cell regulators. In an unbiased transcriptome
profiling approach we, therefore, labeled the three stem cell
lineages with the reporter protein GFP, isolated them by
fluorescent activated cell sorting (FACS) and submitted them
to high throughput sequencing [94]. The approach resulted in
uncovering multiple signaling pathways involved in inter-
lineage communication of the three stem cell lineages and
also identified the Hydra epithelium as a signaling center,
providing information for interstitial stem cells [94]. Analyz-
ing Hydra’s stem cell specific transcriptomes also revealed
that they express both lineage-specific and common sets of
transcription factors [94]. Among the latter, to us the most
interesting transcription factor shared by all three stem cell
lineages is the forkhead factor FoxO, which is involved in
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preventing aging and controlling lifespan in many other
organisms.

The transcription factor foxO is a key
regulator of stem cell maintenance in
Hydra

When analyzing the transcriptomes of Hydra’s three stem cell
lineages we found the Hydra homologue of foxO being
strongly expressed by all three of them (Fig. 4B). This finding
in an animal apparently escaping senescence was intriguing
since, as outlined above, in mice and flies upregulation of
foxO has been demonstrated to delay aging and extend
lifespan [17] and in human, foxO3a has been identified as a
crucial component of the genetic signatures of exceptional
longevity [12]. In cnidarians, foxO previously was identified
in Nematostella [95] and Clytia [96] but never functionally
analyzed. Hydra, similar to other invertebrates, possesses
only a single foxO gene [97] which had been suggested to
play a role in stress resistance [97] and apoptosis [98]. In
gain and loss of function analysis we found [99] that FoxO
plays an important role in both controlling stem cells and
the innate immune system in Hydra [99] (Fig. 4C). Strikingly,
foxO knock-down polyps showed key features of an aging
organism, such as decline in stem cell number and immune
functionality. Compared to control polyps they have consid-
erably less stem cells due to an increased rate of differentia-
tion of epithelial stem cells into foot cells (Fig. 5A), resulting
in a reduced population growth rate and delayed bud
development (Fig. 5B). Taking into account that these
“knock-down” polyps only have a reduced foxO level rather
than a complete foxO knock out mutation, the budding rate
might be even more reduced when FoxO activity is completely
eliminated in all stem cells. Concurrently to the reduction in
stem cell numbers, foxO down regulation caused drastic
changes in the immune status of the polyps by influencing the
expression of antimicrobial peptides (AMPs) [99] (Fig. 4C).
AMPs are known as effector molecules of innate immunity in
both the animal and plant kingdoms with a major role to
fight microbial infections through their strong antimicrobial
activity [100]. The finding of AMPs as downstream target

Bioessays 35: 994-1003, © 2013 WILEY Periodicals, Inc.



H N Prospects & Overviews

In the absence of Fox0
The ,aging” Hydra
wild-type Hydra fox0™ Hydra
P |
v
stem cells —p | stemcells m—)p
\
B )
non-aging aging
B) 7
200
2 .
ug 1004 wild-type Hydra
=
£ ;
= foxO Hydra
3] T T | 1 >
10 20 30 40
days

Figure 5. foxO deficiency results in an “aging” Hydra. A: foxO
down-regulation in Hydra leads to a reduction of stem cell
number [99]. B: foxO down-regulation results in a slowdown of
population growth rate (modified from [99]).

genes of stem cell transcription factor FoxO was therefore
unanticipated.

The question of conservation: FoxO
plays a dual role in maintaining both
stem cell and immune functionality

The implication of FoxO factors in the regulation of both

systems, stem cells and immunity, which are affected by
profound age-related changes, seems to be deeply conserved.
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In mammals, FoxO1 is essential for the maintenance of
ESC self-renewal and pluripotency [101], while Fox03a is a
critical regulator of stem cell homeostasis in neural [102],
leukemic [103], and HSCs [104]. Likewise, foxO3a knock
down in bone marrow cells and NSCs in mice leads to a
reduction of colony-forming cells and decrease in stem cell
frequencies [102, 104], clearly demonstrating a role of
FoxO factors in stem cell maintenance. At the same time,
there are strong data implicating FoxO in maintaining
immune homeostasis in mammals. In the mouse, knocking
down foxO3a perturbs cytokine production, induces NF-«B
activation, hyperactivates T cells, and causes spontaneous
lympho-proliferation, resulting in severe inflammation in
several tissues [105, 106]. Other studies showed that FoxO
influences the innate immune system by regulating the
activity of antimicrobial peptides. In Drosophila which
are overexpressing dFoxO, direct binding of dFoxO to the
drosomycin regulatory region leads to an induction of AMPs
synthesis [16]. Studies in human lung, gut, kidney, and
skin cells also revealed a FoxO3a-dependent regulation
of AMPs [16]. In C. elegans, the FoxO ortholog DAF-16 has
been proven to directly activate the saposin-like AMP gene
spp-1 and the lysozyme gene lys-1 [107, 108] and thereby
to confer resistance to several pathogenic bacteria [109].
Another study, focusing on centenarians (age 100+ years),
also showed that there is a potential relationship between
FoxO activity and the immune status. Being distinguished
by their exceptional high age which is correlated with a
particular sequence version of the foxO3a gene, centenarians
at the same time show a remarkable good health status and
areduced pro-inflammatory profile as it is normally typical for
elderly people [110]. Despite signs of inflammation, such
as high levels of interleukin-6 (IL-6) [111], fibrinogen, and
coagulation factors [112, 113], centenarians are remarkably
free of most age-related diseases that have an inflammatory
component [114]. This might be due to the fact that their pro-
inflammatory state is countered by increased expression of
anti-inflammatory cytokines such as transforming growth
factor-betal (TGF-131) [110].

FoxO, a rate-of-aging regulator?

Why do organisms start to show signs of ageing at a particular
and species-specific time point? One possibility is that “over
time the level of a rate-of-aging regulator falls, crossing
thresholds that trigger various aspects of aging” [18]. Could
FoxO or the FoxO-dependent transcriptome be such a “rate-of-
aging regulator”? Experimental evidence in flies, worms, and
mice indicates that changes in lifespan indeed can occur
through changes in foxO expression. Decline of foxO
expression results in aging and death. Experimental
approaches in both C. elegans and flies using mutant DAF-
16 and dfoxO transgenic lines have shown that the fewer FoxO
molecules are present, the earlier the model organisms will
die. And vice versa, increase of foxO expression delays aging
by maintaining stem cell self-renewal and functionality of the
immune system. Since we have made similar observations
using transgenic Hydra [99] we have proposed a model in
which in long-lived Hydra the high expression of foxO in all

999

swbipeied ¥ swo|qoid



Problems & Paradigms

A.-M. Boehm et al.

three stem cell lineages is crucial for the continuous self-
renewal capacity and potentially unlimited lifespan as well as
the continuous maintenance of the functionality of the
innate immune system. In this model the aging process of
most organisms is caused by a progressive reduction of FoxO
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activity, which might be due to changes in the upstream
regulating signaling cascades. In this view, the amount of
FoxO present in a given tissue and organism is age-dependent
and when falling below a threshold permits aging to occur. A
full understanding of the role of FoxO as a putative “rate-of-
aging-regulator” will heavily depend on a more comprehen-
sive knowledge of the mechanisms of aging in other long-lived
species. Do all these long-lived organisms share a common
“master switch” of longevity? Or will comparative studies
show that there are many roads to arrive at a long-lived
species?

Impact of environmental conditions on
aging

Certainly, the pivotal role of transcription factor FoxO does
not rule out the importance of upstream events, and given
the impact of environmental factors on the aging process
(Fig. 1) it is likely that transcriptional activation of
downstream genes must occur with proper coordination of
the environmental conditions. A scheme illustrating the
current scenario on the gene-environmental interactions
regulating the aging process of organisms is presented in
Fig. 6. In response to environmental signals coming from
diet, microbiota, exercise, stress etc., different signaling
pathways upstream of FoxO regulate the phosphorylation
status of FoxO and thereby its localization and activity.
Depending on the FoxO activity the expression of stem cell
and immune genes is changed, which has an impact on the
maintenance of stem cell and immune system and thereby on
the aging process of an organism. Young, non-aged
individuals, and potentially immortal organisms such as
Hydra, have high numbers of active stem cells and an
effective immune system. Old, aged individuals, and foxO-
deficient Hydra are characterized by a decline in stem cell
number and functionality as well as an increasingly
ineffective and unspecific immune system.

Several studies indicate the impact of environmental
conditions on aging. A highly conserved network of nutrient
and energy sensing signaling pathways including the insulin/
insulin-like growth factor 1 (Ins/IGF-1) [18, 19, 115, 116] and the
protein kinase target of rapamycin [68, 116, 117] pathways was

Figure 6. A scheme illustrating the current scenario on the gene-
environmental interactions regulating the aging process of organ-
isms. In response to environmental signals coming from diet,
microbiota, exercise, stress, etc., different signaling pathways
upstream of FoxO regulate the phosphorylation status of FoxO and
thereby its localization and activity. Depending on the FoxO activity
the expression of stem cell and immune genes is changed, which
has an impact on the maintenance of stem cell and immune system
and thereby on the aging process of an organism. Young, non-aged
individuals, and potentially immortal organisms such as Hydra, have
high numbers of active stem cells and an effective immune system.
Old, aged individuals, and foxO-deficient Hydra are characterized by
a decline in stem cell number and functionality as well as an
increasingly ineffective and unspecific immune system.
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discovered in a number of organisms (Drosophila, C. elegans,
and yeast) to affect the lifespan. Mutations in the gene coding
for insulin/IGF-1 receptor were found to double the lifespan in
C. elegans [64]. This lifespan extension was dependent on
the reduction of insulin/IGF-1 receptor activity (DAF-2 in C.
elegans) and consequently of its downstream effector PI3K
(encoded by age-1), and the subsequent activitation of FoxO
(DAF-16). Similar genetic or pharmacological manipulations
in Drosophila resulted in identical outcomes [115] indicating
the evolutionary conserved roles of these environment-
sensing pathways in determining lifespan.

Conclusions and outlook

Aging is a complex process. The above discussion illustrates
that studies in numerous model organisms support a
crucial role for two major components in controlling
aging and mortality: declining functionality and number
of stem cells (“stem cell senescence”) as well as profound
changes in the immune system (“immuno-senescence”).
Hydra appears to escape from aging, since its stem cells are
continuously active and its immune system is continuously
effective [99]. There are many compelling arguments
suggesting that the transcription factor FoxO plays a
key role in maintaining both stem cell and immune
homeostasis [101-106]. And as discussed above, there is
also no doubt that environment matters if it comes to aging
and longevity.

Hydra polyps are potentially immortal and never experi-
ence the gradual changes seen in an aging organism leading
towards increased weakness, disease, and death. Surprising-
ly, Hydra’s “eternal developmental youth” is unconnected to
the prevailing environmental conditions. This is certainly true
for polyps kept under controlled feeding conditions in the
laboratory where it makes no difference whether the animals
are fed ad libidum or strictly limited. Hydra’s stem cells in
individual polyps never lose their capacity for unlimited self-
renewal. Although few ecological field studies have been
undertaken so far, there is also no evidence that environmen-
tal conditions affect number and/or functionality of Hydra’s
stem cells in the natural habitat which is characterized by
seasonal fluctuations in nutrient abundance. So, why have
environmental conditions apparently only limited impact on
Hydra? Which mechanisms protect them against adverse
effects of, e.g. nutrient abundance? Which nutrient and
energy sensing pathways are involved? How is stem cell
proliferation and tissue growth coordinated with nutritional
conditions? Nutrients as well as microbes and stress are
among the main extrinsic factors Hydra is daily exposed to.
How Hydra maintains eternal cell lineages and how the
cellular activities are coordinated with the prevalent environ-
mental conditions remains enigmatic. How is stem cell
proliferation and tissue growth coordinated with nutritional
conditions? Combining genetic manipulation of key compo-
nents of environment-sensing pathways and controlled
culture conditions, Hydra may emerge as a highly suitable
model to study how the interaction between genome and
environmental factors affects aging. Most importantly, this
information will not only enhance our understanding of
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genetic and environmental influences on the evolutionary
conserved processes controlling aging, but will also be
informative to physicians and scientists concerned with
human age-associated diseases, and the development of
interventions to treat them.
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